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Abstract

The leading edge inflated (LEI) surf-kite is a suitable wing design for pumping kite power generation
because the bridling and leading edge design allow the wing to be de-powered while retaining good
steer-ability.

Current LEI kite design is typically empirical. Fluid-Structure Interaction (FSI) modelling is necessary
to decrease design time [183] and gain insight into the physical processes driving kite performance.

Unfortunately, the current kite aerodynamic models do not meet the requirements for LEI-kite FSI
modelling: they are either fast but insufficiently accurate, or accurate but computationally expensive.
In particular, the current fast aerodynamic models are not able to represent the effects of the multiple
flow separation regions - such as behind the LEI tube and above the canopy’s trailing edge - inherent to
a LEI kite flying at a large range of angles of attack.

It is well established that 2D multiple wake vortex models can model multiple separation regions over
membranes (de Matteis & de Socio [47]; Wilkinson [196]; Cyr & Newman [43]; Bailey et al [21]; Shukla
& Eldredge [160]). Consequently, it is probable that a multiple-wake vortex lattice method (VLMyw)
could model the multiple separation regions expected on a 3D membrane-wing surf-kite. To the author’s
present knowledge, no such VLM yw aerodynamic model has yet been constructed for 3D membrane-flow
problems.

This master’s thesis is intended to evaluate the hypothesis that a quasi-steady multiple-wake vortex lattice
method can quickly and accurately model surf-kite aerodynamics to generate aerodynamic surface load
distributions.

This VLM yw models the vorticity generation in the flow with multiple vortex lattices shed from the
separation locations, as well as the standard bound vortex lattice. The separation locations are fixed at
known locations. The VLMyw uses the Vatistas Core Model to allow for simple comparisons between
different vortex models, as used by Sebastian & Lackner [157]. The impermeability boundary conditions
allow for membrane deformation such that the model could be used for FSI functions.

The pressure distributions generated by the VLMyw have been compared to experimental measurements
from flat plates at high angles of attack. Further, the aerodynamic coefficients have been compared to
the 3D Lifting Line model and 3D steady-state Reynolds-Averaged Navier-Stokes (RANS) simulation
results of an arc-shaped Clark Y wing, calculated by Leloup [105] and Maneia [120]. Finally, the pressure
distribution and aerodynamic coefficients have been compared to the 3D steady-state RANS results of
one of the TU Delft Airborne Wind Energy (AWE) group’s LEI kites, as determined by Deaves [51].

The VLMpw is strongly limited, in the case of thickness-free surfaces like membrane-wing kites, by
an inability to enforce the Kutta condition on a reattachment-line when this reattachment-line crosses
a separation-line. Further, the model appears to require - near a reattachment-location - a very high
body- and wake-resolution to extend the proper enforcement of the flow-tangency constraint to the space
between the collocation points and ensure that geometric surfaces are impermeable to the separation
stream-surfaces.

However, it appears that a careful selection of resolution parameters for the LEI-kite geometry can bring
double-wake model errors for net lift and drag coefficient predictions with the VLMpw to approximately
ten percent of the RANS simulation results. That is, it appears possible for the VLMyw to have the
same order of uncertainty with respect to RANS results as is generated by the geometric approximations
made in the TU Delft AWE group’s RANS studies of 3D LEI kites [51]

The author believes that with further development the LEI-kite aerodynamic modelling method tested
in this proof-of-concept thesis could be a useful module within the AWE’s FSI-modelling code-base.
However, in its current form, good engineering judgement is necessary to restrict the use of the VLMyw to
situations where flow-reattachment is either avoided or does not coincide with a separation-location, and
where boundary-layer effects are small.
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Chapter 1

Introduction

1.1 Motivation

Kites provide the ability to generate renewable electricity from the high energy-availability and -constancy
of the wind at altitude. Archer & Caldeira [16], notably, measured mean energy densities of 10kW /m?
at 1km altitude in parts of eastern China and north-eastern Africa.

The kite used by the TU Delft’s Airborne Wind Energy (AWE) group is a leading edge inflated (LEI)
surf-kite: a span-wise arc-shaped compliant [175] structure, with a frame composed of a cylindrical
inflated-tube at the leading edge and thinner inflated-tube struts, over which a pre-tensioned membrane
wing is stretched as the primary aerodynamic structure. The membrane is a flexible material with a
very small thickness in comparison to its span-wise length and chord-wise length, and can carry tension
but not compression [22].

The behavior of an LEI kite in a flow is a complex physical phenomenon, due to the strong aeroelastic
coupling between the membrane wing’s deformation and the flow pattern. That is, the membrane wing
deforms, causing the flow about the wing to change; this new flow pattern produces a different pressure
distribuition on the kite, again deforming the kite geometry. This fluid-structure interaction (FSI) is
especially important considering the high flexibility of the membrane wing and the high variability of
the inflow conditions on the kite during its periodic figure-eight-shaped flight path. Consequently, the
behavior of a given power-kite in a flow cannot be modelled with any certainty without considering the
FSI effects.

Experimental studies show that membrane wings, such as the LEI-kite, have the potential for higher lift-
to-drag ratios, higher maximum lift coefficients, and delayed stall in comparison® with rigid wings. These
facts suggest the application of FSI-modelling to system design for AWE systems with LEI-kites could
improve the system efficiency and total power production. Further, a system-design and -optimization
procedure based on FSI-modelling has been estimated to be signiciantly less expensive - Breukels [29]
suggests a time-savings of 75 percent - than the current empirical design procedure which requires the
construction and flight-testing of many preliminary designs.

Such a FSI-modelling based iterative design procedure requires not just a large number of simulations
within some Design of Experiments, but also an iteration of alternating aerodynamic- and structural-
model solutions for each design simulation. Analysis of a large number of these FSI solver steps, for each
of a large number of simulations, is only feasible if the runtime-cost of the individual aerodynamic model
steps is small. That is, for FSI-modelling to be possible, the aerodynamic module of the FSI-solver must
be both fast and accurate.

However, the current kite aerodynamic models do not meet the requirements for LEI-kite F'ST modelling:
they are either fast but insufficiently accurate, or accurate but computationally expensive.

1See Section 2.3 for a description of membrane wing behavior, including the relevant citations.



The Breukels aerodynamic load model (BALM), correlated from airfoil CFD data along a 2D strip-theory
approach, is fast; but the accuracy is questionable and the weight function requires empirical ”tuning”
such that it cannot be used for design work prior to flight testing [183]. Bosch produced a working FSI
model built with the Breukels model; it is supposed that if there were a ”"replacement” for the Breukels
method within this program, Bosch’s program could be used for iterative design [28].

Computational fluid dynamics (CFD) models set the standard for LEI-kite flow modelling accuracy, but
are not viable for iterative design work due to their high computational cost. The recent 3D Reynolds-
Averaged Navier-Stokes (RANS) model of Deaves [51] required a computational time on the order of 30
hours for one steady-flow simulation.

Van Kappel’s implementation of a nonlinear vortex lattice method (VLMn.yvk) gives accurate results,
but its real time factor of 1100x is too slow for iterative design [183]. The accuracy of this method
suggests that it is possible to quickly and accurately model kite aerodynamics with an adapted vortex
lattice method (VLM).

Due to the ability of existing 2D multiple wake vortex models to model membrane-flows with multiple
separation regions, it is probable that a multiple-wake vortex lattice method (VLMyw) could model the
multiple separation regions expected on a 3D membrane-wing surf-kite. To the author’s present knowl-
edge, no such VLM w aerodynamic model has yet been constructed for 3D membrane-flow problems.

If such a VLMyw is well suited to modelling the pressure distribution on an LEI-kite, its inclusion as
the aerodynamics module of a FSI solver could be expected to decrease the development cost of airborne
wind energy systems, and further allow the development of renewable electricity generation from the
wind.

The information in this report is divided into chapter, following the sequence described below:

e Chapter 2: a description of the LEI-kite and its flight environment during normal operation, as
it can be used - in combination with the experimentally-determined trends in membrane-wing
behaviors - to determine the assumptions of an aerodynamic model;

e Chapter 3: a history of aeodynamic simulation methods as applicable to membrane wing problems,
with the aim of selecting a method to apply to the LEI-kite problem;

e Chapter 4: a detailed description of the information a user needs to run the resulting aerodynamic
code, the VLM yw;

e Chapter 5. a description of the physical theory used by the VLMyw to predict the pressure
distrbution over a body in a flow, including the relationship between the various portions of the
theory and the predictions of the method for well-known geometries;

e Chapter 6: the application of the VLMyw to a sample LEI kite, and a comparison of the found
results to the predictions for the same kite by a Reynolds-Averaged Navier-Stokes (RANS) solver,
as determined by a previous AWE group-member;

e Chapter 7. a conclusion considering the usefulness of the VLMyw as a portion of the AWE’s
modelling code-base, and suggestions for future development; and

o Appendices: the detailed geometric methods for creating input files for the VLMyw, as used in
testing.

1.2 Hypothesis

This thesis is intended to evaluate the hypothesis that:

A quasi-steady multiple-wake vortex lattice method can quickly and accurately model surf-kite aerody-
namics to generate aerodynamic surface load distributions.




1.3 Objective

The objective of this work is to produce a proof-of-concept aerodynamic model that could be a useful
module within the AWE’s FSI-modelling code-base. Consequently, the goal of this thesis is to produce
a method that is:

e able to find aerodynamic force distributions for a power-generation LEI kite, with the particular
requirements of strong flow-three-dimensionality and significant flow separation,

e without relying on empiricism and previous results 2,

e with inputs and outputs that are consistent with, or easily converted to-and-from, the other codes
in the AWE’s FSI-modelling code-base,

e producing pressure-distribution predictions that qualitatively resemble those produced by RANS
solutions, with some small degree of error,

e where that error can be justified by a significant run-time savings, in comparison to the RANS
solution.

Each of these objectives appears to be reasonable within the frame-work of a VLM yw.

1.4 Success Criterion

Success is defined as the ability to evaluate and make a feasibiliy statement relative to the computational
speed and model accuracy - in comparison to either windtunnel measurements or CFD results - for well-
known comparison geometries, including an LEI kite used by the TU Delft AWE group.

2Though the development of the VLMyw within the scope of this thesis is limited to using assumed or previously-known
separation locations, the VLM yrw is constructed such that future development would be able to remove this restriction.



Chapter 2

Problem Definition

We can consider the normal operating conditions of an LEI-kite in a power-generating pumping-cycle,
and the known trends in membrane-flow problems, to determine what assumptions are reasonable when
modelling.

2.1 Power-Generation with Leading-Edge Inflatable Kites

2.1.1 Airborne Wind Energy Concept

The TU Delft airborne wind energy system - otherwise referred to as a kite-power system - is a ground-
based power generation system. The tether of a kite is wound around the drum of a generator, such
that extension of the kite tether generates electricity and allows the kite to gain altitude. As the kite
rises, it flies cross-wind in figure-eights, which increases the apparent wind velocity by about a factor of
five [28] with respect to the atmospheric wind velocity. Once the kite has reached its maximum altitude,
it pitches down to decrease its angle of attack with respect to the free-stream - and consequently the lift
force on the kite - and is pulled back towards the ground by running the generator as a motor. One full
extension of the tether, or reel-out, and the following full retraction of the tether, or reel-in, make up a
pumping cycle.

PBeel-out phase {energy generation)

P

ase (energy consumption)
Figure 2.1: A concept sketch of the TU Delft airborne wind energy system, as reproduced from Ruppert.
[153]

For a more thorough explanation of airborne wind energy systems, the reader is referred to the Airborne
Wind Energy text edited by Ahrens, Diehl and Schmehl. [7]



2.1.2 Leading-Edge Inflatable (LEI) Kite

The TU Delft Airborne Wind Energy system currently uses the 25 square meter TUD-25mV3 kite design.

The kite under consideration is a leading edge inflated (LEI) surf-kite: a span-wise arc-shaped compliant
[175] structure, with a flexible membrane wing as the primary aerodynamic structure, pre-tensioned
to stretch over a cylindrical inflated-tube at the leading edge, and thin cylindrical inflated-tube struts
extending from the leading edge inflated-tube to the trailing edge. The form of an LEI kite is shown in
Figure 2.2.

There is a thin wire running along the trailing edge of the canopy to prevent the trailing edge from being
completely free. The kite is divided spanwise into nine canopy sections by the eight inflated-tube struts.
The membrane which makes up each canopy section is a tensile structure with a very small thickness
in comparison to its spanwise length and chordwise length. The membrane can carry tension but not
compression. [22] It further has a very small bending stiffness and a low porosity.

Figure 2.2: One of the LEI kites designed and used by the TU Delft AWE group for power-generation

Typical Kite Dimensions

The kite wingspan b = 11.18m, with an at-rest projected span of 8.313m and an at-rest projected arc-
heigh of 2.825m. Dividing the wingspan evenly between the 9 canopy sections, gives an average section
span b’ = 1.24m [72].

The diameter of the kite’s LEI tube is Dy gy = 0.20m. [72]

The canopy is assumed to be attached at the exact top-and-center of the LEI tube. Following the example
of Den Boer [53], it is assumed that the chordwise slopes of the LEI tube and the canopy are continuous

at the attachment point:
d d
<d_y> (xattach) = (d_y> (mattach)
L) LEl z canopy

At the kite root, the chord ¢ = 2.63m; at the tips, the leading edge and trailing edge join smoothly, such
that the chord at the tips is Om.

2.1.3 Flight Path

The TU Delft kite power system currently operates under a ceiling of 700m altitude, though discussion
exists about flying at 1km altitude to increase the available wind power.



During typical pumping cycles, the apparent velocity Uy ranges between 20m/s and 40m/s, with an
average apparent velocity on the order of 30m/s. The global apparent velocity maxima are at Om/s and
45m/s. The altitudes and velocties during a typical flight can be seen in Figure 2.5.
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Figure 2.3: A typical steering response during power-generating operation, as reproduced from Ruppert.
[153]

According to Ruppert [153], the TU Delft kite power system experiences angular velocities between
—15rad/s and +15rad/s, centered around a rotation rate of Orad/s. (See Figure 2.3)

Ruppert [153] also measures (see Figure 2.4) that the kite angle of attack a varies by about 50° during
normal operation; the kite side slip angle 5 has been measured to vary between —35° and +35°.

Angle-of-attack measurements on the LEI-kites are well known within the AWE group to have significant
uncertainty. The sensor from whose data the angle of attack is determined - the X-Sens sensor is fixed
to one of the inflated beams of the LEI kite. These beams bend under loading, such that the zeroing
angle of the X-Sense, even without the influence of gusts, is variable.

It is therefore conservative to consider that the possible range of angles of attack during normal operating
conditions to be wider than that measured during live testing.

However, we know that a kite in full stall exhibits a distinctive ”tripping back” movement, which is not
seen in normal operating conditions. Consequently, while significant separation is expected during flight,
the LEI kite does not experience full stall in normal operation.

2.1.4 Atmospheric Properties

The atmospheric properties of the kite flow problem are approximated with the international standard
atmosphere, though this representation assumes that the influence of humidity and local weather phe-
nomena are negligible. [3]

Between the extreme altitudes of Om and 1km, the international standard atmosphere’s density varies,

respectively, between pgirmaz = 1.225kg/m3 and Pgirmin = 1.112kg/m3. At an average altitude of
500m, the air density is expected to be pa;r = 1.167kg/m?>. [3]
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Figure 2.4: Typical angles of attack and side-slip angles in normal power-generating operation. [153]

Between altitudes of Om and lkm, the international standard atmosphere’s kinematic viscosity varies,
respectively, between Vgir min = 1.461-107°m? /s and Vgirmaz = 1.581-107°m?/s. At an average altitude
of 500m, the air kinematic viscosity is expected to be 74 = 1.520 - 107°m? /s. [3]

The freestream turbulence intensity is likely to be very low, as flight tends to be above open fields - such
as the current TU Delft test location at Vliegkamp Valkenburg, the Netherlands.

Combining the average operating air density with the average apparent velocity, the minimum operating
air density with the minimum typical operational apparent velocity, and the maximum operating air
density with the global maximum apparent velocity, give an average dynamic pressure § = % pairU3 of
525Pa, with a conservative operational range of 222Pa < ¢ < 1240Pa.

2.1.5 Typical Reynolds Numbers and Aerodynamic Coefficients

Using the chord as the characteristic length, the expected Reynolds number R, = fj]“c ranges conserva-
tively between a minimum of 3.33 - 10% - for the combination of 1000m altitude atmosphere and 20m/s
apparent velocity - and a maximum of 8.10 - 10° - for the combination of sea-level altitude and 45m/s
apparent velocity.

Ruppert [153] measures the lift coefficient to range between 0 < Cp, < 0.7; the drag coefficient to range
between 0.05 < Cp < 0.3. Ruppert [153] further measured lift-to-drag values for the TU Delft’s kite
during multiple pumping-cycle test-flights to have an average value of L/ Dp ower = 9.9 during the power
= 1.8 during the depower

phase of the pumping-cycle, and the fairly constant average value of L/ D depower
phase of the pumping cycle. These aerodynamic coefficient measurements are shown in Figure 2.6.
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(a) Lift-to-drag ratio according to pumping cycle phase
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Figure 2.6: Aerodynamic coefficients measured during normal pumping-cycle operation of an LEI kite,
all reproduced from [153].



2.2 Experimental Studies of Membrane Flows

The difficulty in making accurate measurements for angle-of-attack during the flight-testing of an LEI
kite has already been mentioned. Lacking confidence in our angle-of-attack measurements, we cannot well
use our flight-testing experience to design future kite geometries, flight paths, or other system aspects.

But, we might still wonder why it is not sufficient to use other available sources of shape, flow, and
pressure relationship information - such as from wind tunnel testing of either the LEI kite or other
similar membrane wings - to design future LEI kite and kite-power systems. After all, there exist many
natural analogies® to the LEI-kite shape: such as in pterosaur wings [144] [195], bat wings [169] [191], and
veined leaves [45]. Other examples of membrane structures with similar geometries can be seen in yacht
sails [66], paragliders [148] [130], sail-bladed wind turbines [125] [65], micro UAVs [109] [171] [79] [152],
canvas structures such as tents [48] and convertible roofs [101], and newspaper printing webs [193].

However, the behavior of a membrane in a flow is so heavily dependent on the particular details of
the membrane in question, that it is very difficult to make specific predictions based on the total sum
of experimental membrane data. That is, the behavior of a membrane wing cannot be extrapolated
from the known behavior of a membrane wing which is not fundamentally similar in all of the material
qualities® which determine its aeroelastic response to a flow. To demonstrate the non-transferability
of membrane flow-behavior specifics, some experimentally-measured values for the relevant angles-of-
attack of a membrane-wing FSI problem - zero-lift, luffing-onset, separation-onset, and complete-stall -
are assembled in Table 2.1.

If we could match all of the relevant qualities to the problem, then windtunnel testing might give us
useful results. However, given that LEI kites are typically woven, it is difficult to correctly scale-down
all aspects of the LEI-kite flight environment. While Reynolds number matching may be possible, it is
not inherently obvious how a model should reproduce the inhomongenous stiffness caused by the ripstop
weaving and sewing of the kite fabric, as well as the stiffness of the inflated beams.

One possibility would be to use a full-scale kite in wind-tunnel testing. The associated cost, both in the
materials, labor and time needed to construct the kite as well as the cost of the reserving a suitably large
wind-tunnel to minimize wall effects for flow around such a large object, make full-scale wind-tunnel
testing ill suited to design work.

It has been suggested® that an alternative to the wind-tunnel testing of the dynamic aeroelasticity of the
kite, would be to run wind-tunnel tests of scaled, rigid LEI deformation states. The results might not
be obviously useful for the future design of kites that take advantage of their aeroelastic behavior, but it
may serve as a validation testing for the AWE’s aerodynamic code-base, all of whose current predictive
aerodynamic codes assume quasi-steady flow. The author is not aware of the existance of such a study
at this point in time, but would heavily recommend that some future student consider undertaking such
testing.

If we have determined that the results of live testing are not - at present - useful decision-making tools
during kite design, there remains the possibility that the numerical modelling could provide the necessary
information to make design-decisions.

Increasing computational power allows for shorter turn around times for flow simulation. The accuracy
of the results however depends on choosing the right input assumptions. If we want to avoid ”garbage-
in garbage-out” scenarios we need to asses the kite’s flow situation with an eye on possible modelling
assumptions.

1There are also many studies of membrane wings without prominent leading-edge cylinders, but we known that the
inclusion of a leading-edge cylinder has a large influence on the pressures experienced by a rigid, flat wing [130]. We must
therefore be extra cautious when we extrapolate behaviors of membrane wings with significant leading edge supports - such
as the LEI kite - from the studied behavior of membrane wings without such supports.

21t is these material properties that are used, in addition to the standard flow descriptions, to determine the dimensionless
aeroelastic numbers that are discussed further on in Section 2.2.1.

3during lunch-hour discussions among the AWE group members
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2.2.1 The Dimensionless Aeroelastic Parameter for Membrane Flow Prob-
lems

Based on the work by de Matteis & de Socio [47] and Sneyd [167], and following the derivation by
Smith [166], the aeroelastic behavior in membrane flow problems can be characterised according to two
parameters which split the tension of the membrane into the elastic-strain tension and the membrane
pre-tension.

For a linearly elastic membrane, the tension 7' can be written as:

T=(Ene+o0)h

with E,, the elastic modulus of the membrane material, ¢ the membrane strain (e = ljolo), oo the

pre-stress, and h the membrane thickness. For most membrane applications, the tension caused by the
membrane’s own weight is negligible in comparison to - qualitatively, less than 0.1 percent of - the tension
caused by the pre-tension and aerodynamic tensions [202].

For a membrane in equilibrium, the membrane curvature K, is determined by the balance between the
pressure difference across the membrane Ap and membrane tension 7T

2 2 A
szdy(wdy) :—(Tp>

d:z:?
where y is the membrane deflection distance perpendicular to the span and chord, and x; is conceptual
two-dimensionalized membrane distance.

—3/2

If z; is normalized by ¢, and Ap by the dynamic pressure % pU3, the membrane equilibrium equation

becomes: .
1 (Ap
K, =——= =

where the aeroelastic number IT relates the dominant tension to the dynamic pressure and chord. That
is, for a membrane? whose tension is dominated by elastic strain:

Enh
2pa7/l‘UAc

M=1g = 5

For a membrane whose tension is dominated by pre-tension, as the case for a close-to-inextensible mem-
brane:
Uoh

=1 %pairUiC

The aeroelastic number IT compares the canopy stiffness to the flow dynamic pressure [69] and provides a
measure of how much a membrane will resist deformation for a given aerodynamic line load. The smaller
the aeroelastic number, the more compliant - the more deformable - the membrane is. Membranes with
small aeroelastic numbers will self-camber more than membranes with high aeroelastic numbers, and
consequently produce higher lift coefficients under attached flow conditions [190].

Increasing the (3D) canopy pretension [171] is expected to decrease drag [75], decrease the time-averaged
lift, decrease Cf  [142], preserve flow-attachment to linearize lift behavior [164], increase aro [136],
cause a more abrupt stall [75], decrease the membrane oscillation mode [79], and decrease the vortex
shedding Strouhal number [79].

For fully-attached [140], inviscid ﬂow the aeroelastic parameter can be used to predict whether the
canopy remains ”"wholly concave,” when the 0 < 111 < % , where the value for 1/II.. was found by
Thwaites [176] to be 2.316, by Voelz [189] to be 2.299, by Dugan [58] to be 2.310, by Nielsen [141] to be
2.3155, Irvine [93] to be 2.547 [117]. For further information concerning the effect of the nondimensional
membrane aeroelastic number on classical yacht-sail behavior, the, the reader is referred to Newman &
Low [139], Greenhalgh at al [82], Jackson & Fiddes [95], and Sneyd [167].

4As a note, there exists an alternate version of the dimensionless aeroelastic number for elastic membranes - typically
found in the research done by the University of Florida, Gainesville [163] and the University of Alabama, Tuscaloosa [203]
groups - where IT; = (IT)'/3 based on Seide’s finding that elastic membrane deformation [158] is proportional to (ITz)~1/3.
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Unfortnately, there is - as of the author’s current knowledge - no consistent measurement method to
determine a single dimensionless membrane aeroelastic parameter for a given LEI-kite, for whom the
degree of pre-tension on a canopy section varies significantly by measurement location and measurement
direction. That is, for an LEI kite, the pre-tension near the LEI tube is fairly large, while the tension
near the trailing edge is small but non-zero due to the wire along the trailing edge. We also expect
that the tension is likely to be significantly higher in the canopy fabric warp- and weft- directions than
skew to these directions. Further, the tension in the canopy can be expected to increase when the kite
experiences high loading.

It becomes especially difficult to make predictions based on other experimental studies within the
membrane-flow field when there are neither values for the relevant dimensionless numbers, nor stan-
dard conventions for the calculation of these dimensionless numbers.

2.3 Typical Membrane-Flow Behavior

It is important that the general behavior of membrane-flows be considered when assembling the model
assumptions. These behaviors can be considered in generalities, even if the specific flow behaviors cannot
be transfered.

As for rigid wings, the behavior of the flow changes dramatically between the attached-flow and separated-
flow regimes. The behavior in these two regimes is discussed in the following sections.

2.3.1 Attached Flow Trends

We know that as the angle of attack of a membrane wing increases, the aerodynamic loading increases.
This increased loading deforms the trailing edge of the membrane upwards. This causes the wing to
experience an effective reduction in angle of attack - as the chord-line is tilted tail-up and effectively
nose-down. This ”adaptive washout” decreases the rate at which the angle of attack grows even as the
incoming freestream direction shifts [5]. The decrease in effective angle of attack due to membrane wing
deformation has been confirmed by Lian et al [109] and Lian & Shyy [108] This decrease in effective angle
of attack has the general effect of delaying separation, and then stall past the angles of attack where
these flow-behaviors might occur in rigid wings [149]. This ability of a membrane wing’s flexibility to
delay stall is shown in Figure 2.7.

Further, as the wing deforms under increasing angle of attack, the canopy billows. This ”adaptive
camber” or ”self-camber” of the wing increases the wing’s lift and lift slope [171] with respect to angle
of attack. Two examples of the many visual image correlation (VIC) studies of membrane wings can
be found from Albertani et al [12] for elliptical micro air vehicle (MAV) membrane wings, and from
Breukels [30] for the mostly-planar LEI-framed kiteplane membrane wing used by the TU Delft’s Airborne
Wind Energy group prior to the use of surf-kites. Because the deformation increases as the aerodynamic
loads on the wing increase, the lift and drag will both increase as Reynolds number increases [149].

The flexibility of a membrane delays separation and stall, increases the maximum lift coeflicient, and
causes stall to occur much more suddenly for a given membrane wing in comparison to an equivalent
rigid wing [192]. Further the delayed separation due to the effective washout of a membrane wing can
increase the lift-to-drag ratio of a 3D membrane wing compared to an equivalent rigid wing [46].

Depending on the shape of a 3D membrane wing’s frame, the lift-slope can be higher than the theoretical
thin-airfoil lift slope Cp, o [125]. A membrane-wing frame with a fixed trailing edge will generate adaptive
camber but no adaptive washout, resulting in the significantly higher lift slope than a membrane-wing
with a free trailing edge [12]. The TU Delft LEI surf-kite has a wire running through the trailing edge
to provide tension, in part to minimize the experienced adaptive washout.
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Figure 2.7: The influence of wing membrane flexibility on lift coefficient over a 3D membrane wing,
where a greater number of spars ("battens”) and/or a stiffer material decreases flexibility [192].

The incidence range of linear, fully-attached flow is quite small; for descriptive purposes, this validity
range has been found to lie between 5° and 8° angle of attack for a 2D mylar membrane airfoil [82]. Nielsen
[141] suggests that separation occurs, and the flow leaves the attached, linear lift-alpha relation, regime
when a membrane reaches an adaptive camber above 15 percent. It should be noted that Mendenhall
et al [130] found that the inclusion of a prominent leading-edge cylinder to a flexible membrane delays
leading-edge separation to higher angles-of-attack, although the delay is more noticeable for supercritical
Reynolds numbers than subcritical Reynolds numbers.

For fully attached flow on an inextensible, purely-concave sail® - without a LEI tube - Voelz [189],
Thwaites [176], Nielsen [141] and Greenhalgh at al [82] find independently the empirical approximation
for the 2D lift coefficient:

c ~2ra+ Bryer

Where Thwaites finds By, = 0.636, Nielsen By, = 0.72784, and Greenhalgh et al By, = 0.70, and €y, is
the sail excess length ef, = (I — ly)/c. [117].

2.3.2 Nonlinear Flow Trends

There are two main nonlinear flow regimes relevant to membrane wings. The first of these hysteresis
regimes occurs when the lift force is low, near C, =~ 0. The other is a strong fluid-structure interaction
as a result of vortex shedding after flow separation.

Low-Lift Hysteresis

When the lift on a membrane wing is low, small variations in aerodynamic lift due to small inflow
variations can change the direction in which the wing billows. This hysteresis becomes more extreme when
the membrane pretension is low and the flow velocity is high, and is not a flow-separation phenomenon
[24].

5As a note, the sail literature frequently makes a reference to a ”design” or ”optimum” incidence. This ”design” or
?optimum” incidence is the angle of attack, which in combination with a given tension coefficient (H = %), allows the
Kutta condition to be satisfied at both the leading and trailing edges [140] [176]. In the remainder of this work, any further
usage of the word ”optimum” or its derivatives - such as ”optimize” refers to its standard definition as a value which
maximizes some desired quality or minimizes some undesired quality.
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Figure 2.8: The effects of adaptive washout, as demonstrated by a batten-reinforced wing, and adaptive
camber as demonstrated by a perimeter-reinforced wing. Reproduced from Albertani et al [12].

From sailing, this low-lift, bistable-instability [151] is called ’luffing.” For analytical solutions of the
critical membrane-tension below which luffing may occur in yacht-sails, the reader is referred to Nielsen
[141], Newman & Low [139], and Newman [138].

As a note, there is debate whether prominent, very-thick (in comparison to membrane thickness) leading
edges on 3D membrane wings can prevent the membrane wing from experiencing luffing at angles of
attack near the zero-lift angle of attack ayg, as suggested by the sailwing windmill research group of
Princeton University [125], but refuted by Waldman & Breuer [190]. Analysis of crashes during AWE
test flights suggests that Waldman & Breuer have the correct impression.

In practical kite flight, this low-lift oscillation can cause an unrecoverable one-way deformation: near
aro a shift in inflow direction causes the canopy billow to reverse directions, and the lift vector to invert.
When the wind is strong, the inverted lift can be enough to overcome the tension in the kite and buckle
the LEI tube, leading to the destruction of the kite’s steering ability, and an almost-certain crash. That
is, when the low-lift oscillation is large enough in magnitude, it can lead to kite collapse. Consequently,
the low angles of attack associated with the low-lift hysteresis regime are strongly avoided during kite
operation.

Given that this motion pattern is not within the normal-operating conditions of the kite-power system,
it is assumed that the ability to model luffing is not of primary importance in the selection of modelling
method.
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Flow Separation

The primary source of discrepancies between experimental and modelled flow over membrane wings is
separation [139] [166], and as an LEI kite flies to high angles of attack during power-production operation
and has a large wind-shadow region behind the LEI tube, it certainly experiences separation.

Conceptually speaking, there are three possible separated-flow recirculation regions that may come into
play on an LEI kite. Following the abbreviations (shown in Figure 2.9) used by Newman & Low [139]
who performed a study on the separation - and reattachment - of flow on 2D, impermeable and slack
sails being held by various supports, we can use a set of abbreviations to describe certain recirculation
regions:

1. a pressure-side leading-edge separation bubble, analogous to the wind-shadow region behind the
LEI tube;

2. a suction-side trailing-edge separation region, as seen on any airfoil at high incidence; and
3. a suction-side leading-edge separation, as seen on sharp leading-edged surfaces like flat-plates.

The specific findings of Newman & Low are reproduced in Figure 2.10. If we generalize the specific
trends® that they found, we see that:

e As the angle of attack increases, the wind-shadow region of a kite shrinks, corresponding to the
shrinking of the separation bubble (1).

e As the angle of attack increases, the trailing edge separation location (2) moves forward.

e The suction-side leading-edge separation bubble (3) primarily occurs at moderate angles of attack,
before which there is no leading-edge separtion, and after which the bubble has popped to join (2).

That is, we can expect that the canopy separation and reattachment behavior follows the same general
trends as we would expect on a thin airfoil, with the addition of the separation bubble after the LEI
tube.

Deaves [51], who performed a steady RANS analysis of a rigid LEI kite with smoothed profiles, finds
that suction-surface separation begins at the tips at around 16 degrees angle-of-attack; then appears
on a strip on the quarter- and three-quarter span locations of the kite; moves to the root; and returns
again to the quarter- and three-quarter span locations. There does not appear to be a consistent way to
predict the separated locations on the kite suction-surface, and the separation line is discontinuous.

Deaves also presents some results for separation on the pressure-surface. Unsurprisingly, at the angles of
attack within normal operating conditions, there is always pressure-surface separation. Unfortunately for
the development of this thesis-work’s method, the location of the separation line is difficult to determine
from his reported values and appears to lay on the portion of the kite where his study’s profile smoothing
is in effect.

6as the wire at the trailing edge of the kite is intended to decrease the canopy slackness, and two-dimensionality does
not represent the LEI kite’s low aspect ratio and highly non-planar nature particularly well.

(a) A schematic of flow separation regions over an LEI  (b) The defining dimensions of the
kite - from Anderson et al [14], with region A compara- three types of separation, as re-
ble to the Newman & Low [139] region S, and region produced from Newman & Low
B comparable to the Newman & Low region Ss. [139].

Figure 2.9: Separation sketches over LEI membrane-wing kites and 2D sails.
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Figure 2.10: Positions of separation and reattachment for a 2D membrane wing - where the value - is
indicated with a flap pointing down, the value % is indicated with a flap pointing diagonally upwards,
the value 2* is indicated with a flap pointing up. e indicates the degree of slack on the wing, and the
four graphs represent different support shapes. (a) with wedge shaped supports, for R, = 1.2 - 10° and
€ = 0.017; (b) with thin (open symbols) vs. thick supports (solid symbols), for R, = 1.2 - 10° and
€ = 0.03; (c) with R, = 1.2 - 10°(uncrossed symbols) vs. R, = 7-10%*(crossed symbols), for ¢ = 0.05; and
(d) € = 0.10, as found by Newman & Low [139].
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The separation lines found by Deaves for various angles of attack on the suction- and pressure-surfaces
can be found in Figure 2.11.

Consequently, whatever model is developed must be applicable under separated flow conditions.

Vortex Shedding Hysteresis

Flow separation results in oscillatory vortex shedding. When the membrane’s natural frequency and the
vortex shedding frequency are close, the pressure jump on the membrane surface caused by the nascent
vortex forces the deformation of the membrane [168] [132]. Oscillatory vortex shedding produces an
oscillatory aerodynamic force, which causes an oscillatory adaptive camber. Consequently, the character
of membrane-wing oscillations depends primarily on the vortex shedding off the membrane - which is
determined by the location and size of the flow separation region [149].

It is generally found that a flow-excited membrane will vibrate as a sum of standing wave modes [168] [79]
[151] [15] [177], though there is a disagreement over the point where the standing wave frequencies shift
from periodic harmonic frequencies to a chaotic spectrum of frequencies. Gordnier [79] computes that 2D
membrane oscillation in laminar flow will become more chaotic as flow Reynolds number increases; Alben
& Shelley [10] model the oscillation frequencies will become more chaotic as By, .-/ (pairU%c®) increases,
where B, , is the rigidity of the membrane. Analysis of flight videos suggests that the oscillation of the
LEI-kite’s trailing edge flutter deformation is periodic - or sufficiently periodic that the chaotic behavior
cannot be seen visually.

Where the deformation is periodic, the dominant mode is expected to provide approximately 90 percent
(See Figure 2.12) of the canopy deformation [190]. The remaining canopy deformation is caused by the
higher harmonic standing wave modes; Rojratsirikul et al [152] suggest that the effect of the first six -
for small membrane wings - overlapping harmonics is sufficiently great that any further harmonics do
not have any practical effect.

That is, we predict the higher deformation mode harmonics - which would be expected to be the high
frequency deformations - have both a small amplitude and are present only in the small region of the
canopy near the trailing edge. We might, therefore, assume that the influence of the high frequency
deformations would be fairly small on the pressures experienced by the kite.

As a result, we assume that we can neglect the influence of these higher mode deformations. That is, we
assume that the errors introduced by neglecting the higher harmonics of a dominant deformation mode
are on the same order or smaller than the errors introduced by the other sources of modelling error,
particularly for a fast aerodynamic modelling method.

The next question, concerning the requirements of the aerodynamic model, is what sort of dominant
deformation mode are we expecting the LEI kite to experience?

It has been suggested [81] that the only factors which the dominant periodic deformation frequency and
amplitude of a membrane wing are the free-stream dynamic pressure, the angle of attack, the tension in
the membrane, and - to a much smaller extent - the membrane twist.

We know that this dominant perdiodic deformation mode increases with flow Reynolds number. This
increase is not a smooth increase, but discontinuous: the dominant membrane oscillation mode is ex-
pected to jump mode harmonics in a discrete stepping process. This is represented in Figure 2.13. Song
et al [168] propose that this frequency jumping occurs because the vortex shedding frequency increases -
possibly as vortex shedding Strouhal number increases with Reynolds number due to varying separation
locations, asymptotically approaching the structure-specific constant value at high Reynolds number [49]
- triggering resonance with the closest harmonic of the membrane natural frequency. The amplitude of
the deformation does not tend to depend on the flow velocity [151].

Further, Rojratsirikul et al [152] suggest that a pre-tensioned membrane deformation will deform at
lower mode numbers than a slack membrane.
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Figure 2.12: Time-averaged and instantaneous membrane deformation at mid-half-span for o = 10deg
and Uy, = 10m/s, dominated by the primary standing wave mode [190].
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Figure 2.13: Membrane oscillation mode jumping to harmonics of the membrane natural frequency, as
measured by Rojratsirikul et al [151] for low Reynolds number membrane wing flow (5.31-10* < R, <
1.06 - 109).

Increasing the angle of attack is expected to decrease the dominant deformation mode number, as well as
increase the amplitude of the deformation oscillations. [151] This can be seen from one of the Rojratsirikul
et al deformation studies, as reproduced in Figure 2.14.

Given that the LEI kite membrane sections are tensioned by the LEI-tube, the inflated struts, and - to
a lesser extent - the wire at the trailing edge, we can expect that the canopy sections that are not near
the trailing edge will deform with a low mode number.

This dominant mode number may not be one due to the moderate Reynolds numbers over the large
range of angles of attack, but we would still expect the dominant mode number to be on the order of
one. The parabolic or catenary deformation assumptions - where the dominant membrane deformation
mode is the second mode - are particularly well represented in the membrane-flow aeroelasticity research
[190] [202] [190] [168].
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