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SUMMARY

The airborne wind energy (AWE) technology aims to utilise tethered wings to harvest
wind energy at altitudes conventional wind turbines cannot reach. There are two dis-
tinct methods to harvest airborne wind energy: onboard and ground-based generation.
The onboard generation is achieved through flying fast manoeuvres driving propellers
attached to the tethered wing, while the generated electricity is conducted through the
tether. On the other hand, the ground-based generation utilises the tether tension of the
kite to unwind it from a drum, driving a generator. When the tether is fully extended, it
is reeled in by the generator, which consumes energy. Since the traction phase is a lot
longer and produces a lot more electricity than electricity needed in the reel-in phase
the net energy of such a cycle is positive. SkySails Power is one of the leading companies
developing a ground-based AWE generator driven by a large ram-air kite. This thesis
describes the development of a methodology for simulating their wing.

A ram-air wing is made of a thin fabric, and it obtains its three-dimensional shape
from the internal pressure fed by intakes located in the frontal section of the wing. Sim-
ulating such a wing is challenging because it is nonrigid and experiences large defor-
mations during the flight that changes its aerodynamic properties. Therefore, a coupled
simulation strategy is developed based on the fluid-structure interaction method, where
the parafoil’s shape and aerodynamic performance are found iteratively. The parafoil’s
shape is determined with a finite element solver using dynamic relaxation; a computa-
tional method specifically developed for form-finding of membrane structures. A panel
method is used to find the aerodynamic pressure field acting on the wing. Both solvers
are coupled with preCICE which is an open-source tool developed explicitly to cou-
ple solvers to model physical processes such as fluid-structure interaction. A variety
of coupling algorithms are tested to obtain fast convergence. The toolchain is tested
on two parafoil designs: a 160m2 wing studied by fellow researchers and used for ver-
ification purposes and a 120m2 wing flown by SkySails Power. The numerical model is
validated with sensor data obtained during several flight hours. The simulation shows a
good agreement with the force measurements and can predict critical parameters of the
parafoil with satisfying accuracy. The toolchain has proven to be sufficiently numerically
stable and can be used in the initial design phase for parafoils and reinforcement layout.
Finally, a multi-disciplinary design optimisation on a 2D nonrigid wing profile with local
reinforcements is developed. The optimiser found a variety of profile shapes and rein-
forcement designs, which minimises the strain energy of the rib structure and maximises
the power harvesting factor. The method presented in the thesis exhibits possible design
choices that compromise the maximum performance and the least deformed rib.

ix





SAMENVATTING

Met Airborne Wind Energy (AWE) technologie wordt geprobeerd om, door middel van
een vliegende vleugel die vastzit aan een kabel, windenergie te oogsten op grotere hoog-
ten dan die met conventionele windturbines te bereiken zijn. Er zijn twee verschillende
methodes om deze windenergie van grote hoogtes te produceren: aan boord van de vleu-
gel of via de kabel op de grond. Het opwekken van windenergie aan boord gebeurt door
propellers die bevestigd zijn aan de vleugel en die worden aangedreven door het snel
vliegen van manoeuvres. Vervolgens wordt de geproduceerde elektriciteit via een kabel
naar de grond gebracht. De tweede methode gebruikt de trekkracht in de kabel voor het
opwekken van windstroom door de kabel van een trommel, die op de grond staat, af te
wikkelen en daarmee een generator aan te drijven. Wanneer de kabel volledig is afgerold,
wordt deze weer opgerold met energie die door de generator wordt geleverd. Omdat de
hoeveelheid elektriciteit die geproduceerd wordt tijdens de lange uitrol-fase veel groter
is dan de elektriciteit die nodig om de kabel in korte tijd weer op te rollen, is het netto
resultaat positief. SkySails Power is één van de toonaangevende AWE bedrijven dat een
systeem ontwikkelt met een grote ram-air vleugel die via een kabel de generator in het
grondstation aandrijft. Dit proefschrift beschrijft de ontwikkeling van een methodologie
voor het simuleren van een dergelijke vlieger.

Een ram-air-vleugel is gemaakt van dunne stof en krijgt zijn driedimensionale vorm
door de interne druk die ontstaat door de luchttoevoer via gaten in het voorste gedeelte
van de vleugel. Het simuleren van zo’n vleugel is een uitdaging omdat die niet stijf is en
tijdens de vlucht grote vervormingen ondergaat die de aerodynamische eigenschappen
veranderen. Daarom is een gekoppelde simulatie-strategie ontwikkeld op basis van de
stroming-structuur interactie, waarbij de vorm van de vleugel en de aerodynamische
prestaties iteratief worden gevonden. De vorm van de flexibele vleugel (de parafoil)
wordt berekend met de eindige-elementenmethode met behulp van een dynamische
relaxatie. Dit is een rekenmethode speciaal ontwikkeld voor het vinden van de vorm
van flexibele membraanstructuren. Een panelenmethode wordt gebruikt om het aero-
dynamische drukveld te bepalen dat op de vleugel werkt. Beide berekeningsmethoden
zijn gekoppeld aan preCICE, een open-sourcetool die specifiek ontwikkeld is voor het
modelleren van fysieke processen zoals stroming-structuur interactie. Een verscheiden-
heid aan koppelingsalgoritmen is geïmplementeerd om te onderzoeken hoe een snelle
convergentie te verkrijgen. De “toolchain” van methoden is getest op twee parafoil-
ontwerpen: een vleugel van 160m2 bestudeerd door collega-onderzoekers en gebruikt
voor verificatiedoeleinden en een vleugel van 120m2 van SkySails Power. Het numerieke
model wordt gevalideerd aan de hand van met sensorgegevens die verkregen zijn tijdens
meerdere vlieguren. De simulaties tonen een goede overeenkomst met de krachtmetin-
gen en kunnen de kritische parameters van de parafoil met een bevredigende nauwkeu-
righeid voorspellen. De toolchain is numeriek voldoende stabiel gebleken en kan in de
eerste ontwerpfase gebruikt worden voor de bepaling van de geometrie van de parafoil

xi
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en de lay-out van de verstevigingen. Ten slotte is een multidisciplinaire ontwerpopti-
malisatie methodiek ontwikkeld voor een 2D niet-rigide vleugelprofielen met lokale ver-
sterkingen. Het optimalisatieproces leverde een verscheidenheid aan profielvormen en
verstevigingen, die de spanning in de ribstructuur minimaliseren en de “power harves-
ting faktor” maximaliseren. De methode beschreven in het proefschrift levert diverse
ontwerpcompromissen tussen maximale prestaties enerzijds en minimale vervorming
van de ribben anderzijds.



1
INTRODUCTION

The International Energy Agency (IEA) regularly publishes global energy consumption
and generation reports by countries and sources. Their latest information about global
electricity consumption [1] states that the electricity consumption increased from 10.8
to 24.7 PWh between 1990 and 2018 with a steadily increasing growth rate. This increase
is caused by the continuous expansion of the global economy and the need for more en-
ergy this entails. The higher living standards for many people in the western world and
countries like China and India and the electrification of the transport sector is projected
to increase the electric energy consumption even further. Next to electricity consump-
tion, the report also states the contribution of electricity generation by sources. Fossil-
fuel-based electricity generation totalled 67% in 2017, with coal contributing 40% of the
total electricity generation while renewable electricity generation from hydro, photo-
voltaics and wind was approximately 25%. The IEA Energy Outlook 2020 [2] summarises
the current situation as follows: "A lower future C02 emission with a current economy
which is twice as large as in 2006 is a massive challenge, and technology is by far not the
only factor to achieve net zero in 2050. Transport and housing sector electrification and
behaviour changes are central to achieving this."

Due to the potential threat of climate change, the Intergovernmental Panel on Cli-
mate Change (IPCC) recommends a shift to renewable energy sources and a limitation
and prevention of greenhouse gas emissions. This shift has already begun, as seen in the
massive growth of renewable energy sources over the past 20 years. While wind energy
electricity generation was at 4000 GWh in 1990, the generation in 2018 reached 1250 TWh
[1], and the IEA predicts the total installed wind and photovoltaics capacity to surpass
coal by 2024 [3]. Since the energy production of renewable energy sources depends on
daytime and wind conditions, extra installed capacity and energy storage have to com-
pensate for intermittency.

Jung et al. [4] assessed national and global wind resources under various wind tur-
bine installation scenarios. They found that many countries have sufficient wind re-
sources to satisfy their electricity consumption. However, their study results suggest that
the current expansion rate of onshore wind energy is insufficient to cover global electric-
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Figure 1.1: Illustrative pumping cycle flight path consisting of reel-out, reel-in and transition phases [6].

ity consumption in a reasonable time frame. The IPCC also advises further progress the
technological aspects of renewables to further decrease the cost [5]. The growing need
for more electricity and shift towards carbon-free electricity production methods has
opened a market for renewables while most countries are forced to adapt their produc-
tion accordingly. The demand for renewable energy also opens the field for alternative
technologies in wind energy, such as airborne wind energy.

1.1. AIRBORNE WIND ENERGY
The purpose of this section is to introduce the reader to the topic of airborne wind en-
ergy (AWE) and highlight possible advantages compared to other renewable energy tech-
nologies and the shortcomings it entails. The basic idea behind AWE is to harvest energy
from the wind using kites (tethered wings). The available wind power increases with the
cube of the wind speed, and an airborne system may reach higher altitudes than mod-
ern wind turbines and provide access to more predictable winds that blow steadier and
stronger at higher altitudes [7]. The research community and industry are currently in-
vestigating several system configurations. While the on-board generation configuration
utilises wind turbines installed on the wing of a tethered flying device, the ground-based
configuration utilises a tethered wing to drive a generator at the ground, either through a
rotary movement of the tether or by using the kite’s traction to drive a generator through
unwinding the tethered from a drum. In Vermillion et al. [8] a full list of currently devel-
oped AWE system classifications can be found.

This work focuses on the ground-based power generation through kite traction. Fig-
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1

3

ure 1.1 depicts the pumping cycle of an operating kite in crosswind during tether reel-
out, transition, and reel-in phases. During reel-out, the kite is flown in a figure of eight
trajectories while the tether is reeled out, producing electricity. When the kite reaches
its maximum tether length, the kite is steered out of the wind window and the tether
is reeled-in. After reaching its minimum tether length, the kite transitions towards the
initial position before restarting the cycle. The net energy output of a complete power
cycle can be improved by maximising the energy yield during the reel-out phase and
minimising the reel-in time and power consumption, e.g. through depowering the kite.

Watson et al. [9] investigated the technology readiness level [10] of various alterna-
tive wind energy technologies including AWE. They concluded that the significant chal-
lenges for AWE are high complexity, lack of proven reliability and operational hours, and
limited knowledge on the economic potential, i.e., whether the technology after total de-
velopment yield the energy production it promised in theory. Also, a lack of experimental
data to validate various models is mentioned, and based on the current challenges they
evaluated a TRL 3-5, where 10 is the highest achievable mark. In comparison, floating
wind turbines were put at 4-9, where the deviation originated from model and economic
uncertainties.

Despite the challenges mentioned above, the technology provides several advan-
tages compared to conventional wind turbines. Due to its low system weight the ma-
terial reduction and increased mobility potentially saves cost. Also, a better adaptability
to the wind resource by steering the kite to an altitude where the wind blows improves
power output [11]. Particularly appealing locations are islands and places where sea-
sonal weather events such as hurricanes inhibit the erection of conventional wind tur-
bines. Also, deepwater offshore locations are appealing due to the force entry point on
platform level.

1.1.1. TETHERED WINGS

So far, various technology demonstrators have been implemented, using of fixed-wing,
hybrid or soft wings as depicted in Figure 1.2. Rigid wings are often made of carbon
or glass fibre composites and are manoeuvred with aerodynamic control surfaces. The
tethered flying device can be launched using a winch similar to a glider plane take-off
or onboard propellers in vertical take-off mode. Fixed-wing kites can reach higher aero-
dynamic lift-to-drag ratios than soft kites due to high aspect ratio wings and very effi-
cient wing profiles. Their aerodynamic efficiency allows for a small wing area, and fast
manoeuvre flight envelopes. Fixed-wings are more expensive to manufacture, and au-
tonomous landing a fixed-wing is one of the challenging aspects of this technology.

Soft wings are made of thin woven fabrics, and due to their flexible nature they are
particularly difficult to simulate. Small changes in angle of attack may induce large struc-
tural deformations, which in return change the aerodynamic properties of the wing.
Therefore, an aero-elastic model approach, based on fluid-structure interaction, is re-
quired to correctly determine the kite’s shape during flight. The steering of a soft kite
can be done autonomously by actuating bridle lines, which introduces an asymmetric
pressure distribution and hence a rolling/yawing motion. Soft kites of the leading-edge
inflatable (LEI) type combine a single skin canopy with an inflated tubular beam to de-
fine a lift-generating shape. The inflated beam stabilises the planform during the flight,
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Figure 1.2: Soft, hybrid, and fixed-wing kite designs from various companies [12]. From left to right: SkySails
Power, Kite Power, EnerKite, Ampyx Power, and TwingTec.

which makes them less prone to collapse compared to ram-air kites [13]. Bridle lines
connected to the wing’s trailing edge can be used to control the kite’s pitch angle, which
is helpful for depowering during the retraction phase. On the other hand, soft kites of
the ram-air type consist of a double skin canopy inflated with air at stagnation pressure
and their internal ribs provide an aerofoil shaped wing profile. In order to keep the wing
stable during flight, both the top and bottom side of the canopy should be taut, which is
accomplished by anhedral (span-wise arching), planform geometry and trim [14]. Com-
pared to LEI kites, they can achieve higher glide ratios with their aerodynamic profile.
By shortening various bridle lines in stages along each profile the angle of attack can be
changed for depowering.

Each wing type has distinct advantages and disadvantages for AWE generation. Most
soft kites have lower glide ratios than rigid wings due to their deformable wing pro-
file, anhedral, and lower aspect ratio. Also, the bridle system introduces a considerable
amount of aerodynamic drag, reducing the glide ratio. Nevertheless, soft kites compen-
sate their lower glide ratio with a sizeable area-to-weight ratio, enabling large surface
areas at low costs and low mass penalties which is important for upscaling the tech-
nologies. For AWE applications, the tether also plays a vital role in system scaling, and
aerodynamic drag [15]. A longer tether enables the system to reach higher altitudes but
conversely increases drag, reducing energy output. Fixed-wings have less drag than soft
kites, and therefore suffer significantly more under the tether drag penalty. As a result,
soft kites with a large wing surface may have a similar overall system performance com-
pared to high glide ratio fixed-wings.

Fixed-wing kites are similar to conventional aeroplanes, and much of the know-how
from the aerospace sector can be transferred into their design. Similarly, the fatigue
loads acting on the wing during operation are comparable to the cyclic loads acting on
wind turbine blades where glass fibre composites are used for manufacturing, and their
design life is known to be many years of non-stop operation. Soft wings for paraglid-
ing or kite surfing, on the other hand, are not designed for either the load intensity or
the number of load cycles that a kite during AWE operation is experiencing. Thus their
manufacturing and design methods have to be developed and improved to withstand
the wind loads and extend their design life. Also, UV degradation of the woven material
is a crucial factor for design life.
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1.1.2. COMPARISON TO CONVENTIONAL WIND ENERGY

Conventional horizontal axis wind turbines harvest wind currents and convert the ki-
netic energy into electricity. They consist of a large tower with a nacelle mounted on top
where the generator is located. Usually, three blades rotate around the shaft covering a
large swept area where the wind is harvested. With governmental subsidies and techno-
logical improvements, modern wind turbines became cost-effective and even the energy
payback time of a modern 2 MW onshore wind turbine with a design life of 20 years in
a farm configuration is approximately ten months [16]. Also, the overall sustainability
compared to other energy sources such as coal and photovoltaics over its whole life cy-
cle is ranked highest [17], whereas one of the technical challenges is the up-scaling of
wind turbines which comes with heavier support structures such as longer blades and
higher towers. The IEA predicts that the cost of onshore wind turbines may reduce by
15% from 2020 to 2025, but a faster expansion is mainly slowed by permitting difficulties
and social acceptance [3]. For that reason, offshore parks are more attractive, but with
the current technology, only sites with water depths not more than 40m can be accessed,
which limits the park locations [18].

Airborne wind energy systems have distinct advantages compared to horizontal axis
wind turbines. Most of the produced torque of a horizontal axis wind turbine comes
from the blade tips where the tangential velocity is highest, and in order to provide the
turbine with long blades, it requires a large and heavy support structure. On the other
hand, an AWE system replaces the heavy support structure with a lightweight tether,
which saves both material and cost. Additionally, due to the ground-based generator, no
tower is required, and the root bending moment is minor compared to a horizontal axis
wind turbine which could enable a more straightforward solution for floating offshore
foundations. Without an extensive support structure, its transportation is cheaper and
remote sites are accessible. In severe weather events, the kite can be landed and stowed
away, which opens up hurricane sites where horizontal axis wind turbines cannot be
erected.

The significant disadvantages of the AWE technology compared to conventional wind
energy are the airborne system and the risk it entails, and the autonomous operation.
The airborne system consists of the wing, bridle line system, tether and control pod. In
case of a system anomaly during operation, e.g. due to a sensor/software or structural
failure, the kite could lose control and crash. Also, the scenario when the grid connec-
tion is lost and the wind slows down can be fatal for soft wings because no apparent
wind speed at the kite can be introduced by the winch/generator. For an autonomous
operation, the system has to correctly react to each environmental change, such as wind
gusts, thunderstorms, and wind direction/velocity changes. In case of a wrong decision
or sensor error, the airborne system may immediately be jeopardised. For various strate-
gies to improve system reliability and flight anomaly detection for AEW, refer to Salma
et al. [19, 20]. On the other hand, a modern horizontal axis wind turbine has already
been optimised such that it is less prone to critical failures. Their few degrees of free-
dom and constrained motion is less prone to environmental disturbances than a flying
system with a practically unlimited number of degrees of freedom. These need to be
controlled and measured with sensors to achieve reliable operation, and is technically
more challenging, but it also bears a higher potential for reducing material use. Finally,
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it should be mentioned that soft kites made of woven fabrics may suffer more under
fatigue loads than glass fibre composites, thus finding a textile solution that resists the
expected fatigue loads and UV radiation is a crucial part of life expectancy and system
cost. Whether the aforementioned technological challenges will be overcome and AWE
becomes cost-effective is still unknown at the time this thesis was written.

1.1.3. SKYSAILS POWER

Figure 1.3: SkySails Power PN-14 system with reefed kite and retracted mast.

SkySails Group GmbH is based in Hamburg, Germany, and initially developed a kite
traction system for bulk freighters and other marine vessels to reduce fuel consump-
tion. The system uses a soft kite that is flying crosswind manoeuvres, producing sev-
eral tonnes of traction to pull the ship. Since 2011, power systems for ground-based
electricity generation are being developed utilising ram-air kites, steered with a remote-
controlled control pod suspended below the wing. The most recent system is an onshore
power generator with a tether thickness of 14mm. The 200kW generator is placed inside
a 30ft shipping container attached to a foundation via a gear ring allowing the container
to rotate 360 degrees to adjust to the changing wind direction. A mast is attached to the
container’s backside, on which the kite is docked during ground handling and launching
and landing.

During launch preparation, the mast is rotated towards the ground, and the reefed
kite can be attached to the tip of the mast as shown in Figure 1.3. When the mast is
erected and the kite un-reefed, the wind fills the kite with air until it reaches an inflated
state, see Figure 1.4. It can be seen that the kite has two attachments to the container,
the main tether at the control pod underneath the wing and the leading edge connect-
ing the tip of the mast via a reefing line. During the launch, both tether and reefing lines
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Figure 1.4: SkySails Power PN-14 system with inflated kite connected to mast.

are reeled out, and the kite is allowed to climb to higher altitudes, see Figure 1.5a. Once
the kite reached a safe altitude, the reefing line is connected to the main tether with
an adapter. During the kite’s operation, as depicted in Figure 1.5b, it is flown in figure
of eight trajectories pulling the tether from the generator’s drum and produce electric-
ity. The generator acts as a winch during reel-in and pulls the kite towards the ground
station, where the pumping cycle repeats. During landing, the reefing line adapter is re-
moved from the main tether and moves to the tip of the mast. Then, both tether and
reefing lines pull the kite towards the ground station until the kite docks with the mast
and can be reefed for ground handling.

1.2. MOTIVATION FOR THIS THESIS WORK

The challenge in the structural layout of flexible kites for AWE applications during reel-
out phase is to ensure a good aerodynamic performance to maximise tether tension,
sufficient manoeuvrability, steering initiated with little force, and sufficient structural
integrity such that the kite does not fail during operation. On the other hand, during
the reel-in phase, the kite should produces as little traction as possible, while maintain-
ing manoeuvrability and stability to avoid negative angles of attack. Like in most en-
gineering applications, a trade-off between these features has to be made. During the
development cycle of SkySails’ kites, it became apparent that the structural and perfor-
mance characteristics of the kite prior to field testing was challenging to estimate using
simple analytical modelling approaches. Additionally, the flexible nature of ram-air kites
causes the wing to deform during flight and behave substantially different compared to
fixed-wings. Therefore, advanced simulation techniques which capture the aero-elastic
effects that govern the flight dynamics of the kite are required to obtain reliable results,
that can be used to motivate design choices. The motivation for this work is to create
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(a) Kite during take-off. (b) Kite during flight.

Figure 1.5: SkySails Power PN-14 system.

such a simulation environment to assess the kite during operation for both structure
and aerodynamics and potentially accelerate design changes during initial design.

1.3. THESIS OUTLINE
The thesis is structured as follows. First, a general description of ram-air kites and sim-
ulation approaches found in the literature is presented in Chapter 2. The derivation of
the finite element model for thin-walled membrane structure used to simulate the kite is
described in Chapter 3. In Chapter 4 the developed aero-elastic model is presented, and
its capabilities are verified with analytical and numerical models from literature, and a
model validation on the basis of measurements taken during flight is shown. Finally, a
multidisciplinary design optimisation on a ram-air kite rib is presented in Chapter 5.



2
LITERATURE REVIEW

In this chapter, the tethered parafoil used for AWE applications is introduced in more
detail, and modelling approaches found in the literature are presented and discussed
critically, and based on the findings, the research questions are formulated. The term
parafoil and ram-air wing can be used interchangeably as both describe a tensile mem-
brane structured wing consisting of multiple cells which are inflated by the relative air-
flow. Domina Jalbert invented the parafoil in 1964 and patented his invention in 1966
as a "Multi-cell wing type aerial device" [21]. The parafoil design was introduced as a
parachute with better steerability and glide performance compared to the round canopy
parachute. Its applications vary from sports like paragliding, motor paragliding, and kite
surfing, to military precision aerial delivery and space craft decelerators. With their glide
performance and lightweight structure they are also attractive for AWE applications.

2.1. PARAFOILS
Figure 2.1 depicts the frontal view of a parafoil wing, also known as a canopy, which con-
sists of several individual cells enclosed by the top and bottom panels and internal ribs.
While ribs provide the aerodynamic profile shape in chord direction and space for bri-
dle line attachment points (LAPs), the top and bottom panels connect two neighbouring
ribs and form the wing’s skin. Intakes positioned at the leading edge of the wing allow
the relative airflow to enter the nonrigid structure, inflate it, and form the wing geom-
etry, and with holes in each rib called cross-ports, the internal pressure is distributed
inside the wing. Most parafoils have a varying arc-anhedral between each neighbouring
rib, which results in a C-shaped arc along the wing’s span such that the wing tips point
towards the ground.

The bridle line system of parafoils consists of cascades of interconnected lines start-
ing with upper lines attached to ribs, see Figure 2.2. The bridle line closest to the leading
edge is called A-line while the following lines towards the trailing edge follow the same
convention (B, C, D). The upper bridle lines are then connected to (fewer) lower bridle
lines that connect to riser lines that eventually connect the pilot’s harness or the con-
trol pod. Control lines at the trailing edge allow the pilot to steer or brake during flight.

9
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Figure 2.1: CAD model of the inflated ram-air wing.

Figure 2.2: Components of a parafoil by Dunker [14].

All aerodynamic forces are transmitted through the bridle line system, and in the case
of a tethered system, the forces act on the ground station through the tether. Besides
transmitting loads, the bridle lines also maintain the planform shape and allow steering
control inputs.

A parafoil’s trim is defined as the pilot’s (or control pod’s) chord-wise position with
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Figure 2.3: Simulated ram-air wing showing streamlines on the suction side and tip vortices indicated by the
vorticity component ωx , found in Folkersma et al. [22].

respect to the centre rib. The trim has a significant influence on the flight performance
- a forward trim position reduces the angle of attack and, therefore, both lift and drag.
On the other hand, a backwards trim position increases lift and drag. Both forward and
backward positions are constraint by stability. The kite becomes inherently unstable
and stalls and collapses if the trim is positioned outside those bounds. While a canopy
collapse due to a forward trim is called front stall, the back stall occurs when the trim
is moved too far aft. The optimal trim is usually found experimentally, and modern
paragliders can change the trim position during flight to improve performance during
certain manoeuvres. To reduce line drag and keep the bridle system aerodynamically
efficient the number of bridle lines is kept at a minimum.

The aerodynamic pressure distribution on a ram-air wing during cross-wind flight
is comparable to conventional fixed-wings. Figure 2.3 depicts the streamlines on a sim-
ulated ram-air wing using computational fluid dynamics [22]. The streamlines are not
aligned with the rib profiles close to the wing tips due to the wing’s arc anhedral. At the
wingtips the flow produces a tip vortex, also indicated by the vorticity. Due to the flexi-
ble nature of a ram-air wing its ribs also deform during flight. At approximately quarter
chord, where the pressure reaches its minimum, the profile is stretched towards the low-
pressure peak, causing a reduction in section-wise glide ratio [23].

An essential attribute for ram-air kites is wing loading. For a free-flying paraglider it is
defined as the total weight of the kite including payload divided by the projected surface
area, and is a measure of how much weight per unit area the wing has to carry. A modern
paraglider with a projected surface area of 20 m2 and a pilot weight including harness
and kite of approximately 120 kg has a wing loading of 59 N/m2. In case of a reentry
parafoil for spacecraft while landing, the wing loading is around 200 N/m2 [24], and
ram-air wings for precision aerial delivery may reach up to 720 N/m2 [25]. During steer-
ing manoeuvres, this load usually increases by a factor of 2-6 depending on the turning
radius and the resulting inertial forces. A tethered wing used for AWE applications has
to withstand all force acting on the structure during operation. While gravitation and
inertia act on the wing, the aerodynamic forces dominate during the traction phase. A
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(a) SkySails kite system schematic showing canopy, bridle
line system and control pod [26].

(b) Schematics of steered kite with indicated passive (red)
and fixed (blue) bridle lines and skewed lift vector [27].

Figure 2.4: SkySails kite steering approach.

current SkySails Power parafoil with a projected surface area of 100m2 and a pulling force
of 60 kN experiences a wing loading of 490 N/m2 during the traction phase. While ram-
air wings for aerial delivery purposes are designed to withstand a single drop, AWE kites
have to withstand thousands of power cycles which poses a significant challenge for the
structural design and manufacturing of such wings. The wing’s highly loaded parts are
the panels at the suction side of the first quarter chord and the ribs, which transmit all
aerodynamic pressure loads through the line attachment points (LAPs) into the bridle
system. The point force introduction at each LAP necessitates a reinforcement on the
rib to avoid tearing and extensive deformation of these highly loaded parts. For a more
detailed description of the ram-air kite design philosophy, refer to Dunker [14].

The steering of parafoils can be achieved by deforming parts of the wing or mov-
ing the pilot’s position in span-wise position. A paraglider is steered by pulling braking
lines to move a trailing edge section of the wing downward that increases lift and drag
locally. The resulting coupled yaw and roll rates then produce a turn and banking of the
paraglider. SkySails, on the other hand, adapted the steering method of moving the con-
trol pod in span-wise direction. Its steering mechanism is depicted in Figure 2.4a. Here,
the kite with bridle line system and control pod is shown. The bridle line system is split
into three span-wise sections: fixed lines located in the centre, passive lines between the
wing’s centre and the tip section, and steering lines connected to the wing tips. The ac-
tuator located in the control pod is connected to both tip sections of the wing, and by
actuator movements the control pod moves towards a wing tip. At the same time, the
passive lines can freely move around the pulley located above the control actuator (indi-
cated as a smaller white disk). The resulting steering motion is indicated in Figure 2.4b.
It can be seen that the control actuator has to overcome a force difference given by the
two tip sections, and when actuated, the aerodynamic force vector introduces a roll and
yaw motion. There are two distinct advantages with this steering approach: the canopy
is barely deforming during the steering motion which increases the life time expectancy,
and the control actuator only has to overcome the force difference acting in both wing
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tips that usually stays below 2.5% of the tether force [27].

2.2. TETHERED CROSSWIND FLIGHT
The dynamics of a tethered parafoil are inherently different from a free-flying wing be-
cause the tether constraints the flight trajectory. Also, the kite’s flight velocity is mainly
determined by its glide (lift-to-drag) ratio and the wind speed, whereas its weight plays
a minor role during the traction phase because gravitational and inertial forces of a
lightweight membrane kite are small compared to the pressure forces by the canopy.
The theoretical energy output of crosswind flight was first derived by Loyd [28]. A sim-
ilar approach with a simplified set of equations of motion used in this work, derived in
Erhard et al. [26, 29], requires the following model assumptions:

1. The aerodynamic forces are large in comparison to the system mass such that
external changes by the wind field and steering produce very high accelerations,
which immediately adjust the kite to a quasi-steady equilibrium state.

2. The kite is oriented with the relative airflow such that no side-slip occurs.

3. The wind field is uniform and constant.

4. The tether is assumed as straight and inelastic.

Figure 2.5a shows a tethered kite in cross-wind flight with wind coordinate system
(ex,ey,ez), where ex is aligned with the wind direction. Unlike in a usual spherical coor-
dinate system, neither elevation nor azimuth angle are used. Instead, two angles ϑ and
ϕ, and the tether length Lt are used to describe the kite’s location. The angle ϑ spans
between the tether and ex, whereas ϕ is the angle between ez and the projected tether
on the (ey,ez) plane. A local body reference frame located at the centre of mass, which is
assumed to be located at the control pod, spans three unit vectors (eroll,epitch,eyaw). Ad-
ditionally, a heading angle ψ (not shown in the figure) spanned between ex and the eroll

uniquely defines the kite’s orientation with respect to the wind oriented coordinate sys-
tem, i.e. ψ=0 when the kite is orientated toward the wind direction. The velocity vectors
shown in the figure are the wind velocity vector Vw, the tether reeling velocity vector Vt,
and the kite’s velocity vector Vk, respectively. With the assumptions mentioned above, a
set of equations of motion is derived in Erhard et al. [29], and the most relevant equation
used in this work is

Va = E(Vw cosϑ−Vt). (2.1)

Here, Va is the apparent wind speed the kite experiences, and it is dependent on the air-
borne system’s glide ratio E , wind speed, tether orientation angle ϑ, and the tether reel-
ing speed Vt. This equation is used in Chapter 4 to determine the kite’s glide ratio during
flight with the help of two vane anemometers to measure the apparent wind speed at the
control pod, a LIDAR systems to measure the wind speed at flight altitude, and a rotary
encoder located at the ground station to measure ϑ.

Next, the tether force expression is derived from a force balance depicted in Figure
2.5b. The resultant aerodynamic force vector Rk acts in the direction of the tether orien-
tation. The vector can be split into its lift Lk and drag Dk components and the apparent
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(a) Kite in cross-wind flight described by spherical
wind-oriented coordinate system.
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(b) Aerodynamic forces (red) acting on the kite. The angle
of attack is defined as the angle between the centre rib’s

chord line and the apparent wind speed vector.

Figure 2.5: Kinematic and force diagram of kite in cross-wind flight.

wind velocity vector is oriented with an angle of attack α with respect to the centre rib’s
chord line. Using the standard formulation of aerodynamic lift force, the magnitude of
the aerodynamic force produced by the parafoil is equivalent to

RR =CR
1

2
ρV 2

a Sproj, (2.2)

where ρ is the air density, Sproj the parafoil’s surface area projected on the (epitch,eroll)
plane, and CR is the resultant force coefficient determined by

CR =
√

C 2
L +C 2

D. (2.3)

Both glide ratio and resultant force coefficient play a crucial role in describing the aero-
dynamic performance of a parafoil and will be used extensively in this thesis. For max-
imising the power output in the cross-wind flight Loyd introduced the power harvesting
factor ζ, which is defined as

ζ= P

Parea
, (2.4)

where P is the extracted power from the wind and Parea is the available wind power
that flows through a cross-sectional area equivalent to the kite’s surface area. Loyd con-
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cluded, that the tether reeling speed should be 1/3 of the wind speed to maximise ζ. In
that case

ζmax = 4

27
CR(1+E 2). (2.5)

2.3. ANALYTICAL APPROACHES
In this section, a collection of analytical approaches to various parts of the parafoil are
derived and later used for the computational model.

2.3.1. BALLOONING

A parafoil is an inflatable membrane wing with inlet openings close to the leading edge.
The wing is fully inflated when the internal pressure is higher than the pressure sur-
rounding the wing. The billowing of the panels is called ballooning, and the further
apart the ribs are located, the more drastic the ballooning effect becomes, and thus the
profile shape deviation from the actual rib profile. Within a good parafoil design, a non-
rectangular panel geometry is used to shorten the rib-to-rib distance at specific locations
along the chord, and as a result, introduces a three-dimensional profile shape between
the ribs, which nearly resembles the rib profile. A proper three-dimensional shaping be-
comes more challenging to achieve for highly loaded wings where the suction side of the
wing is experiencing large deformations. These large deformations can be controlled
with local reinforcements, such as additional seams positioned on the panel or simply
thicker fabrics.

If insufficient air is fed though the intakes, for example, when the intakes are not
located in the stagnation zone due to a high or low angle of attack, the parafoil might
deflate and collapse. Therefore a good positioning and dimensioning of the intakes is a
crucial step in parafoil design. Also, kites with a high permeability constantly lose inter-
nal pressure though leakage flow through the fabric and sewing lines which drastically
reduces the flight performance. A simple approach to estimate the internal pressure is
to assume that the flow comes to a rest once it entered the wing and is equivalent to
the stagnation pressure. This assumption does not hold for parafoils with many intakes
positioned along their span because a vortex forms around each intake that heavily in-
fluences the local pressure [30, 31]. The SkySails parafoil under consideration only has
only two intakes, and therefore its influence on the overall flow field is less pronounced
and assumed to be negligible. With the assumption, that the internal pressure is equiva-
lent to stagnation pressure it can be formulated as

pint = 1

2
ρV 2

a . (2.6)

The external pressure is influenced by the aerodynamic profile shape and varies over
the wing’s surface. To formulate a resultant pressure expression for the structural finite
element solver, where both internal and external pressure are combined, the pressure
coefficient is used. The pressure balance at each location on the wing’s surface than
becomes
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Cp =Cp, aero −Cp, int =Cp, aero −1, (2.7)

where Cp is the resultant pressure coefficient acting on the kite’s membrane, and Cp, aero

is the pressure coefficient determined by the external flow. The pressure coefficient at
stagnation pressure is by definition one, and consequently, the resultant pressure coef-
ficient at the stagnation point becomes zero.

2.3.2. PANEL STRESS
A simple method to approximate the mechanical stress acting on the canopy is assum-
ing each panel as part of a cylindrical pressure vessel. An expression for the axial and
tangential stress in a pressure vessel was derived during the industrial revolution by Pe-
ter Barlow. He found a geometrical expression for the stresses applicable to thin-walled
cylinders under plane stress with small strains. Figure 2.6a illustrates the profile of a
pressurised cylinder with its axial σa and tangential σt stress components. Considering
the definition of pressure as normal force per unit surface

p = F

A0
= F

L2R
, (2.8)

where F is the acting force on the cylinder profile area A0, the product of length and di-
ameter. The radius R is the average between the inner and outer radii, a fair assumption
for thin-walled structures. Similarly, the tangential stress is expressed as

σt = F

2Lt
, (2.9)

where t is the cylinder wall thickness. Combining both Equations 2.8 and 2.9 results in
the expression for the tangential stress, known as Barlow’s formula

σt = pR

t
. (2.10)

The ballooned shape of a parafoil cell is depicted in Figure 2.6b, and it can be seen that
only the upper and lower part of the cell is curved and due to the pressure differential
across the membrane. On the other hand, the ribs are pressure-free because the air may
flow freely between each cell through cross-ports. In order to obtain a simple estimation
of panel stress, the local curvature R and pressure p are required. The local curvature
for each chord-wise location can be approximated by placing the centre of curvature
into the middle of the section as shown in Figure 2.6b, while the pressure can be deter-
mined in conjunction with Equation 2.7. With this approach, the local curvature is solely
a function of local rib height h and panel width w0, which corresponds to the circumfer-
ence of the pressurised panel. In Chapter 4 this analytical expression is compared to the
numerical results obtained by the developed parafoil model.

2.3.3. LINE DRAG
The line drag of the parafoil bridles constitutes a considerable amount of drag which
has to be included in the model to determine the aerodynamic characteristics of the en-
tire airborne component correctly. Determining the drag coefficient of the bridle lines
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(a) Pressure vessel profile indicating tangential and axial
stress components.
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(b) Span-wise cut through kite cell. Vertical lines
correspond to ribs and arcs depict ballooned panels

connecting two neighbouring ribs.

Figure 2.6: Analytical stress depiction due to ballooning.

during flight is not trivial due to dynamic flow effects such as vortex-induced vibration,
which cause the airflow to locally separate around the bridle. The vortex-induced fre-
quency can be described with the non-dimensional Strouhal number. A lock-in phe-
nomenon between bridle line and flow occurs when the Strouhal number is close to the
bridle’s natural frequency such that the bridle starts to oscillate in resonance. This ef-
fect of aero-elastic nature can often be heard during the flight in the form of a whistling
sound.

The drag coefficient of a static cylinder was experimentally determined in a wind
tunnel by Delayn et al. [32]. In Reynolds number ranges between 1 ·103 and 1 ·105, the
drag coefficient of a cylindrical object varies between 1 and 1.2. A sudden drop in drag
coefficient to approximately 0.25 is observed at a Reynolds number of 3 · 106, which is
caused by an effect called drag crisis, which occurs when the boundary layer around the
cylinder changes from the laminar to the turbulent flow regime. The turbulent boundary
layer also causes vortex shedding. This effect only occurs around a small range of super-
critical Reynolds numbers (between 3·106−6·106), whereas the drag coefficient increases
again for higher Reynolds numbers. In the case of bridle lines and tether, the Reynolds
number lies in the range of 1 ·103. Thus, the drag crisis effect is of no importance.

Kite bridle line drag has been characterised experimentally by several researchers us-
ing different line profiles, tension, and angles of attack. Bergeron et al. [33] determined
a bridle line drag coefficient of approximately 1 for a cylindrical bridle line profile and
0.68 for elliptical profiles in a set of wind tunnel experiments using a range of tensions
within the operating range of a round parachute. Jung [34] tested bridle line latex coat-
ing and compared their drag coefficient with non-coated bridle lines and concluded that
non-coated bridle lines have a 50% higher drag coefficient. Dunker et al. [35, 36] tested
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various profile geometries in a wind tunnel setup and concluded that the Strouhal num-
ber has a significant impact on the pressure drag of the bridle lines, increasing their drag
by up to 300% for specific Reynolds numbers. Also, the profile geometry can reduce the
induced vibration impact, e.g. by introducing a helical strake coating that circumvents
lock-in. Siefers et al. [37] tested an inclined flat Dacron line in a wind tunnel setup and
found that the drag coefficient was lower for the inclined lines than for lines perpendic-
ular to the flow measured in previous work. However, they reported an inherent variabil-
ity in test results which could be reduced by applying a higher tension. They concluded
that neither Reynolds number nor small angles of attack tend to affect the drag coef-
ficient significantly. The studies mentioned above show the intricacies of wind tunnel
tests and how many factors like material, tension, angle of attack, and Reynolds num-
ber can affect the drag coefficient. The effective drag increase by vibrating bridle lines
is out of scope of this thesis, and are therefore treated as a subscale process. Instead, an
analytical approach is adopted to determine the drag coefficient of bridle lines which is
based on Hoerner [38] who derived a simple formulation for lift and drag coefficients of
an inclined cylinder as

Ccylinder
L = Cτ sin2(Θ)cos(Θ), (2.11)

and

Ccylinder
D = Cτ sin3(Θ)+Cf, (2.12)

where Cτ is the drag coefficient in normal direction with respect to the cylinder surface,
Cf is the shear drag coefficient and Θ the angle between tether and flow direction. For
this work, a normal drag coefficient of 1.1 and a shear drag coefficient of 0.02 is assumed,
corresponding to values found in the literature mentioned above.

The tether drag plays a crucial part in the total drag of a tethered wing. The longer the
tether and the faster the kite flies, the higher the contribution of the tether drag, which
reduces the effective glide ratio. Argatov et al. [39] derived a simple analytical lumped
drag expression for the tether drag in an AWE system by integrating the aerodynamic
force over the tether length L, thus an approximation of the tether drag

Ftether =
1

8
ρdLCtether

D V 2
a , (2.13)

where d is the tether diameter. The resulting effective glide ratio of the airborne system
then becomes

E = Cwing
L

Cwing
D + Ctether

D dL
4Sproj

. (2.14)

2.4. MODELLING APPROACHES FOR MEMBRANE STRUCTURES
The thin membrane fabric used for parafoils exhibits distinct mechanical responses to
tension, compression, shear, and bending loads. It practically poses no resistance to
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reference state taut state wrinkled state slack state

Figure 2.7: Different membrane states - reference, taut, wrinkled, and slack [41]

neither compression nor bending loads, and if a thin fabric is uni-axially loaded in ten-
sion, the membrane tends to wrinkle along the direction in which the load is acting. In
the past 50 years form finding methods have been extensively developed which find the
mechanical response of thin membrane structures under a given load, and the most sig-
nificant solution methods are stated in this section. The mechanical response of mem-
brane structures is nonlinear in various ways and often solved using the finite element
method. Due to large translations and rotations during form finding the Green-Lagrange
strain formulation is used and it is nonlinear in the sense that the solution has to be
found in several solution steps. Another source of non-linearity is the pressure load act-
ing normal on the membrane’s surface. When the structure deforms, the membrane’s
surface orientation changes, and the pressure load direction has to be reevaluated for
the deformed state. Also, membrane materials often consist of woven material which
is a complex structure by itself and it exhibits nonlinear stress-strain behaviour and a
stiffness depending on load direction [40]. And finally, due to the negligibly small bend-
ing and compressive resistance a wrinkling model is often introduced in the analysis to
avoid refined finite element meshes.

2.4.1. NON-COMPRESSION MODEL
Wrinkling is a local buckling phenomenon dependent on the membrane’s stress and
strain state. Figure 2.7 depicts all three possible states a membrane can adopt: taut,
wrinkled, and slack. A taut membrane is in tension along both principal axes and be-
haves like a shell. As soon as the stress along one principal axis becomes negative while
stress positiveness is kept along the other axis, wrinkles form along the positively stressed
axis while the membrane contracts perpendicular to the same axis. The slack state oc-
curs when both principal axes are in compression, leading to an in-plane collapse of the
membrane. Shell elements with bending stiffness can be used to simulate membrane
structures, but the size of the smallest shell element has to be equivalent to the size of
the smallest wrinkle to find the deformation field correctly. A fine mesh often leads to a
long computation time and shows details that might be of no interest.

For that reason, non-compression models have been developed which do not com-
pute the shape of individual wrinkles or their out-of-plane deformations but rather de-
termine the in-plane contraction due to wrinkling based solely on the stress state. Wag-
ner was the first to develop such an approach in 1929 called Tension Field Theory, where
the structure is assumed to be in a purely tensile state [42]. Based on this approach,
the wrinkle direction and in-plane contraction for simple geometries and load cases can
be determined. The original approach by Wagner has been considerably improved and
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reformulated into a more sophisticated mathematical form.

A considerable contribution to the analysis of membrane structures originates from
the form-finding of cable nets, grid shells, and pre-stressed fabric membranes. Schek
[43] developed the force-density method to find the equilibrium state of a net structure,
e.g. representing membrane structures. Barnes developed a form-finding method based
on Dynamic Relaxation with variable mass terms to critically damp the structure until an
equilibrium is found [44, 45]. A simple element-wise stress update strategy is employed
to correct for compressive stress. The method is numerically stable even if slack regions
and highly nonlinear structural responses form during the solution procedure and the
numerical implementation is simple. A round-robin analysis in 2013 compared various
solvers from companies and institutes to understand the current state of analysis used
for tensile structures [46]. Several form-finding and load analysis problems were solved,
and critical values of stress, deflection and reaction were compared. It was found that
the results show high variability due to different solving procedures and material models
being employed.

Roddeman developed a wrinkling formulation based on a modified deformation ten-
sor which corrects the stress state when wrinkling, or slackening occurs [47, 48]. In geo-
metrically nonlinear analysis, the method can be used for both isotropic and anisotropic
materials. A good agreement between analytical and numerical results from a simple
shear test have been reported. Despite the validity of his method, the stiffness matrix
becomes singular in regions of slackening, and a step method for the iterative solution
procedure is recommended.

Several researchers have further developed Roddeman’s modified deformation ten-
sor. Rossi et al. [49] applied the stress state correction to a dynamic formulation to solve
several problems such as an inflated airbag and a sheared membrane. They proposed
an element-wise stress update strategy such that the compressive stress component is
eliminated by rotating the stress tensor into its principal wrinkle direction and then up-
dating the corresponding internal forces for the given element. The method caused nu-
merical instabilities due to abrupt changes in the stress field, and a penalty factor was
therefore introduced to reduce state switching of individual elements. Jarasjarungkiat
et al. [41, 50] further developed the penalty factor formulation as a function of the cur-
rent stress state and expanded the model to become applicable to orthotropic material.
Another wrinkling model developed by Raible et al. [51] applies to both isotropic and
anisotropic material. Its formulation is similar to the previously mentioned methods,
which are based on an element-wise stress update strategy and with a principal strain-
based formulation, the convergence behaviour has been improved for orthotropic ma-
terials.

Pipkin [52] focused on a strain energy formulation where the absence of compres-
sion is directly incorporated into the variational formulation. The strain energy func-
tion is re-written into a relaxed strain energy formulation, and it is shown to be a con-
vex functional of the deformation gradient. Steigmann et al. [53] applied the relaxed
strain energy formulation to an inflated tube, and the most recent advance in applying
a variational formulation to membranes was conducted by de Rooij et al. [54]. They
developed a finite element formulation for membranes with incorporated relaxed strain
energy function and solved the nonlinear system with the interior-point method. Many
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mechanical problems were solved, and the method proved to be numerically stable and
efficient.

This section showed that several approaches to find the deformation and stress field
of a loaded membrane structure had been developed in the past. The most suitable
methods for this work apply to both isotropic and orthotropic materials because many
fabrics used in the parafoil industry are orthotropic. Therefore, methods developed by
Jarasjarungkiat [41, 50] and Raible [51], which both works on orthotropic materials, are
tested in this work.

2.5. FLUID-STRUCTURE INTERACTION APPROACHES
As identified in the previous sections, a ram-air kite is an inflated tensile structure con-
sisting of thin fabric and bridle lines with negligible bending stiffness. The kite shape
during flight results from the difference in air pressure of internal and external pressure
fields, and with a variation in the angle of attack or flight speed, the shape might change
considerably. From a modelling point of view, the geometry cannot be found unless
the aerodynamic pressure distribution is known, and the pressure distribution cannot
be determined unless the shape is known. This coupling can be solved using the fluid-
structure interaction approach, which simulates both fluid and structure as subsystems
and exchanges information on the interface and is the modelling approach of this work.

2.5.1. PANEL METHOD

A simple aerodynamic approach is the panel method based on the potential flow as-
sumptions. The lifting surface is discretised into panels, and the source-sink terms for
given boundary conditions are computed. This method applies to flows that are irrota-
tional, steady, and inviscid (Reynolds number approaches infinity). Several studies [55–
57] used a nonlinear finite element software to model the structural response of a ram-
air kite to the pressure field obtained by a panel method. The advantage of this method is
its fast computation compared to a complete CFD analysis. Also, no finite volume mesh
has to be built, which often is tedious to obtain, and its quality has a significant impact
on the solution accuracy. On the other hand, results obtained by the panel method may
diverge from reality when modelling flows with high angles of attack where flow sepa-
ration occurs, and the assumption of irrotational flow becomes invalid. This constraint
is important to note because soft kites for AWE applications are often flown at higher
angles of attack to maximise their pulling force during cross-wind manoeuvres [13].

A complete dynamic approach with a staggered FSI scheme was taken by Ortega et al.
[58] which consisted of a cost-effective low-fidelity panel potential flow solver with de-
forming wake and an explicit dynamic solver with wrinkling model and viscous damping
for numerical stability to determine the ram-air kite’s shape. They tested the solver on
a free-flying parachute payload configuration with and without deflecting steering lines
and compared the system’s velocity and glide ratio with measurements that showed sat-
isfactory results. The shortcomings of their method were the absence of viscous drag
acting on the payload and canopy and internal canopy flow, which affects the total drag
due to the intakes. Despite the shortcomings, they presented a simple FSI model for
analysis of parachutes, and in a more recent publication [59], they improved their panel
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solver with a flow separation model and applied it to analyse the aero-elastic response
of a blunt inflatable building.

The most recent publication on aerodynamic modelling using the panel method was
done by Castro-Fernández et al. [60]. They tested their in-house unsteady panel solver
on a delta wing kite during a figure of eight manoeuvre and compared their obtained
aerodynamic coefficients with a measurement approach introduced in Borobia-Moreno
et al. [61]. They concluded, that a quasi-steady aerodynamic approach, compared to a
steady and unsteady approach, is sufficiently accurate to model the lift coefficient during
the figure of eight manoeuvre. Additionally, their obtained drag coefficient was lower
than the measurement due to the absence of viscous drag, and the moment coefficient
had the same order of magnitude compared to the measured data but no clear trend
between them could be seen. Their quasi-steady model can be run with a time stepping
of 10 ms and a full figure of eight trajectory was obtained in less than 30 minutes.

2.5.2. COMPUTATIONAL FLUID DYNAMICS

A pure aerodynamic analysis on two-dimensional single-cell rigid aerofoils with and
without intake was investigated by several researchers [30, 62–64]. All utilised the Reynolds-
Average Navier-Stokes (RANS) equations and various turbulence models. A comparative
study between the aerodynamics of the two aerofoils was carried out, and it was found
that the intake primarily influences drag. The intake causes the flow to separate much
earlier due to the flow separation around the intake, reducing lift and increasing drag. In
Figure 2.8b a streamline plot of an open parafoil profile from Fogell [30] is depicted, and
it can be seen that the streamlines are following the geometry both on the top and bot-
tom side of the aerofoil. Figure 2.8a on the other hand, shows the simulation results for
an open profile. The flow separates at the bottom side of the parafoil due to the vortex
forming at the intake. While the lift coefficient reduces by only 10%, the drag coefficient
doubles for an open profile compared to a closed one.

For power generation in the AWE sector, a discrete FSI model with a flight control
system for a figure of eight manoeuvres was introduced by Bosch [65]. The structural
model was based on membrane and beam elements discretising a leading edge inflat-
able (LEI) kite. The steady RANS equations with the k-ω turbulence model were utilised
to determine the section-wise aerodynamic loads. In order to avoid long computation
time in each time step, the RANS equations were pre-computed for a given set of angles
of attack, camber, and thickness to obtain the aerodynamic coefficients and section-wise
load for their structural model. The model was able to reproduce the kite’s bending and
torsional deformation modes during their flight manoeuvres. The limiting factor in their
model was the aerodynamic approximation, which only covered 2-dimensional flow and
depended on pre-computed results. Their kite design was taken from Breukels [66] who
published a design methodology for AWE LEI kites.

A three-dimensional FSI analysis, including the intake flow, was conducted by Fo-
gell et al. [30, 67]. They investigated the fluid-structure interaction during steady glide
with a loosely coupled approach. The fluid dynamics were solved with the commercial
fluid solver STAR-CCM+ applying the RANS equations and k−ε turbulence model. Sim-
ilar to the two-dimensional analysis mentioned previously, the domain inside the wing
was meshed to study the flow and the structural response. Fogell analysed a single cell
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(a) Closed profile.

(b) Open profile.

Figure 2.8: Velocity streamline plots obtained by two-dimensional CFD analysis on closed and open parafoil
profile [30].

with periodic boundary conditions to simplify the problem. The structural response was
modelled with linear elastic isotropic material properties using LS-DYNA’s commercial
software. To correctly model the influence of slight compression in the membrane, the
finite elements were enriched with a non-compressive model. In a more recent publi-
cation, Fogell performed a simulation study of a semi-rigid ram-air kite where the ribs
were made of sheet metal and reported an error of 15% in lift coefficient and an under-
estimation of drag coefficient by 27% [68].

Another LS-DYNA analysis was performed by Perin et al. [69] on a ram-air parafoil
with a strongly coupled FSI approach. The analysis approach is similar to the first stud-
ies done by Fogell, except that an entire kite is modelled. For validation of the numerical
model, visual and load measurements were done in a wind tunnel test. The optical mea-
surements were done with the digital image correlation technique to compare the shape
of the actual and modelled kite. Load measurements were taken to determine lift and
drag values depending on various angles of attack. The simulation showed resemblance
with the visually measured shape, but the simulated glide ratio differed by 40% for larger
angles of attack.

Paraglider dynamics was studied within a high-fidelity transient FSI simulation done
by Lolies et al. [70] where they presented an Immersed Boundary coupling approach.
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The flow is simulated using the Lattice Boltzmann method, and their structural model
consists of an arrangement of structural springs, which allows using larger time steps
during transient time integration. Their resulting paraglider shape agrees with the shape
obtained in a wind tunnel experiment, but they reported an under-resolved boundary
layer caused by the Immersed Boundary Method.

2.5.3. ROUND PARACHUTE SIMULATION
Round parachutes follow a similar modelling approach as ram-air kites, and the appli-
cation of round parachutes ranges from airdrops for personnel and equipment to space-
craft deceleration after the reentry phase in the atmosphere. The glide behaviour of
round parachutes has been modelled to approximate the landing speed and aero-elastic
effects due to the strong coupling between fluid and structure. Several publications from
a US research group applied a finite element solver based on a space-time formulation
to solve both fluid and structural domains. Their method was applied to simulate a de-
scending T-10 parachute [71, 72], whilst improvements on the structural model via a
dynamic contact algorithm for multiple parachute systems was done [73], and advances
in mesh moving techniques based on the theory of elasticity were shown [74, 75].

Fan et al. applied a finite volume discretisation on the fluid domain with the
Spalart–Allmaras turbulence model to describe the fluid-structure interaction of a round
parachute from opening phase until steady glide [76]. A wrinkling model was used for
the tensile structure, and their model shows agreement with experimental results and
previous literature.

2.5.4. SAILS
The sail dynamics of sailing boats and yachts is another FSI research field due to large
occurring deformations of the thin sailcloth, and the analysis approach is similar to the
ram-air and parachute FSI. The first publication found in literature about sail FSI was
presented by Fukasawa et al. [77], where the sail structure was modelled with truss
elements and an analytical expression gave the aerodynamic load. More recent pub-
lications by Renzsch utilised a RANS approach with membrane elements, including a
non-compression model [78, 79]. Their simulations were validated using wind tunnel
experiments and showed a good resemblance. Their finite element solver with wrin-
kling model was also based on the Dynamic Relaxation approach, which finds the force
equilibrium for given pressure distribution and reported good numerical convergence
behaviour and robustness.

Compared to most other publications, Trimarchi et al. [80] modelled the sail struc-
ture with shell elements which show the actual shape of wrinkles on the sail. An interpo-
lation scheme included the occurring wrinkles on the sail in the fluid dynamics analysis,
and a lower lift and increased drag were observed. As the wrinkles can only be modelled
if the elements are smaller than the smallest wrinkle, this type of analysis requires a very
dense mesh which causes a drastic increase in computation time.

2.5.5. AIRBAGS
Several authors presented airbag simulations for the automotive sector [81, 82]. The
challenges in a proper numerical airbag model are the high accelerations due to infla-
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tion, contact modelling, compressibility effects of the pressurised air, folding, and ma-
terial models. In some cases, an explicit time integration method is applied to simulate
the airbag’s transient behaviour in real-time and to measure its response to various ini-
tial conditions.

The inflation of a life jacket was studied by Garcia [83], where a multitude of dynamic
relaxation methods was compared, such as kinetic and viscous damping and mass scal-
ing. It was found that kinetic dynamic relaxation has the fastest convergence behaviour
and the mass scaling dependent on the structure’s stiffness effectively keeps the explicit
time integration stable without falling below the critical time step.

2.6. EXPERIMENTS
To understand the structural and flight behaviour of ram-air kites, NASA and various
research facilities in the US started with experimental setups in wind tunnels or drop-
tests. Since wind tunnel experiments occur in a controlled environment, it serves much
better for model validation of an FSI analysis compared to a drop-test. Full-scale wind
tunnel tests were performed to measure the flight performance characteristics, such as
glide ratio, lift and drag versus angle of attack, and dynamic flight behaviour. Lift and
drag were determined by integrating the measured forces acting on the lines over the
whole canopy. The resulting glide ratios obtained from studies such as done by Burk
[84], Nicolaides [85], and Ware [86] for different parafoils vary between 2-6. In Ware’s
experimental setup, several ram-air wings with rectangular planform and open leading
edge with several aspect ratios and chord lengths were compared, and their static and
dynamic behaviour were studied. These studies show how tedious experimental wind
tunnel tests for soft kites are. Measuring the angle of attack of an inflated wing is chal-
lenging because of the large deformations which occur during flight operation, e.g. the
leading edge distortion. Also, the line drag has a direct influence on the measured results.
In some cases, it constitutes approximately 50% of the drag and has to be corrected only
to obtain flight characteristics of the parafoil.

Scaling effects were studied in Geiger et al. [87], where the flight characteristics were
compared between a 300ft2 and 1200ft2 kite (approximately 28m2 and 111.5m2 respec-
tively). The difference in testing configurations due to structural deformation was signif-
icant, and no general conclusion could be made about scaling effects. A general prob-
lem with small scale models of kites mainly originates from the nature of the flexible
structure. The fluid properties, e.g. Reynolds number, can be changed in a wind tun-
nel through wind speed variations to account for the length difference between the two
models. The problem arises from the ram pressure, which does not scale linearly but
quadratically for the wind speed.

Other than measuring the line forces to determine the lift and drag coefficients, Ask-
ins [88] performed several wind tunnel tests on large aerodynamic decelerators, includ-
ing the orbiter drag parachute and several large ram air kites. The pressure distribution
was measured using a chord-wise strip with pressure sensors on the canopy. The pres-
sure sensors were connected with tubes inside the structure, causing a restriction on the
number of sensors attached due to additional weight and resulting wing stiffening. Ex-
periments on wing scaling were performed by comparing the deformation of a 3×9 m2

and 6× 18 m2 parafoil. Concluding remarks were that the smaller scale kite deformed
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Figure 2.9: Ram-air kite in a wind tunnel experiment by de Wachter [23]. The white dots were used to compute
the deformed shape of the parafoil for a CFD analysis. A striking detail are the dents located at the leading

edge where the stagnation pressure compresses the membrane structure and the profile loses its curvature.

differently and reduced the glide ratio, also attributed to a slightly higher suspension
line area used in the smaller model. A comparison between the intake size was also ex-
perimentally tested. It was found that smaller intakes improve the overall aerodynamic
performance, a larger glide ratio of up to 25%. Simultaneously, no significant effect on
the inflation characteristics was observed.

Finally, de Wachter [23] investigated the aerodynamics and structural deformations
of a six square meters ram-air wing by the manufacturer FlySurfer in two wind tunnels.
The deformations were measured using photogrammetry and laser scanning, see the
white dots on the canopy for photogrammetry referencing in Figure 2.9, which provided
a 3D point cloud of the kite’s deformed surface. The kite was fixed at the leading edge
with two metal rods, and the reaction force was measured at the risers to determine the
aerodynamic forces. Also, thermography measurements were taken from the flow such
that laminar and turbulent flow regions could be found. A range of wind speeds and
angles of attack were tested, and a CFD analysis on the deformed 3D model was also
performed comparing flow characteristics. The computed lift and drag from the CFD
analysis showed a good fit compared to the measured forces.

2.6.1. FLIGHT TESTING OF AWE SYSTEMS

The AWE community has published several publications on flight testing and aerody-
namic parameter estimation. Hummel [89] developed a test plant to measure the aero-
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dynamic performance of a tethered leading edge inflated wing in his PhD thesis. He used
a car to tow the tethered wing and measured the kite’s position using a camera setup and
rotary encoder, the tether force using a load cell, and the relative flow velocity using a
cup anemometer and wind data from a 20m mast in close proximity. The setup enabled
to measure both CR and glide ratio but due to the ground based test plant it is limited to
small kite sizes. Also, the ground based wind sensor setup did not provide the Va close to
the kite.

Oehler et al. [13, 90] investigated a method to directly measure aerodynamic charac-
terisation of a deformable LEI kite together with ground-based measured traction force
by attaching a Pitot tube sensor with vanes below the canopy attached to the bridle sys-
tem. They reported considerable variations in the aerodynamic coefficients during the
power cycle, while the angle of attack of the kite varied only in a narrow range. This
finding confirms the necessity of an aeroelastic model which can simulate the coupled
fluid-structure interaction which captures the change in profile and planform due to de-
formations. Also, the steering capability of the LEI kite was quantified and they found
that the yaw rate would drastically increase when the kite was in the high lift power set-
ting i.e., a trim with a high angle of attack.

A different approach to finding the aerodynamic characteristics of a flexible teth-
ered wing directly is based on parameter identification using the Extended Kalman Filter
(EKF) technique, see e.g. [61, 91, 92]. Here, several sensors such as load cells, anemome-
ters, and GPS are connected to the kite system and combined with a dynamic model of
the kite the EKF is able to estimate states and parameters such as kite position, glide ra-
tio and angle of attack, and wind speed at flight altitude. The model results are strongly
dependent on the validity of the mathematical model and the sensor data quality. Based
on the results found in literature, the approach is attractive even for live data acquisition
but due to the nature of the EKF method, no theoretical convergence is guaranteed.

2.7. RESEARCH GOALS
Based on the literature review in this section about parafoil modelling, it can be con-
cluded that many different models have been developed in the past to simulate ram-air
wings and other thin-walled structures during flight. The structure was always mod-
elled with thin membrane elements and a non-compression model that correctly deter-
mines each element’s stress state, as could be seen in all publications mentioned above.
While high fidelity models focus on resolving flow phenomenal using CFD, e.g. caused
by the intake, low fidelity models incorporate the panel method to determine the pres-
sure distribution acting on the canopy. Due to the inherently flexible nature of mem-
brane structures, a fluid-structure interaction approach is crucial that correctly finds the
inflatable structure’s deformed state. Several coupling strategies were employed, rang-
ing from loosely coupled fluid and structure domains without considering physical mass
and damping, up to dynamic coupling to simulate the dynamic response and interaction
of both fluid and structure. Wind tunnel experiments found in the literature imply that
measuring the aerodynamic properties of a flexible wing is not a trivial task. Intricacies
like supporting the wing and measuring forces without influencing the experiment are
complicated. Also, defining the angle of attack on a flexible wing that rotates and de-
forms under load is not as simple as with a rigid wing. The motivation of this work posed
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in the previous chapter is to find the aerodynamic and structural properties of a SkySails
Power kite in a numerical model. Based on this motivation and the literature review, the
following research goals were formulated:

1. Develop an integrated aero-structural model to determine the aerodynamic char-
acteristics such as CR and glide ratio for a given tethered parafoil.

2. Analyse the structural design of a parafoil and identify shortcomings and impor-
tant design aspects which may be crucial for airborne wind energy application.

3. Validate the developed model using measurements from SkySails Power obtained
during flight.

2.8. RESEARCH QUESTIONS
Based on the formulated research goals, the following research questions were formu-
lated:

1. How do different FSI methods for determining a ram-air kite’s shape with bridle
line system under load compare with respect to computational robustness and
efficiency?

2. Is a panel code based on the potential flow assumption sufficiently accurate in
estimating the aerodynamic characteristics of a ram-air kite?

3. How can an engineering methodology be developed to design an efficient ram-air
kite for AWE applications?

4. Is the current set of sensors in the operational airborne kite system sufficient for
proper validation of integrated models?
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COMPUTATIONAL STRUCTURAL

DYNAMICS

This chapter introduces the theoretical background for the finite element solver that
computes the kite’s deformations under a given aerodynamic load. The derivation of
nonlinear finite elements for membranes is shown, which includes kinematics and strain
measures in a curvilinear coordinate frame and the final expression for internal and ex-
ternal force vectors using 2-node cable elements for the bridle lines and 3-node trian-
gular elements for the membrane structure. The structural analysis of thin membranes
poses mainly numerical challenges due to their inability to resist neither bending nor
compression. To avoid refined meshing, the introduction of a wrinkling model adds
another dimension of numerical noise. The choice of using flat 3-node shell elements
rather than higher-order elements is to provide strong numerical stability at the cost of
a less accurate stress field and possibly a stiffer structure, as described in Wriggers [93].
The implemented solver including two non-compression models for the membrane are
verified on an inflatable airbag model. For further details on the derivation of the fi-
nite element method for membranes, refer to Wriggers [93], or Chapelle [94]. The tensor
notation and algebra are extensively used during the derivation, as its notation is specifi-
cally handy in curvilinear coordinate systems. For an introduction to tensor algebra and
the notation used in this work, refer to Appendix A.

Next to the spatial discretisation using the finite element method, the equations of
motion are solved using the Kinetic Dynamic Relaxation (KRD) method, first introduced
by Day [95]. It is an explicit time integration scheme that simulates the structure over
a pseudo time scale and tracks the kinetic energy. When a peak in kinetic energy is de-
tected, the solver sets all nodal velocities to zero and restarts with the current defor-
mation field. The velocity reset usually occurs several times during the simulation and
essentially damps the motion of most modes until a force equilibrium is found. The
method has proven to be inherently stable for highly nonlinear problems and requires
little pre-processing such as tuning damping parameters.

29
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Figure 3.1: Motion of a deformed continuumΩ0 in Lagrangian description.

3.1. MEMBRANE KINEMATICS
The kinematics of a deformable body can best be described with a reference and de-
formed configuration. Let Ω0 be the domain of a continuum body which is filled with a
material without voids or cracks placed in a Euclidean space R3. A position vector X as
depicted in Figure 3.1 can be used to define all possible locations in Ω0. Position vector
X with a Cartesian basis and index i = 1,2,3 is then written as

X = X i Ei . (3.1)

Due to rigid body motion and elastic deformation, the body moves to its deformed or
current configuration whose domain is given byΩ. A linear mapping function describes
the motion χ, which maps the position vector X into the deformed body with

χ(X, t ) = x(X, t ) = X+u(X, t ). (3.2)

The new position vector x is uniquely defined for the reference configuration and time t
and can also be expressed as the vector summation of the reference position X and the
relative displacement vector u(X, t ) between current and reference configuration. The
description of all field variables concerning the reference configuration is called the Lan-
grangian (material) description, whereas the description of the current configuration is
the Eulerian (spatial) description. Both descriptions are equivalent, as they produce the
same results, but the formulations of certain field variables are easier to express in either
material or spatial description. The Eulerian description is primarily found in fluid dy-
namics because it enables a straightforward formulation of fluxes. On the other hand,
the Lagrangian description is preferred when expressing mechanical stress and is used
in this work. With this formulation, the velocity of a given point in the continuum is
determined by the temporal derivative

v(X, t ) = ∂

∂t
(X+u(X, t )) = u̇, (3.3)
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Figure 3.2: Reference and current configuration of membrane surface in curvilinear convected
coordinates.

and similarly, the acceleration can be expressed as

a(X, t ) = ∂

∂t
(X+u(X, t )) = ü. (3.4)

3.1.1. CONVECTED CURVILINEAR COORDINATES

A membrane structure can be approximated as a curved surface embedded in R3 with
its position vector formulated in a curvilinear coordinate system with two coordinates
(ξ1,ξ2). Curvilinear coordinates can be thought of as grid lines convected or embedded
on the manifold, and they may be curved, and their basis vectors do not have to be or-
thonormal. Figure 3.2 depicts such a surface in both reference (undeformed) Ω0 and
current (deformed) configuration Ω, respectively. Its two coordinates and basis vectors
uniquely define each point on the reference configuration. If the body deforms, the grid
lines will follow, and both reference and deformed configuration of a position vector use
the same coordinates, whereas the basis vectors differ. Equation 3.1 in curvilinear coor-
dinates with co-variant basis vectors is then expressed as

X = ξαGα, (3.5)

where the index α= 1,2. Similarly, Equation 3.2 becomes

x =χ(X(ξ1,ξ2), t ) = ξαgα, (3.6)

with gα being the basis vectors in the current configuration. The set of two tangent ba-
sis vectors on the membrane’s surface is found by the partial derivative of the position
vectors for the curvilinear coordinates in both initial and current configurations, respec-
tively
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Gα = ∂X

∂ξα
(3.7a)

gα = ∂x

∂ξα
. (3.7b)

From there, the contra-variant basis vector can be determined with

Gα =Gαβ ·Gβ (3.8a)

gα = gαβ ·gβ, (3.8b)

where the index β=1,2, and Gαβ and gαβ are the respective metric tensors in the initial
and current configuration. Also, the normal vector of both reference and the current
configuration is important in later stage to formulate the pressure load, and they are
determined by the cross-product of both tangent vectors normalised by their magnitude
as

n0 = G1 ×G2

||G1 ×G2||
= G3

||G3||
(3.9a)

n = g1 ×g2

||g1 ×g2||
= g3

||g3||
. (3.9b)

3.1.2. DEFORMATION GRADIENT
The tensor mapping between reference and the current configuration is the deformation
gradient tensor F. It is a second-order tensor and maps a line element dX from the refer-
ence configuration into the current configuration. The resulting vector dx is then found
by

dx = FdX, (3.10)

The line element in the reference configuration is determined by

dX = ∂X

∂ξα
dξα = Gαdξα, (3.11)

and the line element in the current configuration is given by

dx = ∂x

∂ξα
dξα = gαdξα. (3.12)

In order to find the expression for the deformation gradient, recall that any second-order
tensor can be formulated as the tensor product of two vectors, as stated in Equation A.9

F = a⊗b, (3.13)

here given as arbitrary vectors a and b. Substituting Equation 3.13 into 3.10 results in
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dx = (a⊗b)dX = a(b ·dX). (3.14)

To satisfy the left hand side, a and b become

b = Gα (3.15a)

a = gα, (3.15b)

and this results in a compact expression for the deformation gradient tensor in curvilin-
ear coordinates

F = gα⊗Gα. (3.16)

3.1.3. GREEN-LAGRANGIAN STRAIN
Strain measures relative deformation inside a body given by normal and shear com-
ponents. Several strain formulations exist, but the nonlinear Green-Lagrangian strain
tensor is used in this work, which fully describes relative deformation without being in-
fluenced by rigid-body motion. The strain expression can be derived by changing the
length and orientation of a differential line element. The relative deformation of an ar-
bitrary differential line element can be described by the difference in lengths of current
and reference configuration. The differential lengths are

dS =
p

dX ·dX (3.17a)

d s =
p

dx ·dx, (3.17b)

and the squared difference is defined as

(d s)2 − (dS)2 = dx ·dx−dX ·dX = dX(FT F− I)dX, (3.18)

where FT is the transpose of the deformation gradient tensor, and I the identity tensor.
The identity tensor in curvilinear coordinates can be expressed as

F−1F = (Gα⊗gα)(gβ⊗Gβ) (3.19a)

= δαβGα⊗Gβ (3.19b)

=GαβGα⊗Gβ, (3.19c)

where Equation 3.8 was used to change the basis from the co- to contra-variant. Substi-
tuting Equation 3.19c into Equation 3.18 and writing the deformation gradient tensor in
curvilinear coordinates results in

(d s)2 − (dS)2 = dX(Gα⊗gα ·gβ⊗Gβ−GαβGα⊗Gβ)dX (3.20a)

= dX(gαβGα⊗Gβ−GαβGα⊗Gβ)dX (3.20b)

= dX2EdX, (3.20c)
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where E is the Green-Lagrangian strain tensor, defined as twice the difference of the
squared lengths. The final expression of the Green-Lagrangian strain tensor is

E = EαβGα⊗Gβ, (3.21)

with its components

Eαβ =
1

2
(gαβ−Gαβ). (3.22)

It can be seen that the components of Eαβ are dependent on the symmetric metric ten-
sors, which means that the strain tensor is symmetric as well. Introducing the Voigt no-
tation applicable to symmetric tensors Eαβ can be written in vector form such that

Eαβ =
[

E11 E12

E21 E22

]
⇒ EVoigt =

 E11

E22

2E12

=
E11

E22

γ12

 , (3.23)

where γ12 is the shear strain. Similar to strain, the stress in a continuum is a second-
order tensor. Depending on which reference area and force is used to describe stress,
the tensor varies accordingly. Both Cauchy and Piola-Kirchhoff stress measures are in-
troduced in Appendix B including how to transform between each one of them. Also, the
constitutive model, which resembles the material properties in a continuum element for
both isotropic and orthotropic linear elastic materials, can be found in Appendix C.

3.2. PRINCIPAL OF VIRTUAL WORK BY GALERKIN METHOD
The Total Lagrangian formulation of the Cauchy Momentum equation derived in Ap-
pendix D is referred to as the strong form. Whereas the strong form requirement is gen-
erally difficult to enforce on arbitrary domains, the formulation can be weakened using
the Galerkin method. The weak formulation is more approachable and solved using the
finite element method, while the strong formulation can be solved using finite difference
[96]. The procedure of transforming a set of differential equations into its weak formula-
tion using the Galerkin method is done by taking the product of the governing equation
with a kinetically admissible test field δu, also known as virtual displacement or varia-
tion, and then integrating over the domainΩ0. Kinetically admissible means that the test
field satisfies the Dirichlet boundary conditions of prescribed displacements, i.e. δu = 0
on Γu0 . Following this procedure, one obtains∫

Ω0

δuT (∇0 ·P+ρ0b−ρ0ü
)

dV = 0. (3.24)

The integral can be further simplified using Green’s Theorem, which is a particular ex-
pression of integration by parts and written as∫

Ω0

δuT ∇0 ·PdV =−
∫
Ω0

∇0 ·δuT PdV +
∫
Γ0

δuT Pn0dS, (3.25)

with Γ0 referring to the union of traction and prescribed displacement boundaries. Sub-
stituting Equation 3.25 into Equation 3.24 results in
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∫
Ω0

ρ0δuT üdV +
∫
Ω0

δFT : PdV =
∫
Ω0

ρ0δuT bdV +
∫
Γ0

δuT Pn0dS, (3.26)

where the divergence of the test field is expressed as the variation of the deformation
gradient tensor. Next, the surface integral can be split into two domains where Dirichlet
and Neumann boundary conditions are active such that∫

Γ0

δuT Pn0dS =
∫
Γu0

δuT t0dS︸ ︷︷ ︸
0

+
∫
Γt0

δuT t0dS, (3.27)

with the first integral being zero due to the kinetic admissibility of the test field δu. Using
Equation 3.27, Equation 3.26 can be written as∫

Ω0

ρ0δuT üdV +
∫
Ω0

δE : SdV =
∫
Ω0

ρ0δuT bdV +
∫
Γ0

δuT t0dS, (3.28)

where the second Piola-Kirchhoff stress tensor was substituted using Equation B.3, and
the variation of E was determined by decomposing the deformation gradient into its
symmetric and skew-symmetric part, see Wriggers p. 85 [93]. The expression in Equation
3.28 is called the virtual work principle and can be divided into virtual work components
with

δWkin +δWint = δWext, (3.29)

with δWkin being the virtual kinetic work, δWint the virtual internal work due to elastic
strain, and δWext the virtual external work due to body forces and surface traction.

3.2.1. DEFORMATION DEPENDENT LOAD
Deformation dependent load like the pressure is expressed in the current configuration
with the area and its normal vector changing with deformation. The virtual work due to
pressure load in the current configuration is defined as

δWext, p =
∫
Γt

δuT pndS, (3.30)

where p is the pressure and n is the normal vector in the current configuration. Since
the Total Lagrangian formulation is based on the reference configuration, Equation 3.30
is transformed using Nanson’s relation, which describes the change in area and normal
vector from reference to the current configuration as∫

Γt

ndS =
∫
Γt0

det(F)n0F−T dS. (3.31)

Substituting 3.31 into Equation 3.30 results in

δWext, p =
∫
Γt0

pdet(F)δuT F−T n0dS. (3.32)
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3.3. FINITE ELEMENT METHOD
So far, the equations of motion were derived in integral (weak) form. The derived formu-
lation can be solved analytically for only a limited number of geometries and boundary
conditions. In order to solve the formulation for arbitrary shapes and boundary condi-
tions, the finite element method is utilised. This solution method is based on splitting
the domain into many geometric elements like triangles or quadrilaterals. The field vari-
ables such as position, displacement or strain are approximated within each element
with continuous interpolation functions, also called shape functions. A wide range of
shape functions can be used to express field variables inside a finite element. The most
common approach is the Lagrangian interpolation polynomial which takes field vari-
ables known at given locations inside the element, called nodes, and provides a continu-
ous expression of the field between the nodes. The Lagrangian interpolation polynomial
for a field ϕ(ξα) is approximated as

ϕ(ξα) ≈ ϕ̂(ξα) =
M∑

i=1
Ni (ξα)ϕi , (3.33)

where ϕ̂(ξα) is the field variable approximation,ϕi the field variable at node level, M the
number of nodes used in the finite element, and Ni (ξα) the shape function written as
the Lagrangian polynomial

Ni (ξα) =
D∏

j=1, j 6=i

ξα−ξ j

ξi −ξ j
, (3.34)

with index i and j indicate node numbers in a finite element, and D is the degree of
the interpolation function. The shape function Ni takes the value one at node i and
zero at all other nodes. Between the nodes, Ni is interpolated and takes a value between
zero and one, based on the degree of interpolation. Applying the Lagrangian polynomial
approximation to position vectors in both configurations and deformation results in

X(ξα) =
M∑

i=1
Ni (ξα)Xi (3.35a)

x(ξα, t ) =
M∑

i=1
Ni (ξα)xi (t ) (3.35b)

u(ξα, t ) =
M∑

i=1
Ni (ξα)ui (t ), (3.35c)

and with the position vector, the co-variant base vectors in reference and the current
configuration can be written as

Gα = ∂X

∂ξα
= Ni ,αXi (3.36a)

gα = ∂x

∂ξα
= Ni ,αxi . (3.36b)
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Splitting the domain Ω0 into several finite elements, the virtual work principle can be
approximated as an assembly of elements where the shape functions provide continuity
between nodes such that

δWkin ≈
Ne⋃

e=1

∫
Ω0e

δuT üρ0dV (3.37a)

δWint ≈
Ne⋃

e=1

∫
Ω0e

δE : SdV (3.37b)

δWext ≈
Ne⋃

e=1

∫
Ω0e

δuT bρ0dV +
Ns⋃

s=1

∫
Γs

δuT t0dS. (3.37c)

where
⋃

is the assembly operator which adds each element’s contribution to a global
scalar (or vector in case of element forces). Also, Ne is the number of elements and Ns

the number of surface edges inΩ0. The expression for each virtual work contribution on
the element level can be found using the shape functions. The virtual kinetic work in a
single finite element using Equation 3.35a is then written as

δWkin,e = δuT
i

∫
Ω0e

ρ0Ni (ξα)N j (ξα)dV ü j (3.38a)

= {δu}T
e [M]e {ü}e , (3.38b)

both nodal virtual displacement and acceleration vectors indicated by curly brackets can
be taken out of the integral because they are nodal properties. The integral is written in
matrix form indicated by square brackets and is called the local mass matrix Me . Simi-
larly the virtual external work for a single element due to body forces can be found

δWbody,e = δuT
i

∫
Ω0e

ρ0Ni (ξα)bdV (3.39a)

= {δu}T
e {fbody}e . (3.39b)

For the virtual internal work, first the variation of the strain tensor δE in terms of shape
functions is derived as

δEαβ =
1

2
δ(gαβ−Gαβ) (3.40a)

= 1

2
δgαβ (3.40b)

= 1

2
(δgαgβ+gαδgβ) (3.40c)

= δui
1

2
(Ni ,αN j ,β+N j ,αNi ,β)x j (3.40d)

= {δu}e [B]T
e , (3.40e)
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Figure 3.3: Truss element with linear shape functions.

where [B]e is the strain-displacement matrix which contains the shape function deriva-
tives. Substituting Equations 3.40 and into 3.37b results in the virtual internal work for-
mulation

δWint,e =
∫
Ω0e

{δu}T
e [B]T

e {S}e dV. (3.41)

The equations of motion expressed as a global system of equations can be assembled by
adding the element contributions of each type of virtual work such that

δW =
Ne⋃

e=1

Ns⋃
s=1

δuT
e,s (fkin + fint − fext)e,s = 0. (3.42)

A non-trivial solution of Equation 3.42 corresponds to the equations of motion expressed
as a force balance

[M]{ü}+ {Fint}− {Fext} = {0}, (3.43)

which can be integrated in time to find its dynamic response, or in the case of a static
approach where the acceleration term is negligible, the deformations can be found with
a root-finding algorithm. Next, the shape functions of both bridle line and membrane
elements are derived, which are used to model the kite.

3.3.1. C2 - 2-NODE CABLE ELEMENT
A 2-node truss element used to describe bridles lines can be written with two shape func-
tions in natural coordinates as

N1 = 1

2
(1−ξ) (3.44a)

N2 = 1

2
(1+ξ) (3.44b)

where ξ is the coordinate ranging from -1 to 1 and uniquely defines the position vector
and base vector as depicted in Figure 3.3b. Both linear shape functions are plotted for all
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ξ in Figure 3.3a, and it can be seen that the field is linearly interpolated between the two
nodes. The element mass matrix from Equation 3.38a using the shape functions is

[M]e = 1

2
ρ0 A0L0[I], (3.45)

with the bridle line cross-section area given by A0 and initial element length by L0. It
should be noted that this is a lumped mass matrix where all off-diagonal terms are zero,
and this format allows for a cheap inversion. Next, the external body and traction forces
due to gravity and distributed edge loads can be expressed as

{fext}e = {fbody}e + {ft}e (3.46a)

= 1

2
ρ0 A0L0[gT gT ]T + qd0

2
[LT LT ]T , (3.46b)

with the gravitational acceleration vector written as g, edge load q , bridle diameter d0,
and the projected length vector L. Finally, the internal force vector from Equation 3.40 is
written as

fint = A0L0{B}T S (3.47)

where S is the scalar Second Piola-Kirchhoff stress, and the strain-displacement vector
B is

{B} = 1

L2
0

[(x1 −x2)T (x2 −x1)T ]. (3.48)

The following element modification can be applied to the cable when it is in compres-
sion to account for the slack state,

S =
0 if EG ≤ 0

E ·EG = E
L2−L2

0

2L2
0

if EG > 0,
(3.49)

which summarises the finite element formulation of force vectors for the bridle lines.

3.3.2. T3 - 3-NODE TRIANGULAR MEMBRANE ELEMENT
Similar to the truss element, the 3-node membrane element has linear shape functions
as depicted in Figure 3.4b which are written in natural coordinates (shown in Figure 3.4a)
as

N1 = 1− r − s (3.50a)

N2 = r (3.50b)

N3 = s, (3.50c)

where the natural coordinates (r , s) are simply the normalised edge lengths given by
x2-x1 and x3-x1 respectively. The lumped element mass matrix is then written as
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Figure 3.4: Truss element with linear shape functions.

[M]e = 1

3
ρ0 A0h[I], (3.51)

with the initial triangle’s surface area given by A0 and the element’s thickness by h. The
external body forces due to gravity are expressed similar to the truss element as

{fbody}e = 1

3
ρ0 A0h[gT gT ]T . (3.52)

The pressure load as derived in Section 3.2.1 acts normal to the surface in the current
configuration and can be transformed to the initial configuration. To avoid this opera-
tion, the pressure load acting on each node is instead expressed in the current configu-
ration

{fp}e = 1

3
Ap[nT nT nT ]T , (3.53)

with the element’s area in the current configuration written as

A = 1

2
||g1 ×g2|| = 1

2
||(x2 −x1)× (x3 −x1)||. (3.54)

Similarly, the normal vector in the current configuration can be written as

n = g1 ×g2

||g1 ×g2||
= (x2 −x1)× (x3 −x1)

||(x2 −x1)× (x3 −x1)|| . (3.55)

Substituting both area and normal vector expression into Equation 3.54 results in the
external force vector due to pressure load, here only written for an individual node i

{fp}i = 1

6
(x2 −x1)× (x3 −x1). (3.56)

Finally, the internal force vector in Equation 3.40 using linear shape functions are ex-
pressed as

{fint}e = A0h[B]T [Tσ]{Sfibre}, (3.57)
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where [Tσ] is the rotation matrix that transforms the stress components in Voigt notation
from the local fibre orientation to the element’s local coordinates. This rotation matrix
can be disregarded in the case of isotropic material. Its components are

[Tσ] =
 cos2θ sin2θ −2sinθcosθ

sin2θ cos2θ 2sinθcosθ
sinθcosθ −sinθcosθ cos2θ− sin2θ

 . (3.58)

Next, the strain-displacement matrix in Cartesian coordinates is derived using the Ja-
cobian transformation given in Section A.0.3. The local Cartesian coordinate system is
defined such that the triangle edge connecting the first two nodes acts as the x-axis, and
the y-axis lies normal to the plane spanned by the x-axis and the element’s normal vector.
The Jacobian in matrix form is then written as

[J] =
[||X21|| (X21 ·X31)/(||X21||)

0 (||X21xX31||)/(||X21||)
]
=

[
J11 J12

0 J22

]
, (3.59)

where the notation X21 = X2 - X1 is used. The inverse of J is then written as

[J]−1 =
[

1/J11 −J12/(J11 J22)
0 1/J22

]
=

[
T11 T12

0 T22

]
. (3.60)

With the inverse Jacobian the element Green-Lagrangian strain tensor in Cartesian co-
ordinates is expressed as

{ECart}e = [Q]{ECurv}e , (3.61)

where matrix [Q] is the Jacobian matrix for the strain tensor using Voigt notation defined
as

[Q] =
 T 2

11 0 0
T 2

12 T 2
22 T12T22

2T11T12 0 T11T22

 . (3.62)

Finally, the Green-Lagrangian strain tensor components are written in Cartesian coordi-
nates

Exx = 1

2
(

g11

J 2
11

−1) (3.63a)

Ey y =
g22 J 2

11 −2g12 J11 J12 + g11 J 2
12

2J 2
11 J 2

22

− 1

2
(3.63b)

Ex y = J11g12 − J12g11

J 2
11 J22

(3.63c)

Similarly, the strain-displacement matrix in Cartesian coordinates is given by

[B] = [Q][BCurv], (3.64)

where the strain-displacement matrix in curvilinear coordinates is
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[BCurv] =
 −(x2 −x1)T (x2 −x1)T 0

−(x3 −x1)T 0 (x3 −x1)T

(x3 −x2 +2x1)T (x3 −x1)T (x2 −x1)T

 . (3.65)

A global system of equations can be assembled and solved with the mass matrix, internal
and external force vector expressions.

3.3.3. WRINKLING MODEL
The previously derived membrane elements cannot correctly determine the actual stress
state as soon as compression occurs and effectively overestimate the structure’s stiffness.
Therefore, a wrinkling model is introduced that corrects the stress state of each element
in case of compression. This correction can be done by either manipulating the defor-
mation gradient or the constitutive tensor. The latter correction method is preferred
with orthotropic material, and two methods found in the literature are implemented
and compared.

The first method by Jarasjarungkiat et al. [50] is based on a penalisation and manip-
ulation method of the constitutive tensor. Using the mixed wrinkling criterion, which
takes compression due to the Poisson’s effect into account and is shown in Table 3.1, the
membrane state is first found on the element level. If wrinkling occurs, the wrinkling di-
rection has to be found, and the constitutive tensor is rotated accordingly such that the
compressive stress state vanishes. The wrinkling direction can be determined with the
Newton’s method where the gradient is analytically available, leading to a quick solution.
When the constitutive tensor is rotated for the wrinkling direction, it becomes singular,
and therefore a penalty factor is introduced, which is scaled with a maximum allowable
compressive stress the user has to define.

The second method by Raible et al. [51] also applies the mixed wrinkling criterion
to differentiate between the three stress states. The stress state is first determined on a
local element basis, and a wrinkling strain is introduced, which becomes active in case
of a wrinkled or slack state. It effectively reduces compressive stress and is updated every
iteration if active. In order to find the components of the wrinkling strain, the Newton’s
method is applied as well.

The disadvantage of both methods is the absence of continuity concerning the de-
formation vector, which may cause numerical instabilities for a static solution method.

Table 3.1: Mixed wrinkling criterion.

Membrane state Taut Wrinkled Slack

Stress and strain S2 > 0 S2 ≤ 0 and E1 > 0 E1 ≤ 0

3.4. DYNAMIC RELAXATION
With a dynamic formulation of the equation of motion derived in the previous section,
the next step is to find a suitable solution method that is numerically robust and effi-
cient. For this purpose, one must decide whether a static or dynamic solution method is
favoured. Mathematically, both approaches should obtain the same result, i.e. a steady-
state of the inflated structure with all external and internal forces in equilibrium. A static
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solution method for nonlinear problems such as Newton’s method solves a system of lin-
ear equations by inverting the stiffness matrix and reiterating until the residual forces are
sufficiently small. The static approach was applied to the airbag inflation problem (Sec-
tion 3.5.1), and no stable solution could be found with none of the wrinkling models, and
instead, a dynamic solution method based on Kinetic Dynamic Relaxation (KDR) [45] is
used. KDR is based on an explicit time integration with constant time step and variable
mass, which is scaled such that the time integration is strictly stable. During the time
stepping, kinetic energy is tracked, and as soon as an energy peak is detected, the nodal
velocities are reset to zero. This process is repeated until the force residual or kinetic
energy is sufficiently decayed, reaching a static solution.

3.4.1. EXPLICIT TIME INTEGRATION
Kinetic dynamic relaxation is based on the second-order leap frog explicit time integra-
tion method, which computes the position and velocity components staggered in half
time steps. The equation of motion at time step n is written as

Mün = fext(un)− fint(un) = R(un). (3.66)

Using the first-order expression for temporal derivatives from finite-difference for accel-
eration, and velocity leads to

ün ≈ u̇n+ 1
2 − u̇n− 1

2

∆t
(3.67)

u̇n+ 1
2 ≈ u̇n − u̇n−1

∆t
, (3.68)

from which the displacement at the next time step n +1 can be found with

un+1 = un +∆t u̇n+ 1
2 . (3.69)

Similar for the velocity at the next half-time step substituting Equation 3.67 into Equa-

tion 3.66 and solving for u̇n+ 1
2 results in

u̇n+ 1
2 = u̇n− 1

2 +∆tM−1R(un). (3.70)

Both Equation 3.69 and 3.70 determine the velocity and displacement of every structural
degree of freedom for the next time step n+ 1

2 and n+1, respectively. The kinetic energy
of the structure is found using

W
n+ 1

2
kin =

(
u̇n+ 1

2

)T
Mu̇n+ 1

2 . (3.71)

An energy peak is detected if the previous time step’s kinetic energy is larger than at the
current time step. In order to obtain a more accurate estimate of the deformation field
during the peak, a quadratic interpolation between the two previous and the current
time step is applied, which results in an updated deformation vector

u∗ =−(1+q)u̇n− 1
2 + q∆t

2
M−1R(un), (3.72)
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where the factor q is

q =
W

n− 1
2

kin −W
n+ 1

2
kin

2W
n− 1

2
kin −W

n− 3
2

kin −W
n+ 1

2
kin

. (3.73)

After the kinetic energy peak the routine is restarted using

u̇n+ 1
2 = ∆t

2
M−1R(un), (3.74)

which corresponds to a half-step in time with u̇n = 0. This procedure is repeated until
equilibrium is reached, specified by the convergence criteria of energy and force residu-
als. The energy residual is defined as the ratio between kinetic and internal energy, and
the force residual is defined as the ratio between the Euclidean norm of force residual
and reaction force vectors. The reaction force vector is determined using

fn
r = fn

int(doffixed), (3.75)

where doffixed are the degrees of freedom with Dirichlet boundary conditions applied.
Finally, the complete time integration scheme is summarised in Algorithm 1.

3.4.2. MASS SCALING
The explicit time integration scheme used for the KDR method requires a time step ∆t ,
which is strictly smaller than the critical time step. With a∆t much smaller than the crit-
ical time step, the time integration requires many iterations to reach static force equi-
librium and is generally inefficient. Therefore a ∆t as close to the critical time step as
possible while guaranteeing a stable time integration should be chosen. Alternatively, a
dynamic mass scaling approach can be applied, which changes the mass matrix entries
in every step while keeping a constant ∆t . This approach does not change the outcome
because the inertial mass term becomes zero for a static solution and has no influence on
the final state. All solutions between the start and static state are non-physical. Barnes
[45] suggested a mass matrix formulation based on the maximum eigenvalue of the stiff-
ness matrix. Instead of performing the costly eigenvalue analysis, the Gershgorin circle
theorem can be applied, which results in

Mi =λ ·max

(
N∑

j=1
|Ki j |

)
, (3.76)

where |Ki j | is the absolute value of the stiffness matrix entry i j . The λ is an additional
mass scaling parameter that provides good convergence if set between 0.8 and 1 depend-
ing on the problem. A formulation of the stiffness matrix is not stated here but can be
found in Wriggers [93]. A final note on implementing the KDR method is that the stiff-
ness matrix is generally sparse, and its sparsity pattern does not change over time. Thus
it can be initialised once and kept in memory without re-initialisation.
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Algorithm 1 Kinetic dynamic relaxation with variable mass scaling.

1: Initialise deformations u, velocities v, and kinetic energy Wkin

2: while W n
kin/W n

int>εKE && ||Rn ||/||fn
r ||>εR do

3: Initialise kinetic energy Wkin for previous time steps
4: Determine external force vector fext (Eq. 3.46, 3.52 and 3.56)
5: while True do
6: Determine internal force vector fint (Eq. 3.57 and 3.47) and mass matrix M (Eq.

3.76)
7: Compute nodal velocity u̇n+ 1

2 and displacement un using Eq. 3.70 and 3.69
respectively

8: Correct u̇n+ 1
2 and un for Dirichlet boundary conditions

9: if pressure load active then
10: Update external force vector fext (Eq. 3.56)
11: end if

12: Compute kinetic energy W
n+ 1

2
kin and update from previous time steps (Eq. 3.71)

13: if W
n+ 1

2
kin < W

n− 1
2

kin then
14: Correct deformation vector u (Eq. 3.72)
15: Update internal force vector fint (Eq. 3.57 and 3.47)
16: Correct for Dirichlet boundary conditions
17: Determine reaction force vector freaction (Eq. 3.75)
18: break
19: end if
20: end while
21: end while
22: Save results

3.5. VERIFICATION
The derived KDR method with 2-node cable elements and 3-node membrane elements
was implemented in Python/Cython as an in-house solver called mem4py [97]. Its ca-
pabilities are tested on an airbag inflation simulation found in the literature to verify the
correct implementation.

3.5.1. INFLATED AIRBAG

A verification problem in form-finding is the inflated square airbag. It consists of two
initially flat coinciding square surfaces which are connected at their edges. By applying
constant internal pressure, a square pillow forms as depicted in Figure 3.5. The teal mesh
corresponds to the undeformed flat airbag, and the grey surface is the inflated airbag
after convergence. The displacement in z-direction wM and the first principal stress
component S1 at the midpoint M has been studied by several researchers for various
solution algorithms and wrinkling models [50, 98–100]. Due to symmetry, only an eighth
of the square airbag needs to be modelled. The simulation is started with an unstressed
flat surface loaded with pressure acting in the normal direction of each element. The
edge M A is constrained in the y-direction, while MB is constrained in the x-direction to
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Figure 3.5: Flat (teal) and inflated (grey) airbag

account for symmetry. Also, the edges AC and BC are constraint in z-direction. Table 3.2
contains input parameters Young’s modulus E, Poisson’s ratio ν, membrane thickness h,
and internal pressure p. The airbag is discretised into quad elements, and each quad is
again refined into four triangles of the same size to avoid mesh dependence.

Table 3.2: Inflated airbag simulation input parameters and geometry.

Property E [MPa] ν h [mm] AM [mm] p [kPa]

Value 588 0.4 0.6 422 5

The simulation was run for various mesh densities without a wrinkling model and Raible’s
and Jarasjarungkiat’s wrinkling approaches. Figure 3.6 depicts the top view of the de-
formed airbag with and without using a wrinkling model. The contour corresponds to
the second principal stress component, which must not be negative according to ten-
sion field theory. The right-hand side figure exhibits negative stress regions caused by
non-physical material compression. Also, the mesh deforms such that wrinkles occur
along the airbag’s edges. These wrinkles are merely numerical artefacts that do not rep-
resent real wrinkles and are caused by the finite element edges that behave as hinges.
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Figure 3.6: Second pricipal stress S2 field on inflated airbag. Left without wrinkling model, right with
wrinkling model based on Jarasjarungkiat et al. [50]

On the other hand, the airbag model on the left-hand side shows no negative principal
stress, which confirms that the wrinkling model is working correctly. The elements align
smoothly along the surface with the stress field compression-free. For post-processing
purposes, the wrinkle orientation can be found through the direction of the first princi-
pal stress in each finite element.

A set of meshes with 16 to 10000 equally sized triangles is run, and the resulting z-
displacement wM and first principal stress component S1 at node M are depicted in
Figure 3.7. The mid-point displacements and stress components found in the literature
are presented in Table 3.3 which were determined from meshes with 64 and 128 quadri-
lateral elements.

Table 3.3: Inflated airbag simulation results with 64 quadrilateral or 128 triangular elements.

Author Contri [98] Kang [99] Ziegler [100] Jarasjarungkiat [41]

wM [mm] 205 214 216 216.5
S1 [MPa] 3.5 - 3.7 3.8

Figure 3.7a depicts wM plotted against number of elements. The mid-point displace-
ment is underestimated by the simulation without the wrinkling model but slowly ap-
proaches the value found in the literature for higher mesh densities. The underestima-
tion can be explained by the membrane element’s ability to absorb compression, result-
ing in a stiffer structure. For higher mesh densities, fewer elements absorb compression
because more element edges act as hinges in wrinkled regions. The wrinkling model by
Jarasjarungkiat shows a good convergence behaviour, and even for smaller mesh densi-
ties, wM agrees well with values from the literature. Raible’s approach results in displace-
ments close to the literature for coarser mesh densities but exhibits oscillatory behaviour
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Figure 3.7: Mesh sensitivity

with increasing the number of elements. The oscillations occur because the solver was
not able to converge to a satisfying force residual, and when the mesh was manually in-
spected it could be seen that some elements at the boundary between taut and wrinkled
state flipped their state successively which prevents global convergence.

Figure 3.7b depicts the mesh sensitivity of S1, determined by the stress average of the
two elements closest to the corner point M . The stress determined by all three airbag
models is overestimated, with the airbag without wrinkling model having the highest
stress for small numbers of elements. Both wrinkling model approaches show similar
stress values as the literature despite overestimating stress. Raible’s method oscillates for
higher mesh density, whereas Jarasjarungkiat’s method is stable. The difference from the
literature can be explained by the use of constant strain triangles, which are less accurate
in determining the local stress gradient.

Figure 3.8 shows the energy residual plotted against the pseudo time steps for the three
airbag model approaches in two mesh densities. After each energy peak, the kinetic en-
ergy reduces consistently, driving the solution to a static state. As mentioned above,
Raible’s method exhibits oscillatory behaviour in displacement and stress during the
mesh sensitivity study. It can be observed in Figure 3.8a that the kinetic energy is os-
cillating after approximately 3000 time steps without further reducing it. Instead, the
kinetic energy jumps between two values after each consecutive peak. By inspecting
the finite element model, the stress state in individual elements along the boundary of
the wrinkled/taut state oscillates. Therefore, a kinetic energy peak occurs immediately
after the restart, and the overall movement of the airbag is prevented. Conversely, Jaras-
jarungkiat’s method fully converges to steady-state, even without employing a maximum
number of iterations after which the stress state is kept constant. Similar behaviour is
seen in the model without wrinkling model, which takes fewer time steps to converge on
the larger mesh.

By inspecting the force residual in Figure 3.9 the oscillatory behaviour of Raible’s
method is more apparent. It also reveals a shortcoming of the KDR method, which can-
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Figure 3.8: Ratio between kinetic and strain energy against pseudo time steps.

not proceed to damp the dynamical system effectively to steady-state if a single element
is swapping state after each energy peak. Adding additional mass to respective nodes or
introducing viscous damping did not stop the oscillations.

In all four figures in 3.8 and 3.9 it can be seen that both kinetic energy and force resid-
ual curves consist of two slopes. Most of the displacement occurs in the first region until
approximately 6000 time steps. The steep slope occurs subsequently, and the overall
airbag shape barely changes, which leads to the question of how much each conver-
gence criterion has to be satisfied to expect sufficiently accurate results whilst keeping
the number of time steps at a minimum. For that reason an error analysis for both wM

and S1 is presented in Figure 3.10. The error is determined with

Error(wM ) = |w i
M −w N

M |
w N

M

, (3.77)

where w i
M is the converged z-displacement for given ε varying between 1·10−1 and 1·10−20

for εK E and 1·10−1 and 1·10−10 for εR . As a reference solution w N
M is used which corre-

sponds to the converged z-displacement for the most stringent ε. For this particular
problem of inflating an airbag an error of 0.1% in both displacement and stress can be
obtained by using εK E = 1·10−8 and εR = 1·10−3, respectively.

3.5.2. CONCLUSION
Based on these results, the KDR method successfully determines the shape and stress
state of membrane structures. Also, Raible’s wrinkling model is numerically unstable in
combination with the KDR method and thus not used for the kite simulation. Despite
a variable mass formulation, many time steps are still required to reach a static equilib-
rium. By visual inspection, it can be seen that the overall shape of the structure does not
considerably change after 20-30 energy peaks, but the force residual is usually still above
1·10−2 which leads to the conclusion that the force equilibrium is by far not reached
and the solver has to continue iterating. A static solution approach using the Newton-
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Figure 3.9: Ratio between Euclidean norm of residual and external force vectors.
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Figure 3.10: Simulation errors for airbag with 400 elements against convergence criterion stringency ε.

Raphson method was applied to the airbag simulation after 20 energy peaks, but the
method always diverged.



4
FLUID-STRUCTURE INTERACTION

This chapter presents the coupling between the structural and fluid solvers, which pro-
vides the basis for analysing a ram-air kite’s aerodynamic and structural properties. First,
the fluid solver is introduced, and its functionality is verified on a box wing with a large
anhedral. Also, the coupling procedure is introduced in more detail, and the FSI is tested
on a ram-air wing for various mesh densities, wind speeds, and trim positions. A valida-
tion with flight data from SkySails Power is also presented, comparing simulation results.

4.1. FLUID SOLVER
As described in the literature review, the panel method is a fast computational tool that
determines the velocity and pressure distribution over an object subject to airflow in
two or three dimensions. Based on the assumptions that the flow is steady, inviscid, and
irrotational, the flow field is described by the gradient of the velocity potential and is
expressed in integral form with a set of boundary conditions (no wall penetration and
Kutta condition at the trailing edge). Flat panels are used to approximate the surface of
the wing, and both source and doublet strengths can be computed on each panel. At the
wing’s trailing edge, wake panels have to be introduced, which enforce the Kutta condi-
tion. The velocity and pressure field are then determined by solving linear equations for
all unknown source and doublet terms in one step. The time complexity to solve the lin-
ear system of equations is proportional to O (n2), where n is equivalent to the number of
panels. For a thorough derivation of the three-dimensional panel method refer to Katz
& Plotkin [101].

A range of publicly available panel codes have been compared based on the require-
ments that they can be run outside a graphical user interface, and the user should be able
to define the mesh in a script format. The tool which satisfies both requirements was
found to be APAME [102] which is an open-source project licensed under GNU General
Public License and utilises linear interpolation for quad and triangular panels. Nodes
and their connectivity that form panels define the mesh input for both wing surface and
wake. No wake relaxation is done, which relocates the wake panels after each solution

51
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step to form a wake roll-up. APAME has been used within a wing optimisation frame-
work with AWE application and has proven to be stable for various wing designs [103,
104].

4.1.1. BOX WING VERIFICATION
APAME is tested on a box wing to study mesh sensitivity and compare its results with
a CFD simulation found in the literature. A three-dimensional wing with a sizeable an-
hedral angle in the form of a biplane configuration joined by end plates for future air-
craft was studied by Gagnon et al. [105]. Their wing optimisation framework solved the
aerodynamic flow with a CFD solver based on the steady inviscid Euler equations. For
verification purposes, their computed aerodynamic coefficients and the span-wise lift
distribution are compared with APAME.

Figure 4.1: Box wing parametrisation [105].

Table 4.1: Mesh sensitivity for box wing.

Parameter Elements nspan nprofile CL CD

Coarse 4424 9 78 0.5089 (1.78%) 0.01007 (9.32%)
Medium 8968 13 118 0.5067 (1.34%) 0.01000 (8.81%)
Fine 16432 19 158 0.5 0.0097 (5.65%)

Figure 4.1 depicts the box wing geometry and its parametrisation in half-span b/2, height
h, and radius of corner fillet R. All parameters are defined as a function of chord length
taken from their initial design during optimisation, with h/b = 0.2, b = 12c, and R =
0.15c. The wing’s aerofoil is a NACA 0012 with a chord length c of one unit length, and
the target lift coefficient is 0.5, which corresponds to their initial design during optimi-
sation. A total of three mesh densities are compared, as shown in Table 4.1. The number
of panels along the half-span varies from 9 to 19, and the profile outline varies from 78 to
158 panels. The wake panels are orientated parallel to the free stream. For all three mesh
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Figure 4.2: Section-wise force coefficients in comparison to CFD solution.

densities, a constant angle of attack of α= 5.86◦ was used, producing a lift coefficient of
0.5 for the finest mesh. It can be seen that a finer mesh reduces both lift and drag coef-
ficients in comparison to the coarser mesh. In particular, the profile outline around the
leading edge has a major influence on both lift and drag due to the surface integration of
pressure.

Compared to the CFD solution, their angle of attack to produce the same lift coeffi-
cient of 0.5 is α= 5.41◦ which is 8% lower. In their study, the lift induced drag coefficient
CDi is not specifically stated, but the inverse of the span efficiency factor is shown in their
figure for their initial design and is approximately equivalent to 0.69. The span efficiency
factor for inviscid flow is defined as

e = C 2
LS

πb2CDi
, (4.1)

where S is the wing surface area, and by solving for the drag coefficient CDi becomes
0.0092, which is a 6% error in comparison to the most refined mesh resolution. Next,
the span-wise force coefficient over both wings and the vertical end-plate are compared,
shown in Figure 4.2. The panel method’s force coefficients along the span match closely
with the CFD results. Discrepancies can be seen close to the wingtip of the lower wing
and a constant offset on the vertical end-plate. Despite the discrepancies, it can be con-
cluded that the panel method provides a good approximation of both the lift and drag
coefficients, even for wing configurations with large anhedral. The lift induced drag force
is more prone to error due to inaccurate surface integration when using a coarse mesh
density which motivates a mesh convergence study of a ram-air wing.

4.2. INTERFACE COUPLING
The fluid-structure interaction of a flexible kite occurs on the model interface where
aerodynamic pressure acts on the kite’s surface, and the structure responds by deform-
ing under the load. Since the deformed shape of the kite is unknown beforehand, an
initial shape has to be assumed, and the fluid-structure interaction must be performed
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multiple iterations until both fluid and structure interfaces match. The interface match-
ing can be measured by a global variable such as a change in the lift or drag coefficients
over the last two iterations or the vector norm of the change of interface deformation
||∆u||.

There are two general approaches to couple fluid-structure problems: partitioned
and monolithic coupling. The partitioned approach couples two or more solvers while
each solver simulates a sub-part of the whole physical system. The most straightforward
partitioned approach is the explicit coupling, where fluid and structure are solved sep-
arately in a staggered scheme. The boundary information on the interface is exchanged
after each time step. If both solvers have different time step sizes, the exchange can be
done when both solvers reach the same time. Despite its simplicity, this approach may
suffer from numerical instabilities or take many small steps. A more elegant approach
consists of an implicit coupling between two time-steps such that the difference in dis-
placement on the interface is minimised iteratively, and it is shown in this chapter that
both approaches can be efficient methods for the parafoil FSI simulation depending on
the kite model.

Finally, the monolithic coupling approach is defined by a single system of equations
that represents the entire physical system. Each time step, the system is solved, and in
theory, it provides the most accurate coupling approach because the interface bound-
ary conditions are strongly enforced within the algebraic system of equations. Unfor-
tunately, this approach suffers from two problems: time stepping and numerical insta-
bilities. If the system is solved in each time step, the physical system with the smallest
critical time step dictates the whole system’s time-stepping, leading to massive overhead.
Numerical instabilities can occur if the density ratio between fluid and structure strongly
deviates from one, such that the algebraic system becomes close to singular.

The partitioned approach is chosen in this work because the Kinetic Dynamic Re-
laxation approach provides a static solution with many sub-iterations, while the panel
method is solved in a single matrix operation. The coupling software preCICE [106] (Pre-
cise Code Interaction Coupling Environment) provides a solid toolchain that allows the
user to easily couple two or more solvers with little effort. preCICE handles each solver
as a black box, and only on the interface information is exchanged. In the case of non-
conforming meshes, the information is interpolated, and preCICE provides an implicit
coupling method which is introduced in more detail in the following section.

4.2.1. COUPLING ACCELERATION METHODS

Implicit time-stepping methods solve a fixed-point iteration problem between two time
steps. Let F be the fluid solver which determines the pressure field p at time step n for
a deformation field u, and let S be the structure solver which computes u at time step n
for a given pressure, thus

pn = F (un) (4.2a)

un = S(pn). (4.2b)

Combining both expressions for the deformation field results in the fixed-point iteration
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un
i+1 = H(un

i ), (4.3)

where H(un) = S(F (un)) and i is the iteration index. This formulation can be efficiently
solved using Quasi-Newton methods making use of a gradient estimation that accelerate
convergence at the interface. For a convergence measure, preCICE offers a relative and
absolute two-norm convergence on an interface field variable such as displacement u.
The relative convergence is defined as

||un
i+1 −un

i ||
||un

i ||
= ||H(un

i )−un
i ||

||un
i ||

(4.4)

and it is used for both implicit and explicit coupling schemes in this chapter. Finally,
preCICE provides the following coupling schemes for explicit and implicit coupling:

• Explicit coupling: Data between both domains is directly transferred on the inter-
face in a staggered scheme using constant relaxation, which the user has to define.
According to the preCICE manual, this approach is prone to diverge or requires
many coupling iterations in the case of strongly coupled applications.

• Aitken under-relaxation: The implicit Aitken under-relaxation method uses a vari-
able relaxation factor that scales the deformation vector based on previous itera-
tions. The user has to define a relaxation factor for the first iteration.

• Anderson acceleration: Interface Quasi-Newton Inverse Least-Squares (IQN-ILS)
[107] this Quasi-Newton method estimates the inverse Jacobian matrix of the sub-
problem via a pseudo-inverse using the least-squares method. Solutions from pre-
vious time steps can accelerate convergence between two time steps. The user
must define an initial relaxation and the number of previous time steps and it-
erations used for the inverse Jacobian estimation. Additionally, a filter is used to
ensure linear dependence of the singular value decomposition. Both initial relax-
ation and filter type and its cutoff limit have a significant impact on the success of
the iterative method. Therefore the user has to find a set of parameters resulting
in a stable acceleration which is problem-dependent.

4.3. VIRTUAL WIND TUNNEL AND MODEL ASSUMPTIONS
The parafoil’s aerodynamic and structural characteristics such as glide ratio, tether and
bridles forces, and mechanical stresses are determined in a virtual wind tunnel environ-
ment that attempts to replicate a tethered wing’s flight conditions. As described in Chap-
ter 1 the power harvesting envelope of a SkySails Power parafoil consists of four phases:
the power, transfer, retraction and restart phase, respectively. The kite is flown through
the power zone during the power phase, where the major part of the wind vector points
along the parafoil’s yaw axis. It is then steered in a figure-of-eight trajectory to produce
maximum tether tension while the winch controls the apparent wind speed. In order
to avoid modelling a whole figure-of-eight trajectory with steering input and transient
aerodynamic and structure effects, a steady flight state is assumed to occur between two
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turning manoeuvres when the parafoil reaches a constant flight velocity and inflow an-
gle as depicted in Figure 4.3a. The steady flight is defined by an equilibrium state of
forces that act on the wing: aerodynamic lift and drag forces, gravity, and tether tension.
This equilibrium state is sought during the interface coupling, and with convergence,
the model provides insight into the aerodynamic and structural characteristics.

Figure 4.3b depicts the gravity influence on the kite system, and it can be seen that
gravity causes the tether to sag in the direction of the ground. Due to system weight
and tether sag, the tension in the tether is slightly reduced, and its orientation is not
aligned with the kite’s geometric elevation angle. For an AWE system utilising soft kites,
the weight of the parafoil and tether is less than 1% of the average produced tether force
during the power phase, and therefore the gravity influence during the power phase has
been neglected in this work.

ey
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(a) Kite manoeuvring a figure-of-eight trajectory during
power phase. The blue line indicates the straight flight

path between two turns where no steering input is given
and the parafoil flies at a constant speed.
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(b) Schematics tether sag and system weight due to
gravity influence on kite system during power

phase.

Figure 4.3: Model simplification for the virtual wind tunnel.

The simplified model in steady flight with neglecting gravity exploits a symmetry condi-
tion along the parafoil’s centre rib. Figure 4.4 depicts the virtual wind tunnel where the
tethered parafoil is vertically aligned and a linearly varying Va inflow vector field acts on
the undeformed kite system. Due to symmetry, only half the parafoil has to be modelled,
but the APAME solver does not provide the functionality of symmetry boundary condi-
tions, and therefore the pressure distribution is determined on the whole wing. Since
the angle of attack during steady flight is unknown beforehand, the tethered parafoil can
pitch. During the coupling iterations, the kite-tether system moves and pitches until it
finds a force equilibrium and the angle of attack corresponding to the parafoil’s trim.
Effects like tether and bridle drag directly influence the force equilibrium, and for that
reason, the overall sensitivities of tether length and deformation due to aerodynamic
pressure are studied in more detail in the next section. To avoid a front stall in the first
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coupling iteration, i.e. the parafoil produces negative lift and collapses due to a low an-
gle of attack, the Va inflow is angled with respect to the parafoil with the initial angle
of attack α0 and the aerodynamic coefficients have to be corrected (rotated) by α0 after
convergence.

Va eroll

eyaw

Figure 4.4: Simplified FSI model during power phase assuming steady flight and negligible influence of
gravity. The symmetry condition allows to model only half the parafoil. Note that the tether length scale is

shortened in this figure.

The Va inflow distribution for a kite during the power phase can be expressed as the
vector sum of winch speed, wind speed and kite speed, respectively, and with constant
speed components, the distribution is linearly varying along the tether. In reality, the
wind field is never uniform, and the wind field orientation might vary with increasing
altitude. Also, the kite speed depends on the kite system’s glide ratio, which varies de-
pending on tether length and flight altitude. In order to simplify the Va inflow, a linear
distribution is assumed. From a model perspective, a nonlinear Va inflow distribution or
glide ratio dependence could be implemented with little effort but is beyond the scope
of this work.

Finally, the interface coupling procedure is shown in detail in Algorithm 2 which de-
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scribes the fundamental coupling between the fluid and structure solvers. The coupling
tool preCICE initialises the communication between the solvers and, in each iteration,
interpolates all field variables between the two interfaces. Due to the steady flight as-
sumption, the coupling iterations occur in a single pseudo time step, and either explicit
or implicit coupling methods can be used to find the equilibrium state. Unlike a dynamic
analysis, this approach prohibits the Quasi-Newton method to re-use field information
from previous time steps, which otherwise might help decrease the number of implicit
coupling iterations. A growing difference between both interfaces defines divergent cou-
pling behaviour, and it usually results in an upside down flying wing, which a negative
lift coefficient can detect. Hence, if CL becomes negative, the simulation is aborted.

Algorithm 2 FSI coupling procedure.

1: Read structure and fluid mesh. Initialise displacement field u and pressure field p.
2: Set iteration counter i = 1.
3: while ||ui - ui−1||>εFSI do.
4: if CL < 0 then
5: break
6: end if
7: Run APAME on geometry with deformation field ui .
8: Correct Cp distribution with internal pressure using Equation 2.7.
9: Pass Cp distribution to mem4py.

10: Run mem4py with current pressure distribution.
11: i = i +1.
12: Pass ui back to APAME. In case of implicit coupling scale ui .
13: end while
14: Post-processing

4.3.1. QUASI-STEADY AERODYNAMICS
A significant model assumption of the coupled fluid-structure solver using the panel
method solver APAME is steady aerodynamics. The reduced frequency as a metric can
determine whether steady aerodynamics is a fair assumption for a given flow problem.
If the reduced frequency becomes too large, both the wing’s motion and flow field effec-
tively influence each other to such a degree that the resultant lift force vastly differs from
reality without an unsteady aerodynamic model. The reduced frequency is defined as
the ratio of characteristic flow and structure frequencies

k = πfc

V
, (4.5)

where f is the structure response frequency due to aerodynamic excitation, c the chord
length of the wing and V the flow velocity, and according to aero-elastic theory, the high-
est reduced frequency for a fair steady assumption should not exceed 0.05 [108].

For a tethered parafoil during the power phase, one must distinguish between char-
acteristic frequencies due to manoeuvres and kite deformations. A manoeuvre frequency
is induced by steering and kite accelerations due to winch, gust and tether dynamics.
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Figure 4.5: Normalised g-force in yaw-axis direction during power phase to illustrate plunging motion of
the wing. Next to the periodic acceleration due to the reel-out manoeuvre small oscillations can be

observed.

Conversely, characteristic frequencies due to kite deformations are induced by various
deformation modes, ranging from global modes deforming the whole wing to sub-scale
modes such as trailing edge flutter. Leuthold [109] summarised the aforementioned
characteristic frequencies for an LEI kite used for power production. She concluded that
a quasi-steady aerodynamic assumption is valid for the LEI kite if sub-scale flutter and
seam-rippling effects are regarded as local with negligible influence on the total pressure
force. From inspecting the flight video footage, she determined various characteristic
deformation modes in the range of 1 Hz or lower. A similar approach was taken in this
work by inspecting video footage and audible noises produced by the kite and measure-
ments from the IMU (Inertial Measurement Unit) inside the control pod. Several charac-
teristic effects could be deduced from both video footage and audible noises by the kite,
such as the jellyfish mode (a mode where the canopy arc flattens and increases when
the flow velocity varies) by the canopy, which was induced by the acceleration after each
turn. Also, the bridle lines produced an audible sound but did not show any visible sign
of resonance. Local sub-scale effects could be seen at the leading edge where the flow
stagnates, and the tension in the fabric is comparably low, and therefore seam-rippling
would occur. At the trailing edge, no sign of fabric flutter could be seen. Based on these
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results, it can be summarised that both manoeuvre and large scale modes influence the
pressure force on the kite, whereas sub-scale effects are purely local and therefore disre-
garded in this work.

The accelerations acting on the control pod were recorded during each flight and
used to determine the characteristic manoeuvre and jellyfish mode frequency of a typi-
cal power phase. Figure 4.5 depicts the g-force normalised by its minimum value along
the yaw-axis of the parafoil for a 50 seconds window during a power phase. Each peak
in acceleration corresponds to the straight flight path between two turning manoeuvres
when the kite flies in a steady-state, and the acceleration in the yaw-axis corresponds
to a plunging mode with a frequency of approximately 0.1 Hz. Based on the definition
of the reduced frequency, a value between 0.0178 and 0.0714 was obtained for tip and
wing centre locations, respectively. It can be seen that the reduced frequency at the cen-
tre part of the wing slightly overshoots the quasi-steady margin while the rest of the wing
lies below. Therefore, in this work, the quasi-steady assumption is applied. By further in-
spection of the acceleration, some moments during the flight exhibit higher frequencies
caused by the unsteady wind field, the winch controller or tether dynamics (whipping).
All these effects do not show a particular recurrence and therefore are beyond the scope
of this simulation approach.

4.4. VERIFICATION: 160M2 PARAFOIL
In this section, a parafoil with a flat (none-inflated) wing area of 160m2 is simulated,
and the capabilities of the FSI simulation tool are presented. The kite has never been
built and merely serves as a numerical showcase. The bridle system is not optimised,
which means all bridles directly connect each line attachment point (LAP) with the pilot
position underneath the kite. Its trim position is chosen to be 42% of the centre rib’s
chord length. The same model has been studied by Folkersma et al. [110] where the
authors follow a similar coupling approach, but a RANS solver with OpenFOAM was used
instead of a panel method to determine the pressure field acting on the parafoil’s surface.
Their results serve as verification with the coupling method developed in this work. The
aerodynamic and material properties selected for the simulation are stated in Table 4.2.
Variable ρ corresponds to the air density, Sproj the project surface area used to compute
the aerodynamic coefficients, Em and Eb the membrane and bridle Young’s modulus, hm

the membrane thickness, νm the membrane Poisson’s ratio, db the bridle diameter, and
CD,b the bridle drag coefficient. All simulations were run on an HP ProBook laptop with
an Intel CORE i7 1.8GHz processor.

Table 4.2: Aerodynamic and material properties for 160m2 ram-air wing [110]

Property Va ρ Sproj Em · hm νm Eb db CD,b

Unit [m/s] [kg/m3] [m2] [kN/m] [-] [GPa] [mm] [-]
Value 30 1.2 125 10 0.3 83.6 2.5 1.2

4.4.1. INITIAL INFLOW ANGLE
As described in the previous section, the inflow angle for the global (wind tunnel) refer-
ence frame stays constant over all coupling iterations, and the kite is free to pitch and



4.4. VERIFICATION: 160M2 PARAFOIL

4

61

move to find its equilibrium position eventually. The kite model is used to study the
influence of initial inflow angles on convergence behaviour. In the first coupling itera-
tion, the inflow angle corresponds to the angle of attack, but as soon as the kite starts
to pitch, the angle of attack is found by the sum of inflow and pitch angle with respect
to the centre rib. A range of initial inflow angles starting from 5 degrees to 30 degrees in
steps of 5 is compared in Figure 4.6. The chosen coupling scheme is explicit without ini-
tial relaxation. It can be seen that both lift and drag coefficients converge to a constant
value after approximately ten iterations when the kite approaches force equilibrium on
the coupling interface. The graphs indicate that a sizeable initial discrepancy between
α0 and the trim angle of attack results in higher initial amplitudes in lift and drag coef-
ficients. Also, angles of attack at 5 and 10 degrees require more than 20 iterations until
convergence which lie below the trim angle of attack. Therefore, a value of 15 degrees for
α0 was chosen for the rest of this section.
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Figure 4.6: Aerodynamic coefficient against coupling iterations for various initial inflow angles.

4.4.2. MESH SENSITIVITY

A thorough study on mesh and coupling convergence is done on the parafoil using three
mesh densities with details stated in Table 4.3. The refinement occurs along with the
rib profile, with the coarsest mesh having 40 and the most refined having 80 nodes. The
nodal distance is progressively reduced by 5% from trailing to the leading edge to ac-
count for the leading edge curvature. The span-wise discretisation is defined such that
the panel element’s aspect ratio is close to 1. The fluid surface mesh consists of quad el-
ements, whereas in the FE mesh, the quads are broken into two triangles, and therefore
both meshes conform on a nodal basis. A consistent nearest-neighbour interface inter-
polation between both meshes is chosen, interpolating the deformation and pressure
field variables.

Figure 4.7 depicts three parafoil fluid meshes’ front and top view after reaching cou-
pling convergence. It can be seen that more detail in deformation, such as the dents at
the leading edge, are more pronounced for the most refined mesh density, which in re-



4

62 4. FLUID-STRUCTURE INTERACTION

(a) Front. (b) Top.

Figure 4.7: Aerodynamic panel distribution from converged FSI for three mesh densities from top to bottom
in decreasing order.

turn has an influence on the pressure field determined by APAME. The fluid mesh only
consists of surface and wake panels, and due to the absence of symmetry boundary con-
ditions in APAME the whole wing has to be simulated. The finite element mesh addition-
ally consists of ribs and bridles such that the ratio of the number of elements between
FE and fluid mesh is approximately 3:2.

Table 4.3: Mesh convergence study.

Mesh density Coarse Medium Fine

FE elements 8713 17282 28234
Fluid panels 6460 12540 19950
Nodes along profile 40 60 80

All three computational models were solved with explicit, Aitken under-relaxation, and
IQN-ILS using QR1 and QR2 filters with limits ranging from 10−1 to 10−6, and in all cases,
an initial relaxation was used ranging from 0.1 to 1.0 in steps of 0.1. First, the relative two-
norm convergence of the interface deformation vector of all three models can be seen in
Figure 4.8. Only cases that successfully converged to 10−3 within a total of 20 coupling
iterations are shown here. For all cases, explicit coupling without initial relaxation took
between 12 and 13 iterations and is one of the fastest coupling methods. The Aitken
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coupling did not converge during the 20 coupling iterations, and the IQN-ILS method
only converged using the QR1 filter with various initial relaxation factors. The excellent
performance of the explicit coupling is surprising because, in the preCICE manual, it is
recommended to avoid it due to stability issues and more significant numbers of cou-
pling iterations it usually requires. Also, the IQN-ILS method appears very sensitive to
the initial relaxation, where a change of 0.1 even leads to divergence in some cases.
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Figure 4.8: Relative two-norm convergence of the interface deformation vector during FSI simulation. Top
figure corresponds to coarse mesh density, middle to medium, and bottom figure to finest mesh density.

By studying the lift and drag coefficient progression for the coarse mesh in Figure 4.9
an oscillatory behaviour in all cases can be seen. Both lift and drag coefficients drasti-
cally increase after the first iteration and drop close to the final value. The initial peak is
caused by the parafoil reacting to the initial angle of attack, resulting in a pitch motion
and aft movement of the entire wing. Both explicit and implicit coupling methods show
a damped oscillation, while the IQN-ILS method tends to jump more drastically between
coupling iterations.

Similar oscillatory behaviour can be seen in Figure 4.10 for the medium-sized mesh
while only the explicit and IQN-ILS method with η0 = 1 converged within 20 coupling
iterations. Also, the explicit and implicit coupling progression is very similar, which is
valid for all mesh densities, implying that the QR1 filter with limit 10−1 and η0 = 1 does
not fully benefit from the Quasi-Newton method with these filter parameters.

Figure 4.11 depicts the coupling progression of the fine mesh density. In this case, a
wider range of IQN-ILS solutions converged within 20 coupling iterations. By inspecting
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Figure 4.9: Coarse mesh convergence.
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Figure 4.10: Medium mesh convergence.

the progression of different values of η0, it can be seen that lower values result in larger
initial oscillations. In the preCICE manual, an initial relaxation of 0.1 is recommended
while large values tend to cause instabilities, but for this static coupling approach in this
work, larger η0 values stabilise the coupling rather than causing divergence.

In summary, both explicit and IQN-ILS methods exhibit an overall good convergence
behaviour performing well for all mesh densities. While no initial relaxation for the ex-
plicit coupling is sufficient, a η0 between 0.5 and 1 results in the fastest convergence for
the IQN-ILS method depending on the mesh density. It should be noted that a more
thorough tuning of η0 could lead to a better performance of IQN-ILS as stated in the
preCICE manual, but a convergence after 12-15 iterations is sufficiently fast for this ap-
plication for now, and therefore no further effort in filter tuning was undertaken.

Next, the influence of mesh size on the converged lift and drag coefficients is stud-
ied, depicted in Figures 4.12. It can be seen that both lift and drag increase from coarse
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Figure 4.11: Fine mesh convergence.
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Figure 4.12: Lift and drag coefficient convergence for three mesh densities.

to medium mesh size and then drop to a lower value for the fine mesh. The change in lift
and drag is caused by a refined representation of the profile’s curvature and span-wise
ballooning curvature. Also, a more refined mesh density introduces more pronounced
local deformation effects like the leading edge dents due to stagnation pressure. As a re-
sult of the effects mentioned above, the aerodynamic pressure field will change accord-
ingly, and with it, the profile shape and angle of attack lead to a slightly different wing
geometry. For comparison, a refined mesh density using 100 nodes along the profile
was set up and solved, which suffered from severe local deformations around the A-LAP
to such a degree that the local pressure field became nonphysical. This clearly demon-
strates that the mesh refinement does not necessarily result in a more accurate lift and
drag coefficient when the local deformations increase to an extent where the material
model assumptions for small strain become invalid. Also, local surface irregularities due
to mesh refinement may result in nonphysical pressure spikes in the panel code. The
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Figure 4.13: CPU wall time for various mesh densities.

most refined mesh resolution is used for the rest of this section unless expressly stated
to capture most of the local deformation dependent effects.

Finally, the CPU wall time for each of the three mesh densities are compared in Figure
4.13. As already mentioned, both coarse and medium mesh densities converged after 12
coupling iterations using an explicit coupling, whereas the fine mesh took 13 iterations.
For the sake of quantitative comparison, the first 12 iterations for all mesh densities are
taken into account. Figure 4.13a depicts each mesh’s accumulated CPU wall time and
the respective FEM and panel method contributions. The coarse mesh took approxi-
mately 6 minutes, with the panel method contributing only 10% of the CPU wall time.
The medium-mesh converged after 17 minutes, whilst the panel method took 4 minutes.
The fine mesh resolution took approximately 46 minutes to complete 12 iterations with
a much larger contribution of the panel method of almost 50% due to the quadratic scal-
ing of the matrix solver. Figures 4.13b, 4.13c, and 4.13d show the time for each coupling
iteration and it can be seen that the initial FEM computations are more time consum-
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Figure 4.14: Aerodynamic parameters plotted against apparent velocity Va.

ing. During the initial coupling iteration, the structure is undeformed and far from its
equilibrium position, and with more coupling iterations, the kite moves further towards
its equilibrium. Since the dynamic relaxation is based on a time integration scheme, it
requires more time increments if the model is far from its equilibrium.

4.4.3. APPARENT VELOCITY INFLUENCE

An important feature of the developed method is simulating the parafoil’s deformation
during the power phase and its influence on aerodynamic characteristics. In this section,
the apparent wind speed is varied between 5 and 30 m/s and its influence on the lift,
drag, glide ratio and CR is shown. Figure 4.14 depicts the aerodynamic coefficients as
a function of Va, and it can be seen that all coefficients increase by approximately 30%
going from 5 to 30 m/s apparent wind speed. The change in glide ratio in Figure 4.14d
on the other hand slightly decreases with higher Va. Figures 4.15a and 4.15b depict the
change in angle of attack and projected wing area respectively. The angle of attack is
measured using the chord line at the centre rib, which increases by 1 degree from 5 to
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Figure 4.15: Angle of attack and change in projected area plotted against apparent velocity Va.

30 m/s of Va. The projected area is determined by summing all wing surface panels
and their respective normal vectors perpendicular to the inflow vector pointing in lift
direction, and it can be seen that the area is increasing by 1%.

The most peculiar effect caused by larger values of Va is the striking change in lift and
drag coefficients whilst the angle of attack is only changing by 1 degree. To illustrate the
reason for such lift and drag increment Figure 4.16 depicts the parafoil at its centre rib for
Va = [10,20,30] m/s in the colours blue, red and turquoise respectively. A small change in
profile shape can already be seen between 10 and 20 m/s, where the profile thickness and
curvature at the suction side become more prominent, and the A-LAP to B-LAP distance
slightly decreases due to the pressure load acting between them. This effect is even more
prominent in the case of Va=30 m/s where the overall profile curvature on the suction
side is massively increased and the LAP distance is further decreased, and this change
in overall profile shape is the main reason for the increased lift and drag for higher Va.
It should be noted that the potential flow solver APAME is not able to reproduce viscous
flow effects, which could, on the contrary, represent local flow separation. Such a drastic
increase in profile curvature in combination with the given angle of attack may otherwise
result in a separation bubble after the pressure peak, which increases the local pressure
and results in less prominent deformations. Therefore, the numerical results at high
velocities should be interpreted with care due to their self-enhancing nature (a higher
curvature leads to lower pressure and produces an even higher curvature).

It is important to note that the bulging at the bottom side between the A-LAP and
B-LAP is a sign of poor rib profile layout and LAP positioning. A better design choice
could move the lowest pressure further toward the leading edge such that more load is
transferred to the A-LAP, or the A-LAP should be moved further aft in the current design
such that the in-plane rib bending becomes less prominent. Additionally, the material
model assumptions for small strain do not hold for the Va=30 m/s case, and the results
should be interpreted with care. At the same time, the large deformations indicate that
either the rib should be made of thicker/stiffer material or local reinforcements should
be attached to support each region around the LAPs such that the concentrated load
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Figure 4.16: Deformed parafoil at symmetry plane for Va=[10, 20, 30] m/s in blue, red and turquoise
respectively.

does not cause the material to break.

4.4.4. INFLUENCE OF TRIM
This section studies the effect of trim position on the parafoil. The trim position is de-
fined as the pilot’s chord-wise position underneath the canopy. Similarly, for parafoils
with AWE application, the chord-wise location of the tether connection is the trim po-
sition, and it determines the angle of attack the wing flies. Folkersma et al. [110] did
study the trim position of the parafoil geometry using RANSE simulation and the same
structure solver developed in this work. Their results provide a basis for verifying how
both solving approaches differ and how the potential flow solver compares to a steady-
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(b) Drag coefficient

Figure 4.17: Aerodynamic coefficients against trim position along centre rib in [%].

state RANSE solution. In their publication, the trim position is varied between 22 and
62% with respect to the centre rib, and lift and drag coefficients are presented for a Va

of 10m/s. Their lift and drag coefficients are determined solely from the RANSE sim-
ulation, while the tether and bridle drag is not shown but taken into account during
the coupling iterations to find the equilibrium position. For a direct comparison Figure
4.17a and 4.17b depict the lift and drag coefficients as a function of trim position. It can
be seen that the difference in lift slope and values at given trim positions strongly devi-
ate between the proposed FSI method using the potential flow method and the RANSE
approach. When inspecting the deformed parafoil geometry presented in Folkersma et
al. [110] it was found that the A bridle line was not in tension which indicates that their
finite element solution did not properly converge to a force equilibrium, and therefore a
direct comparison is impractical.

In order to still compare the potential flow and RANSE solution, the angle of attack
at the centre rib was extracted, and the corresponding lift and drag coefficients were
determined. This approach only gives an approximation since the parafoil could twist
due to the incoming flow, which is not reflected in the angle of attack at the centre rib.
Also, as stated in the previous section, the change in profile due to deformations has a
more prominent influence on the lift and drag coefficients. Figure 4.18a and 4.18b show
both lift and drag coefficients as a function of angle of attack for both proposed method
and RANSE solution. It can be seen that both lift and drag have a similar trend until larger
angles of attack, where the RANSE solution starts to drop in lift due to flow detachment.
As expected, the potential flow stays attached to the wing without reducing lift at high
angles of attack. The drag coefficient shows a good match between the two solutions for
angles of attack smaller than 15 degrees when both curves start to deviate.

Similarly, the resultant force coefficient and glide ratio in Figure 4.18d and 4.18c as
a function of angle of attack are shown. The resultant force coefficient CR plot is very
similar to the lift polar, which emphasises the need for a high lift when a sizeable pulling
force is desired since the lift dominates by a factor of 5-10 depending on the angle of at-
tack. When comparing the glide ratio of both approaches, a good match except for low
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(c) Resultant force coefficient.
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(d) Glide ratio

Figure 4.18: Aerodynamic parameters for a range of angles of attack.

angles of attack of around 5 degrees can be seen despite the differences in lift and drag. A
well-matching glide ratio means that the aerodynamic resultant force vectors obtained
by both methods point in the same direction, whereas a difference in CR indicates a dif-
ference in their magnitude.

Finally, the pressure coefficient acting at the centre rib for a trim of 42% is presented
in Figure 4.19. Despite having the same trim, the measured angle of attack from the
RANSE simulation corresponds to 12.4 degrees, whereas the angle of attack obtained by
the proposed method is 14.8 degrees. The overall CP distributions have a similar appear-
ance. The panel method results in a steeper slope in the first 10% of the chord, and its
peak is 0.5 lower than obtained by the RANSE. Also, the LAPs create a kink which causes
a drop in pressure displayed by both solvers. Especially the panel method reacts to the
A-LAP kink with a local pressure drop due to the local panel deformation resulting in
larger angles between neighbouring panels.

It can be concluded that the panel method can determine a fair approximation of the
pressure field compared to the RANSE simulation. Care should be taken at large defor-
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mations that generally cause a strong and even nonphysical pressure drop. In the case of
an initial design tool for parafoils, the panel method allows a fast and relatively accurate
pressure field without extensive time investment in creating a volume mesh and com-
putation time caused by the RANSE simulation. Also, aerodynamic parameters like lift
and drag are approximated within a 30% difference for a range of angles of attack. Nev-
ertheless, it should be emphasised that the definition of an angle of attack for soft kites
is not trivial due to possible chord deformation and rotation. A better way to compare
the solutions is the trim position defined on the undeformed kite geometry.
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Figure 4.19: Pressure coefficient along chord on centre rib comparing RANSE and panel method solutions.
The effective angle of attack is 12.4 degrees from the RANSE and 14.8 degrees from the panel method.

4.4.5. MECHANICAL STRESS IN PANEL AND RIBS

In this section, the mechanical stress acting on both panel and rib is analysed, and a
comparison between the numerical solution obtained by the FSI and the analytical ex-
pression derived in Section 2.3 is presented. Each panel in the parafoil is enclosed by
two ribs, and the tangential stress component σt acting in span-wise direction at the
mid-plane between the neighbouring ribs is plotted for both top and bottom panel at
cell 1 and 8 in Figure 4.20a and 4.20b respectively. All stress values were normalised by
the dynamic pressure, and the Cauchy stress component in the span-wise direction de-
termined by the finite element solver is illustrated in blue. The stress peak is located
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(b) Cell number 8 (between rib 8 and 9).
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(c) Normalised maximum tangential panel stress for each
cell starting from symmetry plane to wing tip from both

numerical and analytical models.

(d) Pressure due to inflation and air flow acting on canopy.

Figure 4.20: Span-wise Cauchy stress in panels.

approximately at 15% chord length, and the stress approaches zero close to the leading
edge where the flow stagnates. The stress peak is twice as large as the stress acting at the
trailing edge, and the overall stress distribution for the top side is approximately twice as
large as for the bottom panel. A similar trend can be seen in Figure 4.20b for cell number
8 with a less prominent stress peak than cell number 1.

Next to the numerical solution, two analytical solutions are shown. The yellow graph
is the tangential panel stress based on Equation 2.10 with a constant CP =1 distribution
corresponding to the ballooned state without any external flow acting on the cell (the CP

here is defined positively to obtain the same sign as the panel stress). The stress peak
occurs at the thickest location of the profile due to the assumption that the panel radius
of curvature is a function of local rib thickness. The graph underestimates the acting
stress by a factor of 2, and its peak is located further aft at approximately 30% chord
length. The red graph is also based on Equation 2.10 but the CP distribution is taken
from the panel method based on the converged FSI geometry with internal and external
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Figure 4.21: First principal stress component S1 per unit thickness [N/m] contour plot showing loaded
centre rib for Va = 30m/s and trim at 42%.

pressure superimposed. In both cells, the stress aligns well with the numerical results in
the first 10% of the chord length and then overshoots the stress peak and reduces to a
similar value as the ballooned cell at the trailing edge.

The span-wise stress distribution of the top side panels is depicted in Figure 4.20c
where the maximum stress from both numerical and analytical results are compared.
The graph in blue corresponds to the numerical solution, and it exhibits a smooth de-
crease in panel stress starting from the centre to the wingtip. Interestingly, the cell width
for the first 14 cells is of equal size, and the 25% difference in panel stress purely origi-
nates from a combination of span-wise acting forces and the reduction in local angle of
attack, both due to the wing’s anhedral. To illustrate the decrease in peak pressure when
moving from the centre towards the wing tip Figure 4.20d shows the external pressure
acting on the wing as a contour plot.

For the analytical solutions shown in yellow and red, the maximum panel stress in
each cell was plotted, which is not necessarily located at the exact location as the maxi-
mum panel stress determined by the FE solution. It can be seen that the solution based
on a CP = 1 vastly underestimates the panel stress. Conversely, the analytical solution
based on a pressure distribution from APAME overestimates the stress close to the cen-
tre due to the absence of span-wise forces, which effectively flatten the ballooning.
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It can be concluded that the analytical expression does not correctly match the stress
distribution along the chord and span in comparison to the numerical results. Especially
the stress at 50% chord length until the trailing edge strongly deviates. Nevertheless,
applying the analytical panel stress formulation with a CP distribution from the actual
wing results in maximum stress approximately 20% higher than the numerical solution
without the need of a full FSI simulation. For the initial design phase of a parafoil, this
information could be used to approximate the required fabric breaking strength of the
panel.

Next, the first principal stress field S1 acting on the centre rib obtained by the FE
model is visualised in Figure 4.21. As expected, the highest stress peaks occur at A-LAP
and B-LAP, where most of the aerodynamic pressure acts on the top side panel. The rib
serves as a load transferring part by funnelling all forces into the bridle system. Also,
the concentrated load at each LAP motivates the introduction of local reinforcements
to avoid fabric tearing and deformations, which may change the rib profile shape (see
Chapter 5). Table 4.4 summarises the load distribution of all four LAPs, and it can be
seen that the B-LAP carries more than 50% of the total force acting on the rib structure.
In common parafoils, the A-LAP usually carries most of the load while the load gradually
decreases from LAP to LAP towards the trailing edge [111].

Table 4.4: LAP load distribution in centre rib.

LAP A B C D

Load distribution [%] 26 55 15 4

4.4.6. TETHER LENGTH INFLUENCE
The drag penalty of an airborne wind energy system due to the tether plays a vital role
during system design. In this section, the analytical tether drag expression based on
Equation 2.13 is compared to the tether drag obtained by the numerical simulation.
First, the parafoil was simulated without any attached tether to determine the canopy
lift and drag. Then the simulation was rerun with a tether of up to 1000m. The coupling
convergence criterion had to be reduced to 1 ·10−4 in order to obtain satisfactory results
in the kite’s position, and with the explicit coupling, a static position was found after
approximately 12-15 coupling iterations. For the analytical expression, two approaches
were tested. First, the influence of inclination angle on the tether was fixed to 90 degrees,
called the simple approach. The second approach used the following expression for the
angle of inclination

Θ=α0 +π−arctan

(
CL

CD

)
, (4.6)

where CL and CD correspond to the parafoil’s aerodynamic coefficients. Figure 4.22 de-
picts four graphs illustrating the tether length influence on various aerodynamic param-
eters. Figure 4.22a shows the lift coefficient and local angle of attack at the centre rib for
the range of tether lengths. It can be seen that the lift coefficient is decreasing by ap-
proximately 1.2% while the angle of attack stays almost constant for the whole range of
tether lengths. It was mentioned in Chapter 2 that a kite system in force equilibrium flies
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(a) Lift coefficient and change in angle of attack with
respect to parafoil without tether.
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(d) Projected tether length decrease due to tether sag.

Figure 4.22: Aerodynamic coefficients and projected tether length decrease for various tether lengths.

at a constant trim angle of attack, which is independent of the tether length as long as
the kite’s weight is small compared to the lift forces. The numerical simulation confirms
this behaviour, and the decrease in lift coefficient can be attributed to the aerodynamic
tether force acting towards the ground station due to tether sag. The analytical expres-
sion follows a similar trend as the numerical solution with a variation of 1.8% between
both solutions.

Figure 4.22b depicts the drag coefficient of combined parafoil and tether. The tether
drag coefficient of the numerical simulation was determined by the difference of tether
forces in flow direction acting below the control pod and at the ground station. It can be
seen that the simulation results in a lower drag compared to the simple analytical model
(17% lower at maximum tether length) and matches well with the analytical model, which
incorporates the expression in Equation 4.6. Figure 4.22c depicts the system glide ratio.
The numerical result is slightly higher than the analytical expression due to a lower lift
coefficient, and simple expression results in a 4% lower glide ratio. Finally, the projected
tether length reduction due to tether sag is depicted in Figure 4.22d. It can be seen that
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for a 1km tether length, the projected length is only reduced by 1.1%, which includes
strain (approximately 0.4%) and tether sag concerning the flow direction. Overall, the
analytical expression results in a good approximation of tether drag compared to the
numerical solution. Utilising the analytical expression requires only a single run of the
FSI simulation for a given geometry and wind speed.

4.4.7. CONCLUSIONS
It can be concluded that the developed coupling method can successfully determine the
static flight state. The following findings can be summarised:

• The explicit coupling method without initial relaxation is the fastest method to
converge on the studied wing geometry.

• No initial relaxation factor was found to converge the coupling using the Aitken
method successfully.

• The IQN-ILS method with a QR1 filter and a limit of 1 · 10−1 performed slightly
worse than the explicit coupling. The initial relaxation factor significantly influ-
enced the convergence behaviour, and no factor was found to result in a stable
coupling for all cases.

• During the mesh sensitivity study, it was shown that a refined mesh resolution
could result in local surface irregularities. The panel method reacted to local kinks
by a pressure drop, and in return, the finite element solver would react with more
significant deformations.

• The CPU time of the coupling method is mainly caused by the finite element solver
for smaller mesh sizes and reduced when the parafoil approaches force equilib-
rium. The panel method’s CPU time for refined mesh resolutions became signifi-
cantly longer and stayed constant during coupling.

• Larger Va caused an increase in lift and drag due to changes in profile geometry
and an increased angle of attack.

• The panel method can predict similar lift and drag coefficients compared to a
RANSE simulation up to an angle of attack of approximately 15 degrees.

• The analytical panel stress formulation can be used for a rough estimation of max-
imum panel stress without the need for a coupled simulation.

• The analytical tether formulation provides a good approximation of the tether drag
compared to a full FSI simulation.
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4.5. VALIDATION: 120M2 SKYSAILS POWER PARAFOIL

In this section, a validation with actual flight data is presented. Two cases were sim-
ulated: a cross-wind flight and a neutral flight when the kite was placed passively in
the air without any steering input. The data obtained during 154 power cycles and a 70
seconds neutral flight consisted of measuring tether and steering belt forces, orientation
angles of the control pod and tow point at the ground station, apparent wind speed at the
pod and a wind speed distribution from ground to flight altitude using a LIDAR system.
All data shown here has been normalised as requested by SkySails Power. The coupling
model was set up similarly to the previous section, where the symmetry boundary along
the centre rib was exploited. During the neutral flight, Va was low compared to cross-
wind motion, and therefore gravity and the tether were both included in the finite ele-
ment model. The parafoil geometry is based on a SkySails Power kite design with a (flat)
surface area of 120m2. The structure model built from the real geometry includes local
reinforcements in each rib modelled with line elements. Material parameters of fabric
and bridles were either given by the manufacturer or measured in the lab. Also, the two
intakes at the leading edge were closed and their aerodynamic influence was disregarded
in the model because of their small size. An important discrepancy between the model

Rib 2

Rib 1

Rib 2

Rib 1

No panel shortening

Panel shortening towards trailing edge

Figure 4.23: Illustration of panel shortening. The bottom panel shows a panel connecting two ribs without
shortening, such that the rib-to-rib distance stays constant. The top panel has a linearly varying panel

shortening towards the trailing edge.
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and the real parafoil is the model’s absence of geometric skin tension in some panels.
Figure 4.23 illustrates two panels each connecting two ribs. The bottom panel has a con-
stant rib-to-rib distance, and both ribs are parallel to each other, but the top panel has
a linearly varying panel width such that both ribs are not parallel anymore. Parafoils
often have this panel shortening to increase the tension at specific panel locations, e.g.
the trailing edge, to enforce a planform shape or ballooning effect. The Skysails parafoil
has several shortened panels of approximately 3-4% at the trailing edge. This shortening
avoids a slack trailing edge during low speeds at which a dynamic pumping behaviour of
the wing may occur such that the parafoil deforms spanwise like an accordion. Adding
this feature into the three-dimensional finite element mesh caused significant difficul-
ties and was therefore omitted. By ignoring the panel shortening in the FEM model,
the profile orientation with respect to the flow is slightly different compared to the real
kite. Also, the planform is slightly shorter at the trailing edge than the FEM model. De-
spite the differences, the panel shortening was not introduced because the parafoil was
mostly studied at higher wind speeds such that the tension in the span-wise direction is
sufficiently high. Also, a panel shortening of 3-4% does not change the planform geom-
etry considerably. Nevertheless, a comparison between both models should be done in
the future to validate the model assumptions.

Tether force load cell

Va

Vane anemometer

Steering belt
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Bridle lines connecting with parafoil

Steering motor unit

Belt force load cell

(a) Pod sensor setup (side view) showing the
locations of IMU, vane anemometers, load cells

and steering motor unit.
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(b) Ground station setup with wind coordinates
system (ex,ey) and the corrected coordinate system

(ex,ey) due to change in wind direction at flight
altitude. The LIDAR is located approximately 5m from

the ground station.

Figure 4.24: Sensor setup at the ground station and control pod.
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4.5.1. DATA MEASUREMENT SETUP
All measurement instruments used for the validation are listed in more detail, including
the introduced uncertainties. The sensor setup is similar to the system found in Erhard
2018 [112].

FORCE MEASUREMENTS

There were three load cells to measure the tension force on the kite system during the
flight. One cell measured the tether force below the control pod, and the other two in-
struments were connected to the steering belt, each at the end of the belt, to measure the
steering force, see Figure 4.24a. All force measurements were done in a 10Hz frequency
and were synchronised during the flight. The instruments were calibrated before the
flight using a tension test machine, proving reliable over many flight hours.

WIND SPEED MEASUREMENTS

Two vane anemometers were attached to the sides of the control pod, measuring the
apparent wind speed the parafoil experienced as depicted in Figure 4.24a. Their orien-
tation was fixed for the pod frame, and therefore they only measured a projection of the
wind speed vector. The vane’s orientation was aligned with the kite’s roll axis such that
the measured wind speed has to be transformed in order to determine its magnitude
during steady flight using

V magnitude
a =V measured

a

√
1+E 2

E 2 , (4.7)

where E corresponds to the parafoil’s glide ratio. In case of changes in the angle of at-
tack, which may occur during the retraction phase and turning manoeuvres, the mag-
nitude of Va deviates because the transformation equation is used with a constant glide
ratio. In order to reduce the data points in phases when a deviation in the angle of at-
tack occurred, only the power and transfer phases are considered for validation when no
steering input was given during flight. The manufacturer calibrated the vane anemome-
ters, and before the flight, a new set of propellers was attached. A clear disadvantage of
this measuring approach is the absence of measuring the angle of attack and the mag-
nitude of Va directly. Also, the control pod may influence the airflow around the vane
anemometers, causing a deviation from measured and actual wind speed. Based on the
possible influence of the control pod and the error due to wind speed transformation,
uncertainty remains in determining Va during flight.

Figure 4.24b shows the LIDAR system (acronym for Light Imaging, Detection And
Ranging) located next to the ground station which measured wind speed and direc-
tion at various altitudes in a cone-shaped volume above the ground station. The in-
strument sends a LASER signal in four directions towards the sky and with back scatter
from aerosols in the air it determines both magnitude and wind direction over a range
of altitudes. With a sample rate of 1 Hz it is not able to detect all gusts occurring in the
atmospheric layer above the ground station. The wind speed direction could be used to
optimise the power and retraction phases during operation, and with the known kite’s
location in space, the wind speed could be extrapolated in time to the kite’s current posi-
tion. Another method to estimate the wind speed at the kite’s location was done applying



4.5. VALIDATION: 120M2 SKYSAILS POWER PARAFOIL

4

81

an Extended Kalman Filter technique which uses the kinematic model derived in Erhard
et al. [29] and sensor data from both pod and ground station, similar to the approach
explained in Schmidt et al. [91]. With the approximated wind speed magnitude and di-
rection at the kite’s location the offset angle between wind at the ground and at flight
altitude could be determined and corrected as shown in Figure 4.24b. The wind direc-
tion correction provide an improved estimate of the glide ratio using Equation 2.1 which
utilises the wind speed at flight altitude. Additionally, a thermometer and barometer
provided temperature and air pressure measurements at ground level, which were used
to determine the air density using the ideal gas law.

ELEVATION AND POD ORIENTATION ANGLES

The tow point at the ground station measured bothϑ andφ angles as well as tether length
such that the location of the kite could be determined during the power phase when
tether sag is slight. The control pod was equipped with an inertial measurement unit
(IMU) which measured accelerations in three axes such that both orientation and turn
rates of the kite system were determined. Also, the angle between the tether and control
pod could be measured, which is used to improve the elevation angle approximation.

DATA FILTERING

The following data filtering and selection procedures were applied to the raw data recorded
during flight:

• The data was smoothed with three seconds moving average to level out short-term
fluctuations using the Matlab function movmean. The three seconds were chosen
because it provided data with less noise and still displayed the relevant kite dy-
namics. A shorter time averaging provided data with higher variance but similar
mean values for the aerodynamic parameters determined in this section.

• The symmetry assumption of the parafoil was enforced by selecting only data points
during the straight flight when the steering belt position was not further than 5cm
from the neutral position in both directions.

• To enforce the quasi-static flight assumption, the magnitude of measured acceler-
ation during the flight was used to select data points which satisfied a 10% offset
of earth’s acceleration.

4.5.2. FSI CONVERGENCE
The SkySails Power parafoil behaved differently during the coupling procedure com-
pared to the parafoil geometry in the previous section. The explicit coupling scheme
did not converge when simulating the power phase for various wind speeds. Even ap-
plying a constant damping factor between two consecutive iterations did not improve
the behaviour and always resulted in divergence. Figure 4.25a depicts the CL progres-
sion during coupling for a range of Va using the IQN-ILS implicit coupling scheme, and
it can be seen that after a few periods of damped oscillations the kite systems converges
to a stable state. In all cases, the QR1 filter with a limit of 10−1 resulted in convergence
while lower limits would diverge. The choice of the initial relaxation factor η0 was more
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arbitrary. Values for η0 between 0.3 and 0.7 would often result in convergence, but there
were cases when a slight change in η0 (e.g. from 0.3 to 0.4) would result in divergence.
Therefore, a range of simulations was run parallel using initial relaxation factors between
0.3 to 0.7 in steps of 0.1, and at least one combination converged.

In Figure 4.25b the convergence behaviour of the glide ratio for the neutral flight
condition using explicit coupling can be seen. The progression exhibits damped oscilla-
tory behaviour, which converges to a stable state after approximately 60 iterations, and
it can be concluded that higher velocities result in more coupling iterations due to the
increased influence of structural deformations.
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(b) Glide ratio using explicit coupling for neutral flight.

Figure 4.25: Convergence of normalised aerodynamic parameters during cross-wind and neutral flight.

During the course of this work a mesh sensitivity study was done on the SkySails Power
parafoil and it was observed that for a finer mesh density with 80 nodes along the profile
or higher all coupling methods would diverge. No set of filter parameters was found
to alleviate the divergent behaviour. Figure 4.26a until 4.27d depict the deformed kite
during the coupling procedure for a range of iterations. It can be seen that after the
second coupling iteration the rear of the parafoil begins to bend downward forming a
bulge along the span close to the trailing edge. The bulge effectively increases the wing
profile’s curvature which causes the parafoil to pitch up as can be seen in iteration 4
and 5. Due to the increased angle of attack the parafoil reacts by pitching down and
moving forward in iteration 6, and a lower pressure field around the rear bulge starts
to develop. Iterations 7 to 9 show how the pressure at the bulge decreases even further
causing the whole canopy to drastically deform which eventually leads to flipping the
kite upside down. This divergent behaviour is caused by the flexible canopy reacting to
the nonphysical attached flow field computed by APAME. Potential flow is not able to
model flow detachment which would otherwise occur at the rear of a wing especially for
drastic changes in profile curvature like in iteration 7 to 9. Therefore, the aero-elastic
coupling results in a positive feedback of canopy deformation and pressure acting on
the bulge. Attaching additional bridle lines to the trailing edge or increasing the panel
stiffness close to the trailing edge did not improve the divergent behaviour, and the only
remedy found was to coarsen the mesh at the trailing edge.
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(a) Iteration 2. (b) Iteration 3.

(c) Iteration 4. (d) Iteration 5.

Figure 4.26: FSI divergence with explicit coupling on fine mesh density (iterations 2-5).

4.5.3. TETHER AND STEERING FORCES

The first model validation was done on the tether and steering forces measured during
flight. The data is presented for different flight phases based on the studied aerodynamic
parameter. The power phase mainly consisted of larger flight velocities, and therefore
the transfer phase is added to the graphs to show force measurements for lower flight
velocities. Figure 4.28 depicts the tether forces plotted against the belt force during all
flight phases when no steering input was given. The resulting graphs clearly exhibit a
linear trend with a coefficient of determination close to 1 using linear regression. The
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(a) Iteration 6. (b) Iteration 7.

(c) Iteration 8. (d) Iteration 9.

Figure 4.27: FSI divergence with explicit coupling on fine mesh density (iterations 6-9).

FSI results match well with the linear regression, and an offset between the data points
and the simulation can be seen for larger forces where the relative increase in belt force
is more significant than the increment in tether force. This behaviour could result from
a local increase in angle of attack at the tip section of the wing due to deformation.

Next, the tether force as a function of apparent wind speed Va is examined. Figure 4.29a
and 4.29b depict the measured data and simulation results for power phase and the com-
bination of power and transfer phases, respectively. The data follows a quadratic trend
with a coefficient of determination close to 1 using a quadratic fit with the intercept at
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Figure 4.28: Normalised tether force against normalised belt force obtained during a total of 154 power
cycles recorded during all flight phases. The measurements are smoothed with a 3 seconds moving

average and only data points without steering input are shown here.

Va=0. The spread in data is more prominent for lower values of Va recorded during the
transfer phase compared to the power phase. Two simulation results are compared to the
measurement: the FSI solution without and with maximum tether length, and a mini-
mal variation between the two simulations can be seen here. Also, the simulation results
closely follow the quadratic regression except for larger values of Va where the FSI results
deviate from the regression towards larger forces.

Additionally, the number of recorded data points during flight for both graphs are shown
in Figure 4.30a and 4.30b in shape of a histogram. It can be seen that the data points of
Va during the power phase varies between 80-90% of the maximum velocity recorded.
During the flight a range of target velocities were flown which explains the spread in data.
The retraction phase adds more data points between 40-80% of the maximum velocity.

In Figure 4.31a and 4.31b the belt force as a function of apparent wind speed Va is shown
for power and combined power and transfer phases, respectively. The quadratic regres-
sion also fits well with the data sets and the simulation results show good agreement with
the regression except for larger values of Va.
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(a) Tether force during power phase.
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(b) Tether force during power and transfer phase.

Figure 4.29: Normalised tether force against apparent wind speed obtained during a total of 154 power cycles
for both power and transfer phase.
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(b) Power and transfer phase histogram.

Figure 4.30: Normalised Va histograms for power and transfer phase showing the distribution of data point
collected during 154 power cycles.

4.5.4. FORCE COEFFICIENTS CR AND CB
With an overall good agreement between the regression and simulation results, the next
step is to investigate the force coefficients in more detail. Figure 4.32 depicts the CR

normalised by the mean of all data points recorded during the power and transfer phase
when no steering input was given. Each data point is plotted in colour representing its
current tether length. It can be seen that a deviation from the mean is larger for lower
apparent wind speeds when the tether force is small, and the kite is more susceptible
to gusts and other unsteady external factors. For larger values of Va the data exhibits a
maximum deviation of 15% from the mean and the data exhibits an overall positive slope
of CR with increasing Va. The observed change in CR highlights the interesting feature
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(a) Belt force during power phase
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(b) Belt force during power and transfer phase.

Figure 4.31: Normalised belt force recorded during 154 power and transfer cycles plotted against apparent
wind speed Va.

of the parafoil, which changed its flight performance for higher wind speeds. Possible
reasons are an increase in the angle of attack due to deforming bridle lines, a change in
rib profile, and a local change in a twist of the wing. The simulation results plotted in
red lie approximately on the mean of the data points and exhibit a positive slope. No
significant deviation between the simulation results using no tether and the maximum
tether length on CR can be seen.

To improve the visibility of the data points measured during the flight Figures 4.33a
and 4.33b depict CR in a histogram, where each tile represents the number of data points
recorded for that specific range of CR for a given range of Va or tether length indicated by
a colour map. Additionally, the binned mean of all tiles in a column is plotted as black
crosses. With this representation a good agreement between simulation and binned
means can be seen in Figure 4.33a except for low values of Va. The resultant force co-
efficient is plotted against the tether length in Figure 4.33b, and it can be seen that
the binned mean values and the simulation results with maximum Va fit well for tether
length above 0.8. CR determined by the simulations appears to be slightly increased for
longer tether lengths which are in accordance to the binned mean values of the mea-
surements except for tether lengths lower than 0.6 where the measured CR is increasing
by almost 10%.

The resultant force coefficient is also compared to data points recorded during the
power phase only. Figure 4.33c depicts the CR against Va and similar to the measure-
ments including the transfer phase, the coefficient exhibits a positive slope for increas-
ing Va. The simulation results underestimate the binned mean values by approximately
5% where most data points were recorded. Similarly, Figure 4.33d shows the CR plot-
ted against the tether length, and the binned mean values display a slight decreasing
slope which is the opposite trend compared to the transfer phase. The simulation re-
sults based on the maximum velocity slightly underestimates the binned mean values of
the measurements.
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Figure 4.32: Resultant tether force coefficient CR obtained during 154 power cycles.

Next, the belt force coefficient CB is compared to the measurements. The coefficient
is determined in the same manner as CR by simply dividing the measured force by the
dynamic pressure and the parafoil’s projected area. Figure 4.34a and 4.34b depict the
coefficient during power and transfer phase plotted against Va and tether length, respec-
tively. Both binned mean values of the measurements and simulation results exhibit a
positive slope with increasing Va and tether length. The simulation results lie within 5%
of the binned mean, and the increasing trend for the force coefficient as a function of Va

has resembled as well.
Inspecting the power phase only as depicted in Figure 4.34c and 4.34d the data point

density is lower but more concentrated around higher velocities. Again, the measured
force coefficient and the simulation results show a good agreement except of the nega-
tive trend in the measured data in Figure 4.34c for values of Va between 0.8 and 0.95. The
negative trend in the data is caused by a loss in lift forces at the wing tips. This loss could
be the result of excessive profile deformations or local flow separation or a combination
of both.

It can be concluded that the simulation results correctly reflect the increasing trend
of the force coefficients with increasing velocity. Also, the data measurements do not
show a clear trend in force coefficients with varying tether lengths. The discrepancy be-
tween measured and simulated force coefficients lies within 5%, satisfying for an initial
design tool with an aerodynamic flow field obtained with potential flow theory. It should
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(a) CR against Va. (b) CR against tether length.

(c) CR against Va. (d) CR against tether length.

Figure 4.33: Normalised tether force coefficient for various apparent wind speeds and tether lengths obtained
during a total of 154 power cycles.

be noted that the spread in data points for various velocities and tether lengths clearly
shows that the test setup is disturbed by the unsteady wind field and kite-tether dynam-
ics, as well as possible changes in the angle of attack.

4.5.5. GLIDE RATIO

In this section, the system’s glide ratio is determined using Equation 2.1 from measure-
ments and compared with simulation results. Figure 4.35a and 4.35b depict the his-
togram of data points recorded during both power and transfer phase as a function of
Va and tether length, respectively. The glide ratio indicated by the binned mean values
fluctuates between 0.9 and 1.15 over the range of velocities, especially in the mid-range,
where the amount of data points is sparse, and the binned mean values should be in-
terpreted with care. From the data points, it is not easy to interpret a clear increasing or
decreasing trend due to Va mostly because of the large spread in glide ratios occurring. A
similar picture can be seen in Figure 4.35b where the binned glide ratio exhibits smaller
fluctuations over the range of tether lengths, and a slight increase in glide ratio can be
seen. This trend is opposite to the simulation results, which show a reduction in glide
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(a) CB against Va. (b) CB against tether length.

(c) CB against Va. (d) CB against tether length.

Figure 4.34: Normalised tether force coefficient against apparent wind speed obtained during a total of 154
power cycles.

ratio for a longer tether, and considering the verification done on the tether drag influ-
ence, this trend should be expected. For both graphs, the simulation results indicate an
overestimation of the glide ratio by approximately 5-10%.

By inspecting the glide ratio solely measured during the power phase in Figure 4.35c
and 4.35d a different behaviour can be observed. The glide ratio exhibits a negative trend
for larger values in both figures. The difference between the binned mean and the sim-
ulation results varies between 5-12%. The overall overestimation of the glide ratio is ex-
pected due to the potential flow assumption, which overestimates lift at higher angles of
attack, as could be seen in the comparison study with CFD results. Two factors possibly
cause the large spread in glide ratio presented in this section. The first source of error lies
in the model from which the glide ratio was computed (Equation 2.1). As stated in Chap-
ter 2 the dynamic model assumes a perfectly stretched tether without sag and dynamic
interaction between wind, kite and winch. Also, the model is based on a force equi-
librium assumption that is not satisfied in a nonuniform wind environment and with a
winch accelerating the kite during flight. The second source of uncertainties is the sen-
sors used to determine the glide ratio. The LIDAR determines a wind speed average of
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(a) Glide ratio against Va. (b) Glide ratio against tether length.

(c) Glide ratio against Va. (d) Glide ratio against tether length.

Figure 4.35: Normalised glide ratio during power phase.

over 1 minute and acts as a low pass filter. The tow point angle at the ground station
measures ϑ to a high degree of accuracy, but due to the long tether, a time lag between
forces acting on the kite and the angle measured at the ground station may occur.

4.5.6. NEUTRAL FLIGHT
The final model validation was done for a neutral flight during a time window of 5 min-
utes when the parafoil was positioned above the ground station such that the wind di-
rection and tether were approximately aligned (zero azimuth). The kite was steered with
small steering input to counteract gusts and turbulence to hold it in the same position.
The simulation setup was done similarly as before: enforcing the symmetry boundary
condition at the centre of the kite, thus modelling only half of the parafoil. Since the act-
ing forces during a neutral flight are small compared to the power extraction phase, each
component of the parafoil, such as fabric, bridle lines, control pod, and tether, were
given the known weight values and the FE solver incorporated these into gravitational
forces. For a kite in the neutral position, the apparent velocity is equivalent to the wind
speed at flight altitude. Therefore, the measured LIDAR and ground wind speeds were
taken as Va at ground and flight altitude, while the values in between were linearly inter-
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Figure 4.36: Schematics of elevation angles during neutral flight. The wind is aligned with ex.

polated. The converged result was then used to determine both elevation angles (θ, λ)
below the control pod and at the ground station, as depicted in Figure 4.36.

The most relevant measurements during the 5 minute flight window are shown in
Figure 4.37. Both angular rates of the tow point and the g-forces experienced by the
control pod serve as a selection procedure for the data to ensure a steady flight. All data
points with an angular rate deviation of 0.03 deg/s from zero and a g-force deviation
larger than 0.01 were excluded. It can be seen in the azimuth angle that the kite was
drifting during the 5 minutes of flight, and for the validation, only data points within -5
to 5 degrees azimuth were considered. The tow point elevation angle was measured with
two rotary encoders, and the pod elevation was measured using the IMU data. Here, the
difference operator∆ refers to the difference between the FSI result and measured value.

Figure 4.38a and 4.38b depict the difference in the measured elevation angle from
the simulation at both ground station (tow point) and control pod, respectively. It can
be seen that the number of data points is sparse due to the short flight window and data
selection criterion. For the pod elevation angle, the difference between measurement
and simulation stays within ±1 degree, while the difference for the pod elevation is ap-
proximately within ±2 degrees. The simulation results of the kite-tether system show
that the developed method can approximate both elevation angles to a satisfying degree
of accuracy. The measured data also shows how complex the interpretation of the kite
system in a real wind environment is. Next to fluctuations in the wind field, dynamic in-
teractions between kite and tether create a time delay between measured accelerations
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Figure 4.37: Measurements taken during neutral flight.

(a) Tow point elevation angle θ. (b) Pod elevation angle λ.

Figure 4.38: Elevation angles at ground station and pod during neutral flight for various azimuth angles. The
data is presented as the difference between measurements and simulated value.

at the kite and the ground station. Also, despite the pilot’s effort to keep the kite aligned
with the wind vector, the kite tends to drift slightly off, possible due to changing wind
direction at flight altitude.



4

94 4. FLUID-STRUCTURE INTERACTION

4.5.7. CONCLUSIONS
In this section, the developed numerical method was applied to a SkySails Power kite ge-
ometry, and key aerodynamic parameters were compared with measurements recorded
during 154 power cycles and a 5 minutes neutral flight. It was shown that determining
the resultant force coefficient CR and glide ratio from measurements is not trivial due
to many uncertainties occurring during the flight. To conclude the validation section of
this work is can be stated that the developed numerical parafoil model is capable of es-
timating tether and belt forces and a glide ratio for a tethered wing to a satisfying degree
of accuracy. The following highlights identified in this section are:

• Both tether and belt force follows a quadratic trend dependent on Va and the nu-
merical simulation results are in good agreement with the quadratic fit.

• The numerical simulation and measured resultant force coefficient CR both ex-
hibit a positive slope for increasing Va and both match well.

• The CR as a function of tether length is constant in both simulation and measure-
ments.

• The belt force coefficient CB exhibits a similar trend for both Va and tether length
compared to CR. The numerical solution matches well until large values of Va.

• The glide ratio determined by the measurements and the numerical simulation
shows an offset of 5-15% (overestimation by the FSI) depending on the velocity
and tether length. The data spread is substantial due to the apparent wind speed
sensor, the time lag between pod and ground station, and the model assumptions
used to determine the glide ratio.

• The measured elevation angles during neutral flight fit within 1-2 degrees of accu-
racy compared to the FSI simulation.



5
MULTI-DISCIPLINARY DESIGN

OPTIMISATION

This chapter summarises the publication Thedens et al. [113] published in 2018, which
presents a multidisciplinary design optimisation (MDO) to assess the influence of fab-
ric orientation, reinforcement layout, and aerofoil shape on aerodynamic performance
and rib deformation of a ram-air kite. The aim is to find an optimum rib profile as
well as material orientation and reinforcement layout that maximise the power har-
vesting factor and, at the same time, reduce strain energy in the rib. The optimisation
utilises an FSI routine, which is run in a staggered scheme until equilibrium. A simpli-
fied two-dimensional model is developed to avoid the extensive computations required
for high-fidelity soft-kite simulations. The model considers a single rib loaded with a
two-dimensional aerodynamic pressure field obtained by a viscous-inviscid interaction
method. Aerodynamic effects caused by the inlets at the leading edge, fabric porosity
and cross-ports in the rib are neglected.

The chapter is organised in the following manner. First, the two-dimensional rib
model is introduced. Then, both structure and aerodynamic design parametrisations
are shown, and finally, the MDO results obtained by an uncoupled and coupled (FSI)
analysis are depicted and discussed.

5.1. RAM-AIR KITE MODEL
Based on the results stated in Chapter 4 the load acting on a ram-air kite rib depends
on both aerodynamic pressure and geometrical layout of the kite, specifically anhedral,
which influences span-wise acting load. Nevertheless, an MDO incorporating a full three-
dimensional kite model is beyond the scope of this study, and therefore a simplified
model is derived, which can be utilised to study qualitative design choices in rib profile
shape and reinforcement layout. The simplified model consists of a single rib connected
to a fixed trim point via four bridle lines. The induced drag is added to the total drag
formulation to account for three-dimensional aerodynamic effects, which shall steer the

95
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aerodynamic analysis towards a more realistic glide ratio. For details refer to Thedens et
al. [113].

5.1.1. STRUCTURE MODEL

The rib deformations are determined with a static nonlinear finite element solver using
3-node triangular finite elements and 2-node bridle line elements derived in Chapter
3. The reinforcements modelled with line elements are superimposed on the membrane
mesh [114] as depicted in Figure 5.1b which simplifies the meshing procedure in the case
when reinforcements are crossing each other. The structure model consists of a single
elastic rib with reinforcements starting at each line attachment point (LAP) and bridle
lines that connect each LAP and the bridle point where all bridles connect to a single
point. The static solver is based on the following equation

[K(u)]u = f(u), (5.1)

where K is the structure’s tangent stiffness matrix, u is the deformation vector, and f is
the external force vector. The system of equation is solved iteratively with the Newton-
Raphson method to obtain the displacement field of the loaded rib. The tangent stiff-
ness matrix consists of stiffness contributions of all three members, i.e. membranes,
reinforcements, and bridle lines

[K] = [K]membrane + [K]reinforcements + [K]bridles. (5.2)

It should be noted that no wrinkling model is used for the membrane elements within
the multidisciplinary design optimisation because of convergence problems that oc-
curred during the FEM solving process. The implications of the absence of a wrinkling
model is a stiffness overestimation in areas of compression which occur at the bottom
side between LAPs.

5.1.2. AERODYNAMIC MODEL

The flow around aerofoils of ram-air kites combines several multi-scale phenomena. On
the pressure side, bridle attachment points create surface irregularities over which the
flow may separate and eventually reattach. Shape irregularities are softer on the suction
side, but dynamic compliance mechanisms can affect boundary layer transition in non-
linear ways [115]. Furthermore, ram-air kites are made of woven fabrics whose surface
is neither perfectly impermeable nor hydrodynamically smooth. While direct numerical
simulation (DNS) of clean aerofoil flows is sometimes feasible [116], the DNS solution
of FSI problems at relatively high Reynolds number remains entirely out of reach [117].
This is especially true for conceptual design and optimisation purposes [118, 119].

Following current practice in the aerofoil design community [120], the flow is solved
with a viscous-inviscid interaction (VII) method [121]. Rfoil is a VII code derived from
Xfoil [122]. It couples a panel method for the potential far-field flow with an integral
method for the boundary layer flow of the near-field. Flow regions are tightly coupled
through the Lighthill interaction law [123], and the two codes (Rfoil and Xfoil) differ in
their handling of turbulent and transitional boundary layers [124, 125].
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The turbulent boundary layer formulation of Rfoil was strengthened over the years to
perform well in high-Reynolds number cases[124, 125] that include local perturbations
like those caused by active flow control [126]. In this work, Rfoil’s turbulent boundary
layer formulation is further enhanced to deal better with the peculiarities of ram-air kite
aerofoils:

• Separation and reattachment near line attachment points were handled by further
improving the numerical implementation details. The main modifications con-
sisted in refining the spatial discretisation of kinks, correcting closure relation in-
consistencies for low shape factors (H<1.2) that occur upstream of boundary layer
kinks, and increasing iteration count.

• Surface roughness of kite fabrics was handled by correcting the turbulent skin-
friction correlation according to the recommendations of Betterman [127] through
the procedure outlined by Tani [128].

In terms of workflow, Rfoil receives geometry and non-dimensional flow parameters as
inputs and computes pressure distributions or force coefficients for one or more angles
of attack. Higher-level execution is controlled through Python to run Rfoil and the struc-
tural solver in batch mode. This approach has proven robust enough for optimisation,
even when including a fluid-structure interaction routine that requires several Rfoil runs
inside an iterative loop.

The pressure acting on a single kite cell is integrated over the cell width to obtain
a simplified two-dimensional aerodynamic load on the rib. The rib in a ram-air kite
is loaded due to pressure forces consisting of external aerodynamic and internal ram
pressure acting on the canopy. The external pressure is obtained with Rfoil, whereas the
internal pressure is assumed to be at stagnation pressure.

Kites with AWE application produce maximum power during cross-wind flight with
a specific wing configuration, maximising the power harvesting factor ζ. The power har-
vesting factor is chosen as the performance metric in the optimisation and is to be max-
imised for a deformed profile. Unlike rigid aircraft, which can be constantly trimmed by
changing the elevator angle on the horizontal stabiliser, soft kites have a fixed trim. The
trimming is done by positioning the trim point along the neutral line where the aerody-
namic pitching moment is zero. Since the kite deforms during operation, this neutral
line is not known a priory and is usually found experimentally. To ensure a moment
equilibrium at all stages during the optimisation, the rib is trimmed in each FSI iteration
by moving the bridle point along the chord to the neutral line while keeping the bridle
length constant in the y-direction. The optimal angle of attack α∗ in each FSI iteration,
which maximises ζmax is

α∗ = argmax
α

4

27
CR (α)(1+E(α)2). (5.3)

5.1.3. FLUID-STRUCTURE INTERACTION
The strong coupling between the deforming profile and the aerodynamic flow is part of
the analysis. Structural deformations in the rib will induce changes in the pressure field,
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which will, in return, induce a new deformation field. The change in rib shape changes
the flow field, and the elongation of the bridles, which increases the relative angle of at-
tack, are considered. With every change in design variables, the FSI is run to determine
the objective function in a steady and deformed configuration. The FSI convergence cri-
terion is measured with the relative error in elastic energy ε, and convergence is achieved
when the error is below 1 × 10-5. The relative error in elastic energy is computed as

ε= W n
c −W n−1

c

W n−1
c

, (5.4)

with n being the iteration number and Wc the complementary energy expression. A
pressure distribution determined by Rfoil for the angle of attack, which maximises the
power harvesting factor, is used to deform the rib structure. In return, the deformed rib
profile is fed back to Rfoil to determine a new pressure distribution.

The FSI algorithm is described in more detail in Algorithm 3. First, a series of angles
of attack is run with Rfoil to findα∗, which maximises the power harvesting factor. Then,
the rib is deformed based on the previously determined pressure field, and the trim po-
sition is shifted. This inner loop is run until the relative structural change is below εR <
1 × 10-4. With the structure and flow in equilibrium, the new optimal angle of attack α∗
is determined for the current rib, and the inner loop is rerun. This procedure is repeated
until the relative error in complementary energy of 1 × 10-5 for the outer loop is satis-
fied. The complementary energy was chosen as the FSI convergence metric because it
includes both deformations and applied forces, a tighter criterion than pure deforma-
tions.

Algorithm 3 Optimisation algorithm with FSI.

1: Initialise design variables x
2: while NSGA II not converged do
3: Initialise FSI (ut = 0)
4: while ε > 1e-5 do
5: Run Rfoil to obtain lift and drag polar
6: Find ζmax and α∗ for current configuration
7: while εR > 1e-4 do
8: Run FE model with Cp(α∗) to obtain ut+1

9: Move bridle point to neutral line
10: end while
11: Update deformed aerofoil shape for Rfoil
12: end while
13: Update design variables x
14: end while
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(a) Reinforcement parametrisation. (b) Integrated reinforcement on 3-node triangular element
[114].

Figure 5.1: Rib reinforcement layout.

5.2. DESIGN PARAMETRISATION

5.2.1. REINFORCEMENTS

The reinforcements are modelled as bar elements starting at each of the four LAPs in
a group of five. For each group of reinforcements, two independent angles are defined
to reduce the number of design variables to eight for the reinforcements only, shown in
Figure 5.1a. By changing the absolute orientation angleφi , the whole group of reinforce-
ments at LAP i is rotated, whereas changing the relative orientation angle γi changes the
spread of reinforcement group i , respectively. The orthotropic material angle θ is de-
fined as the angle between the x-axis and the warp threading of the fabric.

Compliance minimisation is a standard metric for structural optimisation and ef-
fectively maximises the structural stiffness. The compliance expression does not fully
describe the force-displacement relationship for geometrically nonlinear structures due
to its non-linearity. Instead, the complementary energy expression is chosen as a metric
to describe the overall structural stiffness [129]. The complementary energy is computed
as the integral of the deformation vector u with respect to the external load vector f [130].
This expression can be rewritten as

Wc =
∫ f∗

0
u df = u∗T f∗−W ∗(u), (5.5)

where the asterisk denotes the quantities in equilibrium state and W the strain energy.
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Figure 5.2: Material orientation angle θ against both objectives in deformed (red) and undeformed (blue) state.

5.2.2. MATERIAL WEAVE DIRECTION

Figure 5.2 depicts both objectives normalised with their initial value at θ = 0 as a func-
tion of the material orientation angle θ only, including (red) and ignoring (blue) the FSI
routine, respectively. The chosen aerofoil shape is equivalent to the initial design for the
optimisation introduced in the next section.

By excluding the FSI routine, the pressure load is applied to the undeformed pro-
file only, and from it, the complementary energy is determined. As a result, a change
in material orientation does not influence the power harvesting factor, and an overall
variation of approximately 60% in complementary energy is observed. The lowest com-
plementary energy is found at 20 degrees, corresponding to the overall stiffest structural
layout in the given design space. On the other hand, the highest value corresponds to
the material orientation such that the rib is primarily loaded in shear, causing maximum
deformation.

Including the FSI routine introduces a dependence of the material orientation on the
PHF, which peaks at 70 degrees causing the structure to deform in an aerodynamically
economical manner. Conversely, at approximately 45 degrees material orientation an-
gle, the deformed rib bulges at the suction side, reducing the effective PHF. A flat plateau
can be seen between 10 to 30 degrees for the complementary energy and a peak at 70
degrees. Both objectives clearly work against each other for the initial aerofoil as their
optima lay at different locations. Also, the peak in PHF results in a maximum in com-
plementary energy, which means that the profile deforms so that the PHF is higher than
the initial geometry. This peculiar phenomenon was not generally observed but rather a
coincidence for this particular aerofoil.

5.2.3. RIB PROFILE SHAPE

Aerofoil profile optimisation has a broad application in aerospace for various design ap-
plications, such as finding profiles that maximise lift or glide ratio. Incorporating the
profile into an optimisation routine requires a parametrisation that can describe a vari-
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ety of profiles for a few design parameters. The Class Shape Transform (CST) parametri-
sation is such a method that represents shapes of aerodynamic bodies with a finite set
of parameters. The method was initially introduced by Brenda Kulfan from Boeing [131]
and has seen extensive use in aerodynamic and multidisciplinary design optimisation
(MDO) applications. Special applications to wing design can be found in Ciampa [132]
whereas interesting extensions have been proposed by Straathof [133]. A comparison of
aerofoil parametrisation methods is presented by Sirpawadkul [134].

The design space for the rib profile was chosen to be CST aerofoil parameters consist-
ing of the product of a class function C(t ) :R→R and a shape function S(t ,Ai ) :R1+N →R,
where N represents the order of the parametrisation and Ai is a tuple of N shape coeffi-
cients. The class function provides the base features of generic aerofoil shapes, whereas
the shape function tailors the behaviour of the class function to represent specific aero-
foils. The shape of aerofoil top (up/suction) and bottom (down/pressure) surfaces is
written as

η(t ) =


η

top
(t ) = C(t )S(

t ,A
top
i

)
ηbot

(t ) =−C(t )S(
t ,Abot

i

) (5.6)

where



t = x/c ∈ [0,1] non-dimensional chord-wise coordinate

η= z/c non-dimensional thickness coordinate

Atop
i shape coefficient top side

Abot
i shape coefficients bottom side

i = 0,1,2...M index of shape coefficients

M = N −1 degree of parametrisation

(5.7)

The class function for aerofoils with rounded leading edges and sharp trailing edges is
written as

C(t ) = (1− t )
p

t . (5.8)

The shape function is a polynomial of order N (degree M = N −1) obtained by a linear
combination of the Bernstein polynomial basis with the Ai shape coefficients

S(t ,Ai ) =
M∑

i=0
Ai si M

(t ) . (5.9)

The set of Bernstein polynomial functions of order N (degree M = N − 1) forms of a
complete basis for the space of polynomials of degree M = N −1. A linear homeomor-
phism exists between the Bernstein and canonical polynomial bases, but the Bernstein
basis has more favourable numerical properties for higher-order settings with limited
floating-point precision. The Bernstein basis functions of order N (degree M = N − 1)
are given in terms of the binomial coefficient

si M
(t ) =

(
M
i

)
t i (1− t )M−i with i = 0,1,2...M . (5.10)
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The binomial coefficient is often best visualised in Pascal’s triangle, and the above ex-
pressions apply to parametrisation of arbitrary order. The basis of order N comprises all
bases of a lower order, which is a favourable property in optimisation because a higher-
order N includes all possible solutions of the lower orders. CST aerofoil parametrisation
has proven itself as a solid approach to represent a complete set of aerofoil shapes that
can be used for optimisation purposes.

5.3. MULTI-OBJECTIVE DESIGN OPTIMISATION
As depicted in the previous section, both optimisation objectives do not comply with
each other. This common problem in multidisciplinary design optimisation can only
be solved by compromising the two objectives. The Pareto front illustrates the boundary
between feasible and infeasible solution space of two objectives and is obtained through
the optimisation routine. The optimisation tool used to solve the underlying MDO is NS-
GAII (Non-dominated Sorting Genetic Algorithm-II) which is a genetic, derivative-free
method for numerical optimisation of non-convex continuous optimisation problems
[135]. The power harvesting factor and the complementary energy expression vary non-
linearly with small changes in the design vector due to the FSI analysis. NSGAII is capa-
ble of handling strong non-linearities, NaN value exceptions, and non-convexity and is
therefore chosen as an optimiser. Also, NSGAII allows computing an entire Pareto front
because the optimiser creates sets of solution generations that approach the infeasible
boundary where the Pareto front resides. The objective function of the MDO consists of
the power harvesting factor ζmax and the complementary energy Wc. The design variable
vector consists of

x = [θ,φi ,γi , w top
j , wbot

j ]T with i = 1, ...,K j = 1, ..., N , (5.11)

with the fibre angle, the absolute and relative reinforcements orientation angles, and the
CST weights for the top and bottom side of the aerofoil, respectively. K is the number
of reinforced LAPs, and N is the Bernstein polynomial function order. The optimisation
problem is stated as

minimize
x

f(x) = [Wc(x), −ζmax (x)]T

subject to θmin
i ≤ θ ≤ θmax

i

φmin
i ≤φi ≤φmax

i , i = 1, ...,K

γmin
i ≤ γi ≤ γmax

i , i = 1, ...,K

w top, min
j ≤ w top

j ≤ w top, max
j , j = 1, ..., N

wbot, min
j ≤ wbot

j ≤ wbot, max
j , j = 1, ..., N .

The PHF ζmax is defined as negative to comply with a minimisation statement. The box
constraints on the angles can be found in Table 5.1 and the bounds on the Bernstein
polynomial coefficients can be found in Table E.1. The order of the Bernstein polyno-
mial function is chosen to be six, and their bounds are based on a collection of aerofoil
data, including thick and high lift aerofoil designs. Finally, it should be emphasised that
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(a) Pareto front for uncoupled optimisation.
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(c) Compromised design (Wc = 18, ζ = 5.6).
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(d) Lowest complementary energy design.

Figure 5.3: MDO results without using FSI simulation.

strong nonlinearities are introduced in the objective function due to the fluid-structure
coupling, and the obtained Pareto front is possibly not made of global optima solutions.

Table 5.1: Box constraints.

variable θ [deg] φ [deg] γ [deg]

initial 45 90 15
min 0 45 5
max 90 135 20

5.3.1. OPTIMISATION WITHOUT FSI
The NSGAII is run with the full set of 21 design parameters for the uncoupled and FSI
case. Figure 5.3a shows the resulting Pareto front between the two objectives ζmax and
Wc for an uncoupled optimisation. All solutions left of the frontier are infeasible because
a higher ζmax cannot be achieved without an increase in Wc . Similarly, all solutions right
of the frontier are feasible but not optimal because a more dominant solution along the
frontier exists. Hence, a Pareto front gives the user an idea of making optimal trade-offs
between two objectives.

Figures 5.3b, 5.3c, and 5.3d depict three distinct aerofoil shapes and reinforcement
layouts found on the Pareto front. Figure 5.3b is the profile with the highest obtained
PHF of all individuals. The profile has a maximum thickness of approximately 10% and
a thin trailing edge. The reinforcements are oriented towards the suction side, where
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(a) Pareto front for FSI optimisation.
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(b) Highest PHF design (FSI).
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(c) Compromised design Wc = 23, ζ = 3 (FSI).
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(d) Lowest complementary energy design (FSI).

Figure 5.4: MDO results with FSI simulation.

the first two sets are more compressed in a direction, whereas the reinforcements from
the third LAP spread out. Conversely, the resulting rib for the lowest complementary
energy design in Figure 5.3d is shaped to minimise the resulting complementary energy.
This is done by essentially forming the aerodynamically worst-performing profile such
that the pressure forces acting on the rib are minimum. The reinforcements are oriented
towards the mid-chord location, and the fibre orientation angle is 10 degrees. The rib
with a compromised design in Figure 5.3c still exhibits a sharp profile with more camber
than the high PHF design. The reinforcement orientation spreads towards the first third
of the chord.

5.3.2. OPTIMISATION WITH FSI
The Pareto front, including the FSI in Figure 5.4a exhibits a larger non-feasible region
than the uncoupled front. The maximum PHF of the uncoupled solution is almost twofold
of the FSI case. Also, the complementary energy is higher for the same PHF in the case
of the FSI frontier, which is caused by a more significant rib deformation.

For the optimal solution of the highest PHF design in Figure 5.4b the profile shows
apparent differences to the uncoupled design. The optimiser favours a more prominent
nose radius and overall thicker aerofoil when the maximisation of the PHF is considered
only. The reinforcement orientation is characterised by spreading over the top surface
in combination with a material orientation angle of 7 degrees. The optimal solution of
the lowest Wc design in Figure 5.4d is a wedge-like profile with a maximum thickness
at 70% chord. Again, an aerodynamically poor design is found, drastically reducing the
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Figure 5.5: Deformed (red) and undeformed (blue) compromised rib design.

overall pressure load and minimising the complementary energy. Also, the optimal com-
promised optimum in Figure 5.4c is a thicker aerofoil with a larger nose radius than the
uncoupled optimum.

A qualitative inspection of the compromised designs leads to more insight into im-
perative design choices when the fluid-structure interaction is included in the design
optimisation of ram-air kite ribs. Figure 5.5 outlines the undeformed and deformed rib
and resulting pressure distribution in its final shape after FSI convergence. Critical as-
pects are the change in curvature on the top side, the minor kinks at the bottom side
at each LAP, and the structural arching between the last two LAPs. Non-optimal designs
typically show a deformed leading edge nose that is stretched towards the pressure peak,
where its final shape differs from the initial nose shape. In the case of the optimum de-
signs found on the Pareto front, the nose is slightly thicker and mainly resists traction
due to the combined structural layout of profile shape and material and reinforcement
orientation.

Elongation occurs mainly on the top side of the rib, where most aerodynamic forces
act. The result is twofold - a non-smooth top side causes turbulent flow phenomena
that generally reduce lift, whereas arching increases the local camber line and, as seen
in the pressure coefficient, causes a decrease in pressure, i.e. increase in lift. It should be
noted that Rfoil fails to present the physical phenomena of detached turbulent flow fully
and, as a result, overestimates the produced lift force. Therefore, the pressure distribu-
tion should be interpreted with care, and the local pressure reduction due to increased
camber may not be as prominent. Nevertheless, an imperative design choice is the cor-
rect placement of the reinforcements to locally reduce kinks and shape the bulging in an
economical manner such that the flow stays attached. All these effects would not be con-
sidered when running the uncoupled case only. Another aspect that becomes apparent
using FSI is the trim and optimal angle of attack, which changes between 10-30% com-
pared to the uncoupled case, depending on the chosen design optimum on the Pareto
front. In general, the deformed rib and extended bridles increase the relative angle of
attack and, therefore, the trim position. Uncoupled approaches cannot represent this
effect, and the reinforcement layout may not lay on the primary load path. Finally, the
PHF with the FSI for the compromised profile is approximately 35% lower than the un-
coupled solution. Utilising the FSI in the optimisation routine gives a more conservative
result and the best design choice for the rib in a deformed flight state.
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Figure 5.6: Undeformed (blue) and deformed (red) rib geometry with wrinkling model employed.

5.4. CONCLUSION
The MDO provides an insight into various aspects of profile and reinforcement shape op-
timisation for elastic rib profiles. A clear difference in design outcome is observed when
the FSI analysis is part of the optimisation procedure. Noticeable features of the opti-
mised profiles are a positive camber which maximises the lift coefficient, and an overall
thicker profile for the coupled optimisation. The possible change in angle of attack due
to deformation adds another nonlinear effect that the optimiser must tackle and might
produce other local optima. It should be noted that optimisation results should always
be interpreted with great care because the optimiser can only find optima for the under-
lying mathematical model, which is based on model assumptions. The results obtained
from the optimisation in this work are atypical aerofoil designs found in parafoils. Possi-
ble reasons for that are the two-dimensional model reduction and the power harvesting
factor as cost function. In a parafoil design, additional aspects like flight and structural
stability and manufacturability play an essential role that is fully neglected in this study.

Regarding the absence of a wrinkling model, Figure 5.6 shows the compromised de-
sign layout and its deformation using a wrinkling model. A clear distinction in deforma-
tion between the third and fourth LAP can be seen. This deformation originates from the
reduced stiffness due to compression and results in a more dominant bulging. The PHF
for the deformed rib is 43% lower than computed without the wrinkling model. The com-
plementary energy change is only 13% even though the deformations suggest otherwise.
This tiny energy change is due to wrinkling, which slightly increases elastic strain energy.
Based on this comparison, the wrinkling model is necessary to model the rib’s deforma-
tion response correctly. Also, the convergence problems caused by the wrinkling model
observed during the optimisation might originate from a non-realistic load determined
by the simplified two-dimensional model, especially close to the trailing edge, which
would result in a collapsed structure. Based on the results, an improvement in model
accuracy and numerical stability could be obtained by a three-dimensional analysis of a
single section, i.e. rib with two half panels on each side, to simulate the loads acting on
the rib due to ballooning three-dimensional effects.
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CONCLUSIONS AND

RECOMMENDATIONS

This chapter concludes the results found in this work based on the developed method,
and further recommendations for future work are given.

6.1. CONCLUSIONS
A numerical method has been developed to find the quasi-steady equilibrium shape and
flight state of a tethered parafoil during flight. The theoretical background on compu-
tational structural dynamics was laid out in Chapter 3 where the kinetic dynamic relax-
ation method was derived and combined with a non-compression model. The method
was numerically stable and accurately found the equilibrium state of a thin-walled mem-
brane structure in a sufficiently short time. In Chapter 4 the structural solver was com-
bined with a panel method and coupled using the software preCICE. The steady-state
of the parafoil was found after 5-15 coupling iterations, and a mesh sensitivity study
was performed. Compared to analytical and numerical solutions found in literature, the
method showed promising results, even when large deformations occurred during the
solution process. A validation using measurements from flight data was done, and the
force coefficients from tether and steering belt showed a good resemblance with the sim-
ulation results for various flight speeds. The glide ratio was determined and compared
with the simulation results from the flight data. It was found that the simulation overes-
timates the glide ratio by approximately 5-15%, depending on the flight speed. Also, the
flight data showed widespread glide ratios, which originates in the model assumptions
used to determine the glide ratio. A neutral flight scenario was simulated using tether
and gravity influence, and the resulting elevation angles at the ground station and the
steering pod showed a satisfying accuracy within 1-2 degrees. Finally, Chapter 5 intro-
duced a multi-disciplinary design optimisation on a single parafoil rib where the opti-
miser was able to find various rib profile designs and reinforcement orientations that
maximised the tether force and at the same time reduced the deformations in the rib.
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Based on these results, the research questions stated in Chapter 2 can be answered:

How do different FSI methods for determining a ram-air kite’s shape with bridle line
system under load compare with respect to computational robustness and efficiency?
During the development of the fluid-structure interaction method it was found that both
explicit and implicit coupling methods can find the deformed shape of the parafoil. The
explicit coupling method found the equilibrium state after 5-10 iterations, whereas the
implicit schemes took longer or diverged. This behaviour was only seen on one specific
parafoil geometry used for verification purposes. The SkySails geometry, on the other
hand did not converge using an explicit coupling, but the implicit method IQN-ILS did
converge after 30-60 iterations. Therefore, it can be concluded that the effectiveness of
each FSI coupling method is problem dependent, and both explicit and IQN-ILS cou-
pling methods can determine the force equilibrium of the kite.

Is a panel code based on the potential flow assumption sufficiently accurate in esti-
mating the aerodynamic characteristics of a ram-air kite? The developed method was
validated against data measurements recorded during flight, and the simulation results
matched well with the measured force acting on the tether and steering belt. This shows
that the integrated pressure field from the panel code is sufficiently accurate for esti-
mating the resultant force coefficient. Local flow effects have not been studied in detail
except for a pressure coefficient distribution at the centre rib, and the comparison with
CFD results show local discrepancies on the suction side. The glide ratio was determined
experimentally but, due to model assumptions, had a significant variance, and it was
shown that the FSI model overestimated the mean glide ratio by approximately 5-15%.
It can be concluded that the developed method, in combination with a panel method,
can determine both resultant force coefficient and glide ratio to sufficient accuracy for
initial design and trim studies.

How can an engineering methodology be developed in order to design an efficient
ram-air kite for AWE applications? It was shown that the integrated aero-structural
model developed during this work could estimate various aerodynamic wing properties
as well as mechanical stress and line forces. All these properties found by the model can
test new design layouts and trim positions without field testing. Also, structural scaling
effects are simple to implement, and their effects are crucial for AWE, which aims to op-
erate large wing areas.

Is the current set of sensors in the operational airborne kite system sufficient for proper
validation of integrated models? As shown in Chapter 4 the sensor data was used to
validate the numerical model. Despite many data points recorded during flight, uncer-
tainties due to the wind speed sensors and model assumptions introduced a significant
variance when the glide ratio was determined. This shows that the sensor setup could
be improved, e.g., introducing an angle of attack sensor that allows to determine lift and
drag coefficients directly and thus glide ratio.
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6.2. RECOMMENDATIONS
Based on the conclusions mentioned above, several recommendations about improve-
ments of the method and model validations can be made.

AERODYNAMIC MODEL

The panel method determined the pressure distribution that is acting on the canopy. De-
spite its computational speed, the method cannot model flow separation that occurs at
larger angles of attack. Without separation, the lift is generally overestimated as shown
in Section 4.4.4 and a trim angle variation should also occur. Therefore, a thorough com-
parison between CFD and panel method is recommended to estimate the boundary of
valid results from the panel method. Furthermore, the influence of the inlets on the flow
field should be studied to justify the assumption made in this work by simply ignoring
them. Finally, the frozen wake assumption used in APAME is another source of error in
the pressure field and should be relaxed such that the wake develops over several itera-
tions.

STRUCTURE MODEL

The recommendations for improving the structure model are using a more realistic ma-
terial model and validation using experimental data. The material response of woven
fabric is generally nonlinear and depends on factors like load ratio between warp and
weft direction and load magnitude. The material model used in this work is only applica-
ble to materials with linear stress-strain relation and small strains. A recommendation is
to test the influence of the material model choice on stress and deformation. Validating
the numerical model using an experimental setup, e.g. measuring the displacement field
of an inflated airbag with photogrammetry, could be an excellent approach to test differ-
ent material models. Another improvement could be done on the finite element mesh.
In Chapter 3 it was mentioned that CST elements were used exclusively to model the
membrane structure even though these types of elements potentially result in a stiffer
structure compared to higher order elements. Therefore, other types of elements with at
least quadratic shape functions should be tested with the KDR solver and the differences
in stress and deformation field should be investigated. Finally, the panel shortening in
the SkySails kite model should be added to find the differences between both models.

FLUID-STRUCTURE COUPLING

The coupling methods provided by preCICE were sufficient to obtain convergence, but
the number of iterations, especially for the SkySails kite geometry, could still be im-
proved. The IQN-ILS method requires several tuning parameters to be manually opti-
mised to obtain reasonable convergence behaviour. Therefore, finding a suitable fixed-
point iteration method with fewer or no tuning parameters would substantially simplify
the coupling on new geometries. Also, it was shown in Chapter 5 that the coupling could
also be done by estimating the angle of attack, which results in a zero moment coef-
ficient. This approach could also be used to initialise the coupling and speed up the
convergence in return.
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VALIDATION USING FLIGHT DATA

The sensor setup used during this work did not measure the angle of attack during the
flight. Therefore, the lift and drag coefficient could not be determined, and critical pa-
rameters like the glide ratio had to be estimated using the equation of motion. This
approach introduced additional variables like the angle between the tether wind axis at
the ground station, which massively increased the variance. On the other hand, a sen-
sor measuring the angle of attack would allow a direct measurement of the glide ratio.
Also, to validate local flow effects in a more controlled environment, the FSI should be
validated in a wind tunnel.

OPTIMISATION

The developed optimisation procedure for profile shape and reinforcement orientation
was only done on a two-dimensional rib. The same approach could be applied to an en-
tire parafoil geometry to find a resilient reinforcement layout for the kite. Additional pa-
rameters such as LAP positioning could be introduced to optimise the load path through
each rib.
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A
TENSOR ALGEBRA

The concept of tensors is introduced to understand the essential derivation of mem-
brane kinematics. In general, a tensor can be described as a function that takes in multi-
ple arguments, is linear in each of them, and maps into an underlying field. Tensors can
be categorised in orders, where the tensor order is equivalent to the number of input
arguments. A tensor of order zero is a scalar without components or basis. A tensor of
order one is a vector and can map another vector into a scalar with the inner product. A
second-order tensor (e.g. a matrix) is the tensor product of two vectors and maps a vec-
tor into another vector. Tensors describe physical quantities such as forces, velocities,
or mechanical stress. Depending on which coordinate system is used to describe these
quantities, the tensor components change under change of basis while the tensor as a
whole is invariant, and for that particular reason, they are an elegant notation. This sec-
tion introduces tensor notation with co-variant and contra-variant basis vectors, which
is important when curvilinear coordinates are used. For a thorough introduction into
tensor algebra, refer to Grinfeld [136] or Chapelle. [94]

A.0.1. VECTORS

A vector defined in R3 in an arbitrary coordinate system with linearly independent basis
vectors gi (with i = 1,2,3) is defined as

x =
3∑

i=1
xi gi = xi gi , (A.1)

where xi are the coordinates for basis vectors gi which do not have to be orthogonal nor
have unit length. The summation sign can be omitted using the Einstein summation
convention, which implies a summation of components with the same index. As will
be explained next, the sub and superscript notation used for the coordinates and ba-
sis vectors distinguish between co-variant and contra-variant components. In order to
determine the coordinates from vector x let us define a set of basis vectors gi such that
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gi ·g j = δ j
i , (A.2)

where δ j
i is the Kronecker delta which is simply a function that takes two indices as input

and returns a scalar of either 0 or 1. It is written as

δ
j
i =

{
0 if j 6= i

1 if j = i .
(A.3)

The basis vector gi using subscript notation is referred to as the co-variant basis vector,
whereas gi using superscript indices is the contra-variant basis vector. By definition, the
co-variant and contra-variant basis vectors are orthogonal such that A.2 always holds.
Using this relation, the vector coordinates can be found with

x ·g j = xi gi ·g j = xiδ
j
i = x j . (A.4)

It can be seen that the basis vectors gi map x into the contra-variant coordinate compo-
nents. The vector x can also be expressed with its contra-variant basis as

x = xi gi , (A.5)

where xi are the co-variant vector coordinates for the contra-variant basis. In a Carte-
sian coordinate system, both co-variant and contra-variant basis vectors are equivalent,
whereas using curvilinear coordinates, they generally differ. Next, the inner product be-
tween two arbitrary vectors using only co-variant, contra-variant, or mixed basis vectors
respectively can be expressed as

x ·y = xi y j gi ·g j (A.6a)

= xi y j gi ·g j (A.6b)

= xi y j gi ·g j (A.6c)

= xi y j gi ·g j . (A.6d)

All four expressions are equivalent, but their coordinates and basis vectors differ. The
product of two co-variant basis vectors are known as the metric tensor written as

gi ·g j = gi j . (A.7)

The metric tensor is a crucial function that inputs two vectors and produces a scalar,
similar to the inner product. In Cartesian coordinates, the metric tensor is equivalent
to the identity matrix, but for vector fields defined on curved surfaces, the metric tensor
changes from location to location and defines a measure of the length of two vectors and
the angle between them. The product of contra-variant basis vectors gives its inverse

[gi j ]−1 = gi ·g j = g i j . (A.8)



A

115

A.0.2. TENSORS
A second-order (or higher) tensor generalises a vector to higher dimensions. A second-
order tensor T can be written as a tensor product of two vectors a and b

T = a⊗b, a ∈ V, b ∈ W, (A.9)

where V and W are two vector spaces, and ⊗ is the tensor product operator. The tensor
can map a vector c ∈ W into V using

Tc = (a⊗b)c (A.10a)

= (b ·c)a, (A.10b)

where (b ·c) is the inner product between b and c. When specifying vectors a and b in a
coordinate system the tensor T can be written as

T =
N∑
i

M∑
j

T i j gi ⊗g j = T i j gi ⊗g j , (A.11)

where T i j are the contra-variant components and gi ⊗ g j is the tensor product of the
basis vectors. The components of a tensor can also be represented in matrix form, e.g. if
N = 3 and M = 3

T i j =
T11 T12 T13

T21 T22 T23

T31 T32 T33,

 (A.12)

and they are determined by

T11 = g1 · (T ·g1) T12 = g1 · (T ·g2) T13 = g1 · (T ·g3)
T21 = g2 · (T ·g1) T22 = g2 · (T ·g2) T23 = g2 · (T ·g3)
T31 = g3 · (T ·g1) T32 = g3 · (T ·g2) T33 = g3 · (T ·g3).

(A.13)

Similar to vectors, second-order tensors can also be presented in co-variant, contra-
variant, and mixed form

T = T i j gi ⊗g j (A.14a)

= Ti j gi ⊗g j (A.14b)

= T j
i gi ⊗g j (A.14c)

= T i
j gi ⊗g j . (A.14d)

Next, the product between two second-order tensors can be written as

(a⊗b)(c⊗d) = (b ·c)(a⊗d), (A.15)

and in index notation
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TU = (T i j gi ⊗g j )(U kl gk ⊗gl ) (A.16a)

= T i jU kl (g j ·gk )gi ⊗gl = T i jU kl g j k gi ⊗gl (A.16b)

= Ti jUkl g j k gi ⊗gl (A.16c)

= T i jUkl gi ⊗g j . (A.16d)

It can be seen that the product of two second-order tensors results in another second-
order tensor. Finally, the double-dot product can be introduced, which reduces two
second-order tensors to a scalar

T:U = T i jUkl (gi ⊗g j ):(gk ⊗gl ) (A.17a)

= T i jUkl (g j ·gk )(gi ·gl ) = T lkUkl . (A.17b)

A.0.3. CHANGE OF BASIS
Changing the basis of a second-order tensor in an arbitrary coordinate system and deter-
mining its components can be done using the previously derived co-variant and contra-
variant notation. Let T be a second-order tensor and T′ the same tensor with a different
basis

T = T′ (A.18)

in components and respective basis vectors, it can be written as

T i j gi ⊗g j = T ′i j ei ⊗e j (A.19)

where both basis vectors are written in their co-variant basis. Extending both sides with
contra-variant basis vectors ek and el results in

ek ·T i j (gi ⊗g j ) ·el = ek ·T ′i j (ei ⊗e j ) ·el (A.20)

applying Equation A.10 the tensor product can be broken up into

(ek ·gi )T i j (g j ·el ) = (ek ·ei )T ′i j (e j ·el )

J k
i T i j J l

j = δk
i T ′i jδl

j

= T ′kl ,

(A.21)

where J is the Jacobian with components

J =
e1 ·g1 e1 ·g2 e1 ·g3

e2 ·g1 e2 ·g2 e2 ·g3

e3 ·g1 e3 ·g2 e3 ·g3

 , (A.22)

which transforms a tensor basis.



B
STRESS MEASURES

The Cauchy stress tensor σ relates the force to the area, both given in the current config-
uration. Cauchy’s stress theorem defines the traction t as

t = nσ=σT n. (B.1)

The equivalent expression in the reference configuration is written as

t0 = Pn0. (B.2)

where P is the first Piola-Kirchhoff stress tensor relating the force in the current configu-
ration to the area in the reference configuration, and because of that, the tensor usually
is non-symmetric. Both stress tensors can be related using

P = JσF−T , (B.3)

with J being the determinant of the deformation gradient F. Due to the non-symmetry
of P the second Piola-Kirchhoff stress tensor S is introduced, which relates both force
and area in the reference configuration

S = PF−T . (B.4)

It should be noted that S is not a physical stress measure and should not be used for
post-processing the FEM results. Instead, the Cauchy stress should be used, which can
be determined using the relation

σ= J−1FSFT . (B.5)

In curvilinear coordinates, the second Piola-Kirchhoff stress tensor is expressed with co-
variant basis vectors as

S = SαβGα⊗Gβ. (B.6)
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CONSTITUTIVE MODEL

The constitutive relation between stress and strain is described by the fourth order stiff-
ness tensor C which maps the strain E into stress S. It is a generalisation of Hooke’s Law
for elastic materials and contains 81 components. The stress-strain relation can be de-
rived from the strain energy density function φ(E) which is defined as

φ(E) = 1

2
E :C : E. (C.1)

Taking the derivative with respect to the strain E, the stress can be expressed as

S = ∂φ(E)

∂E
=C : E. (C.2)

The stiffness tensor can be simplified under plane stress assumptions, which applies to
thin plates or membranes and results in little stress in the thickness direction. Using
Voigt notation, the relation can be written in matrix form such thatS11

S22

S12

=
C11 C12 C13

C21 C22 C23

C31 C32 C33

E11

E22

γ12

 . (C.3)

In the case of isotropic material, the stiffness tensor properties can be described with
two independent variables: Young’s modulus E and Poisson’s ratio ν. In matrix form C is
written as

[Ciso] = E

1−ν2

1 ν 0
ν 1 0
0 0 1−ν

2

 . (C.4)

For orthotropic material which has two main stiffness directions, the stiffness tensor re-
quires a total of five independent variables, two Young’s moduli Ex and Ey , two Poisson’s
ratios νx y and νy x , and the shear modulus Gx y . The material properties of woven fabrics
can be assumed to behave as orthotropic, and the stiffness directions then align with the
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G1

G2

Gf
2

Gf
1

Figure C.1: Surface made of woven fabric with local basis (in red) aligned with weave indicating that a
change in basis is required.

weave pattern, e.g. Ex being the stiffness in the warp direction and Ey in weft direction
[137]. The stiffness tensor for orthotropic materials in matrix form is written as

[Cortho] = 1

1−νx yνy x

 Ex νy x Ex 0
νx y Ey Ey 0

0 0
1−νx yνy x

Gx y

 . (C.5)

The orthotropic constitutive matrix is only valid on the local fibre basis. Figure C.1 de-
picts a curved surface of woven fibres. The local fibre basis is described with two tan-
gent vectors Gf

α and does not necessarily align with the local basis vectors Gα. Since the
strain tensor is defined for contra-variant basis vectors and the stress using co-variant
basis vectors, both strain and stress require their own Jacobian to transform between
fibre and local basis. The change of basis of the strain tensor is written as

E = JT
E EfibreJE , (C.6)

and similarly the change of basis of the stress tensor

S = JT
S SfibreJS . (C.7)

Applying the change of basis shown in Section A.0.3 the Jacobian for the strain tensor is
written as

JE =
Gf1 ·G1 Gf1 ·G2 Gf1 ·G3

Gf2 ·G1 Gf2 ·G2 Gf2 ·G3

Gf3 ·G1 Gf3 ·G2 Gf3 ·G3

 , (C.8)

and the Jacobian for the stress tensor is

JS =
Gf

1 ·G1 Gf
1 ·G2 Gf

1 ·G3

Gf
2 ·G1 Gf

2 ·G2 Gf
2 ·G3

Gf
3 ·G1 Gf

3 ·G2 Gf
3 ·G3

 . (C.9)



D
CONSERVATION OF LINEAR

MOMENTUM

The Cauchy momentum equation is the basis of structural mechanics as it describes the
force balance inside a continuum derived from the conservation of linear momentum.
It is derived from the stress balance found in a square continuum element using Carte-
sian coordinates as depicted in Figure D.1. The continuum element is an infinitesimally
small square with mass m located in an arbitrary elastic continuumΩ with side lengths
∆x and ∆y and thickness h. Based on the plane stress assumption applicable to thin
membranes, the stress acting in normal direction is negligibly small and can therefore
be assumed to be zero. The Cauchy stress field is given by the tensor field σ(x, y) con-
sists of normal, and shear components in both x and y-direction acting on each side of
the continuum element and they are expressed as a function of position. Additionally,
body force f acts on the volume induced by gravity or other fields, and derived from the
figure, a force balance in both x and y-direction based on Newton’s second law of motion
can be constructed

m
∂vx

∂t
= [

σxx (x +∆x, y)−σxx (x, y)
]
∆yh + [

τy x (x, y +∆y)−τy x (x, y)
]
∆xh + fx , (D.1a)

m
∂vy

∂t
= [

σy y (x, y +∆y)−σy y (x, y)
]
∆yh + [

τx y (x +∆x, y)−τx y (x, y)
]
∆xh + fy , (D.1b)

where vx and vy are the velocity components. The stress terms located at x +∆x and
y +∆y can both be written in terms of the Taylor series expansion, here only for σxx

σxx (x +∆x, y) =σxx (x, y)+ ∂σxx (x, y)

∂x
∆x +O (∆x2), (D.2)

where quadratic and higher-order terms are discarded. Substituting Equation D.2 into
the force balance for all stress components and cancelling the length terms results in
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x

y

fy

fy

σyy(x, y + ∆y)

σxx(x + ∆x, y)

σxx(x, y)

σyy(x, y)
τyx(x, y)

τxy(x, y)

τyx(x, y + ∆y)

τxy(x + ∆x, y)

∆x

∆y

Figure D.1: Cauchy stress field in a continuum element.

ρ
∂vx

∂t
= ∂σxx (x, y)

∂x
+ ∂τy x (x, y)

∂y
+ρbx

ρ
∂vy

∂t
= ∂σy y (x, y)

∂y
+ ∂τx y (x, y)

∂x
+ρby ,

(D.3)

where the mass term was replaced with ρ∆x∆yh, and the body forces per unit volume
with bx and by . Finally, both equations can be written in a single equation using tensor
notation

ρ
∂v

∂t
=∇·σ+ρb, (D.4)

where ∇· is the divergence operator acting on the stress tensor. The conservation of
linear momentum expressed in Equation D.4 states that the momentum change rate is
equal to the sum of all forces acting on it. It is a governing equation that is valid every-
where in the continuumΩ, and in the case of small accelerations, the left-hand side can
be assumed to be zero, and the problem is called static.

With a set of Dirichlet and Neumann boundary conditions, it forms an initial bound-
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ary value problem

ρ
∂v

∂t
=∇·σ+ρb in Ω (D.5a)

nσ= t on Γt (D.5b)

u = u∗ on Γu . (D.5c)

On the Neumann boundary, Γt the traction t acts on the body, and displacements u∗ on
Γu resemble the Dirichlet boundary condition such that the displacement field is fixed
to a prescribed value. This formulation can be transformed to domainΩ0 with boundary
conditions acting on Γt0 and Γu0 in the reference configuration

ρ0
∂v

∂t
=∇0 ·P+ρ0b in Ω0 (D.6a)

Pn0 = t0 on Γt0 (D.6b)

u = u∗ on Γu0 . (D.6c)

Equation D.6a is called the Total Lagrangian formulation, and with its boundary condi-
tions, it is referred to as the strong form. The word strong does not mean it is superior to
its weak integral formulation but instead specifies the requirement of a twice differen-
tiable field u which at the same time satisfies all boundary conditions.





E
INITIAL CONDITIONS FOR

AEROFOIL SHAPE OPTIMISATION

Table E.1: Initial Bernstein polynomial coefficients.

variable w top
1 w top

2 w top
3 w top

4 w top
5 w top

6

initial 0.3 0.3 0.3 0.3 0.3 0.3
min 0.0874 0.1028 0.0267 -0.0444 -0.0413 -0.1429
max 0.5254 0.5438 0.7101 0.6479 0.4681 0.5438

wbot
1 wbot

2 wbot
3 wbot

4 wbot
5 wbot

6

initial 0.3 0.3 0.3 0.3 0.3 0.3
min 0.0553 -0.1324 -0.2729 -0.2852 -0.3228 -0.4128
max 0.6446 0.7203 0.9058 0.7813 0.3194 0.4164
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