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Abstract

Wind energy has benefited from a rising interest in the development of new and innovative solutions for
harvesting wind power. Some projects have focused on harvesting wind from higher altitudes — the
high-altitude wind energy systems. This thesis follows the design and development of a new wind
turbine concept, which consists of applying the concept of a vertical axis wind turbine to an airborne
module, based on the Magnus effect, already developed by Omnidea. This work will assess the viability
of such a project. To start, a few concept ideas were compared in a concept screening process. Having
the main design chosen, core parameters and values were analysed and chosen in order to maximize
the efficiency. The next step was to design the mechanical components needed for the structure and
define materials, attending to the importance of minimizing weight. For the system to float, the total
weight of the structure and every part attached to the balloon could not weigh more than the buoyancy
offered by the balloon — approximately 250 kg. After a design update, brought by the results of the finite
element analyses, the total weight of the system rounded up to 264 kg. This could be addressed by
creating a new module with higher length; or adding a smaller balloon to the existing one that could

provide extra buoyancy.
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1. Introduction mounted on the cylinder, is powered from a

This study centres around the evolution and
performance assessment of the existing
prototype of a High-Altitude Wind Energy
(HAWE) system developed by Omnidea, a
Portuguese company which develops research
in aerospace technology and energy systems.
The current prototype is comprised of a lighter-
than-air airborne module — a balloon filled with
helium — with a cylindrical shape (currently with
3.8m in diameter and 18 m in length) which
reaches high altitudes (> 500m) by means of

the Magnus Effect [1]. A small electric motor,

ground station and transmits rotation to the
balloon, creating the necessary flow which, in
addition to the incident wind, generates the
necessary lift for the module to take flight. The
ground station is equipped with a control
system and a motor/generator to which the
captured wind power is transferred. A tether

cable is used to connect the two.

Presently, this HAWE system can serve as an
observation or surveillance platform that can
carry payloads. It can be used for terrain

observation and/or mapping or for



telecommunications, as a signal receiver or
extender. Another purpose, which is in focus
here, is its capability to produce energy. The
power production is performed by the
ascending (production phase) and descending
(recovery phase) movements of the module.
When the operating altitude is reached,
between these two phases, the rotation is
ceased, the aerodynamic lift reaches zero and
the energy needed for recovery is reduced.
When the original position is reached the

rotation is restarted and a new cycle begins.
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Figure 1 Schematic view of the concept based on the
Magnus effect [2]

This process produces power in a
discontinuous cycle, through a production and
recovery phase, where there is no energy
generation, only consumption (though in a
small amount). For the cycle to be effective
there must be a surplus of energy left after the

recovery phase.

The new project aims to change the way the
platform produces power. The airborne module
would integrate a turbine structure, based on
vertical axis wind turbines (VAWT), and the
generator would move from the ground to the
platform, thus allowing it to stay afloat for longer
periods of time and to produce energy while it
is at a fixed operating height instead of having

to cyclically keep ascending and descending.

Through a concept development process, the
specific VAWT system believed to be the best
fit for the project at hand, was the H-Darrieus
rotor model. This lift-type turbine is
characterized by its straight vertical blades
attached to the shaft through supporting arms.
This concept will be applied to the existing
airborne system, in a horizontal position, with its
blades surrounding the balloon, with R, > R,
in opposition to the having the blades at the side

of the balloon with R, = R,,.

2. Wind power overview

Among the different renewable resources —
solar, wind, hydro, biomass, etc. — wind energy,
a practically endless source of energy, is found
to be a cheaper alternative with a vast potential
[3]. Nevertheless, even though vast, its
distribution is not geographically uniform, and
its availability  is intermittent, both
geographically and temporally. Still, significant
progress has been made in the field of wind
turbines and it has been found that altitude can
be a determinant factor in wind availability. In
higher altitude regions this influence is smaller,
the wind becomes stronger and more
consistent, with higher magnitudes. This
introduces a new concept of high-altitude wind
energy systems, working at heights of around
600 m, while typical terrestrial turbines work at

120 m [4].

Wind turbines can be of one of two categories
according to their axis of rotation: horizontal
axis wind turbines (HAWT) or vertical axis wind
turbines (VAWT). The latter have been found
apt for generating electricity in conditions where
HAWT’s fail, for instance high wind speeds and
turbulent wind flows. Due to their configuration

VAWT’s produce less noise, can harvest wind



from any direction and require no yaw system,
which results in fewer power losses. On the
downside, cyclic stresses can cause fatigue
problems, they’re often non-self-starting and

have a larger blade area [3].

The maximum available power, for any kind of

turbine is given by

1
Popair = EpooAVog 1)

Where p,, is the undisturbed air density, 4 is the
area of the surface through which the wind
passes and V,, is the undisturbed wind velocity.
The efficiency of a wind turbine is characterized

by the power coefficient

Protor

Cp = (2

Payair
With P,,., being the power generated by the
turbine. The power coefficient is also related to
the ratio between blade tip speed and wind
speed, the Tip Speed Ratio (TSR)
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Where w is the rotational speed of the turbine

TSR ®3)

and Ry, is the radius of the blade tip, which in

case of a VAWT equals the radius of the turbine

Rtur-

Some researchers like Kirke [5] defined a range
of design TSR instead of a single point.
Specifically, a range where the power
coefficient remains higher than 70% of Cp(max)
— Figure 2. This design range will serve as a
reference for defining the main parameters of

the turbine.

The rotational movement of the blades can be
translated to a speed V,, tangential to the

revolving motion,

Vy = @ Ryyyr 4)
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Figure 2 Estimated performance of various wind
turbine designs as a function of blade tip speed ratio.
Adapted from [6]

This means the air motion relative to the blade
will be —V,. This movement combined with a
certain V,, results in each blade being subject to
a relative velocity V... This velocity vector
changes magnitude and direction according to

the blade’s position 6, as in Figure 3.

........

Figure 3 Definition of the force and velocity vectors.
Adapted from [7]

From the tangential and normal components of

Vyrer, ONE gets

Vret = Vior/ (TSR + cos 0)2 +sin2 6 (5)

The angle of attack, «, is a function of the input
B, the blade incidence angle, and the blade’s

local angle of inflow y. From Figure 3,

- sin 8 ) 6
y =tan (TSR + cos @ ©)
a=y—p (7)



This indicates that the angle of attack is not only
a function of the blade’s position 6 but also of

the tip speed ratio.

The net aerodynamic force on a single blade
can be decomposed in two aerodynamic forces,
lift F; and drag Fp, perpendicular and tangential
to the direction of the relative velocity,
respectively. These are defined through the lift
and drag coefficients, €, and Cp, which depend
on the Reynolds number, the angle of attack

and the blade profile.

1
F, = Epoo AerzelCL (8)

1
Fp = Epoo AerZelCD 9)

A, = c. Ly is the blade area, with ¢ being the

chord of the blade and L, its length.

The net force F can also be decomposed in two
other forces in the radial referential: Fy, the
normal force, representing the structural loads
on the blades, and F;, the tangential force,
represents the torque from the rotor [8]. These
vectors can be expressed as a function of the
aerodynamic forces and the local angle of

inflow
Fy = F, siny — Fpcosy (10)
Fy = F;cosy + Fp siny (11)
Torque and power can be expressed as
T = FrRpyr (12)
P=Tw (13)

The average power for N, number of blades, as
a function of the position 6, can then be
computed as

NbRturw
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3. Conceptual Design and Parameters

The turbine will have fixed-pitch blades, which
allow for a simpler, less expensive and more
robust construction, and a variable speed rotor
(the rotational speed is adjusted for an optimum
point of operation considering the current wind
speed). All its main conceptual parameters are
defined in order to maximize the turbine’s

efficiency and lifting power.

A Weibull distribution was used to estimate the
probability distribution of wind speeds at the site
of functioning. The project team from Omnidea
verified that the most frequent wind speed on
the site of operation was 10 m/s and the cut-in
and cut-out speeds were set to 4 and 20 m/s,

respectively.

3.1. Diameter and rotational speed
The tip speed ratio for a turbine as already been
defined in equation (3). For simple spinning
cylinders aratio can be defined in the same way
by substituting the radius of the turbine for the
radius of said cylinder, designated spinning
ratio. Sedaghat [9] developed a correlation for
the lift to drag ratio, C,/Cp, of rotating circular
cylinders as a function of spinning ratio. The
graph in Figure 4 shows this correlation and
shows how C; and C, progress with spinning

ratio individually.

The region with higher lift is in the region of
greater spinning ratio; however, this is not the
region with best performance, since it also
means higher values of drag which can be
unfavorable. Ergo, the optimum spinning ratio
is a compromise between the two factors —
higher lift and lower rotational speed. The value
of optimum spinning ratio is estimated to be at

the peak of the curve, where X =~ 2.
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Figure 4 (a) Lift to drag ratio as a function of
spinning ratio; (b) Lift and drag coefficients as a
function of spinning ratio. [9]

From Figure 2, for a typical Darrieus VAWT, the
maximum value for the power coefficient is
found for TSR = 4.2. Therefore, for the same
freestream wind speed, V,, knowing the
diameter of the balloon and considering that
both the balloon and the turbine will have the
same angular velocity w, it is possible to relate
the two ratios and find the ideal turbine radius:
Dyr = 7.7 m. Knowing this, the rotational speed
can be found for any wind velocity. The most
pertinent cases are listed in Table 1.

Table 1 Rotational speeds for the rated and cut-out
velocities

V [m/s] w [rpm]
Rated 10 104
Cut-out 20 124

3.2. Blade number
A balance between the turbine’s aerodynamic
efficiency and the blade’s stiffness must be
considered for determining the number of
blades. Two- and three- bladed rotors are the
typical choice due to their higher efficiencies

[10] but there is a crucial difference between
them: the net aerodynamic force acting on
three-bladed rotors is steadier and less prone
to sudden variation due to the position of the
blades unlike two-bladed rotors.

3.3. Solidity and blade chord
Solidity is the measure of percentage of solid
area in a circle traced by the rotor
_ Nyc

Rtur

Based on previous work [11] it is found that

o (15)

solidities between 0.3 < o < 0.4 lead to higher
power coefficients. Allying a higher design
range of TSR and a high Cp(mqax) With the fact
that higher solidity will mean more weight, the
value of solidity chosen for this turbine will be
o = 0.3. From equation (15), the optimum blade

chordis ¢ =~ 0.39 m.

3.4. Blade incidence angle
The blade’s incidence angle g is a very
important factor for performance enhancement
since it relates to the angle of attack of the blade
which can lead to an increase the lift, an
important factor for the ability of flight of the
balloon. From [10] it is possible to conclude that
B = —4° (out-offset) shows the highest value of
Cpmax) @nd the higher range of design TSR,

making it a good choice for the turbine.

3.5. Blade profile
Only symmetrical profiles were considered as
they do not need to readjust to wind direction
since they produce aerodynamic lift from both
sides of the aerofoil through a complete
revolution of the rotor and have higher power
output [11]. In particular, only NACAOOXX
profiles were considered. From [10], profiles
with relative thickness of 15% and 18% have

the highest lift-drag ratio indicating these as



preferred profiles. Larger thickness means
higher blade stiffness and improves both the
blade’s ability to self-start and its power
coefficient; it also means potentially more
weight and a drag penalty. Nevertheless, the
NACAO0018 profile seems to be an appropriate
choice for the turbine design.

3.6. Rated power and rotor length
One request from Omnidea was that the turbine
should have a rated power between 10 and 20
kW. Since the balloon is 18 meters long, that
should be the maximum permissible length for
the turbine’s blades. Wind is a variable source
so, it is best to design the turbine for the most
frequent wind velocity. Substituting equation (1)
in (2) and defining the swept area A as L, Dy,
the length can be calculated for any given wind

speed

Zprated

Ly=—""+
b CPpothurV:zf

(16)

4. Mechanical design

4.1. Materials
Balloon net and guy wires - To provide stiffness
and prevent the balloon from bending due to the
ground tether cable force, Omnidea covered
the balloon with a net made of high-modulus
polyethylene (HMPE) rope — commercially,
Dyneema — which will also be used for the guy

wires.

Blades and support arms — the chosen material
should combine the required structural
properties to resist fatigue and centrifugal
forces due to rotation, with low cost, low weight
and the ability to be shaped into the selected
aerofoil. Composite materials are considered
the most appropriate since they show more

favourable strength-to-weight ratios when

compared to other materials. The manufacture
of the blades will be handled by one of
Omnidea’s partners, UAVision. Glass fibre,
carbon fibre and Kevlar are three suitable
choices for the composites’ matrix; carbon fibre
shows the best compromise between cost and
mechanical properties adequate for the use

case at hand.

A widely used lay-up is the quasi-isotropic
laminate since, as the name indicates, it
displays a behaviour close to isotropic. This is
considered to be a reasonable solution for both
the turbine blades and the support arms. A
typical quasi-isotropic lay-up is the symmetric
[0/+45/90],, which has a minimum of eight

layers.

Inserts — these parts are needed to attach the
blades and support arms to each other and the
support arms to the balloon. Metals are the
most suitable material for the inserts due to their
more uncommon and complex shapes,
specifically aluminium alloys, which display
favourable strength-to-weight ratios specifically
of the 6000 and 7000 series, which are used by
Omnidea (6063-T6 and 7075-T6, respectively).
They can be bonded to the composite parts

using specific adhesives.

4.2. Support arms design
The chosen cross-section of the arms was a
non-lifting aerofoil profile designed by Eppler
[12] for these kind of struts — the E864. The
arms were placed at the ends of the blades, in
order to minimize parasitic drag, despite the
higher deflection when compared to overhang
or cantilever supports. Since the balloon is not
a rigid structure, placing a single arm as a
support could lead the arms to force the balloon
and rupture it. Therefore, arranging the arms in

a triangle circumscribed about the balloon



(Figure 5) prevents the rupture by eliminating
the forces in the radial direction and placing
them only on the outer net, tangential to the

balloon.

Guy wires are added to increase the stiffness of
the structure, securing the sides of the blades

to the rope that is casing the balloon.
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Figure 5 Configuration of the support arms

4.3. Generator and Drivetrain
The chosen generator must produce the
necessary power mentioned in 3.6. If the
generator is directly connected to the turbine
there is no need for a gearbox which means
fewer mechanical losses. However, lower
speed generators, used for direct-drive, are
heavier than their higher speed counterparts
and so they are not viable for this project.
Therefore, a generator with higher rotational
speed must be chosen and, consequently, a
drivetrain must be designed. From Alxion’s
website [13] the 300STK3M model was
considered a suitable option, producing 12 kW

at a rated speed of 800 rpm.

4.4, Buoyancy and weight
The weight of the structure will influence how
high the system can float before it needs to
rotate in order to fly higher. This is given by the
buoyancy of the balloon: it will float at a certain
height, when the buoyant force is equal to
weight of the structure. The volume of the

balloon is equivalent to 250.84 kg of air.

Table 2 Listing of weight of the structure's parts

Parts Weight [kg]
Helium volume 34.07
Balloon net and skin 70
Transmission assembly 19.45
Generator assembly 27.62
Blade and support arms inserts 4.85
Blades 42.66
Support arms 26.16
Other parts 21.75
Total 246.56

Knowing the cable has a weight of 0.35 kg/m,
this means the balloon can reach a floatation
ceiling of about 12m untl reaching the

maximum allowed floatability.

4.5. Acting Loads
The loads acting on a blade, considered in this
paper, are illustrated in Figure 7. They can be
distributed along its length by dividing them by
L.

Aerodynamic loads — it is known these are
dependent on the environment conditions,
which vary with time. As so, more than one load
case should be considered when designing a
turbine:
e Load Case A - normal operating
conditions (V,qteq);
e Load Case B — maximum operating
conditions (Ve —out)-
In the particular case of this turbine, if it reaches
the maximum operating conditions it will be
stopped and brought down for safe keeping;
this way, load case B will lead the structural
design of the turbine while load case A will only
be monitored. In every case the loads are

calculated as illustrated in Figure 6.

Centrifugal loads — these are directed outward,

in a rotating reference frame. For a blade of



mass m subject to a rotation w this force is

given by

F, = mRy, w? a7)
Gravitational Loads — are based on Newton’s

second law of motion

W =mg (18)

Vye1(8), Re(8),

0015
CL(6),Cp(8)

F,(8).Fp(8).

Fr(6), Fy(8)

Figure 6 Load calculation flowchart

Figure 7 Total forces acting on a blade

For the support arms, only the maximum load
case was considered, as their cross-section is
not always in the same plane as the direction of
the wind and only a computational fluids
dynamic study would provide the necessary
information on the actual variation of the
aerodynamic forces and the influence of each
arm on the others. The loads were calculated

using a process similar to the blades.

4.6. Safety factors
The method of the partial safety factors as

stated in [14] contemplates the uncertainties

and variability in loads and materials, the
uncertainties in analysis’ methods and the
importance of structural components with
regard to the consequences of failure. For this,
two partial safety factors are defined: for loads
yr; for materials y,,. The strategy is to turn the
characteristic values of the forces, F, into
design values, F,;, with which the stresses are
calculated, S(F;). These are then compared to
the design strength, computed from its

characteristic value.

Fqg =vrEy (19)

Ry = 2 (20)
Ym

S(F,) <R, (21)

5. Finite Element Analysis

SolidWorks was used to model the turbine
which was then imported to Siemens NX in
order to perform the pre-processing of the
model by simplifying, de-featuring and
preparing the geometry for analysis in NX
Nastran. Itis also employed in the post-process

and analysis of the computed results.

For the composite materials, the failure theory
used was the maximum strain theory, where ply
failure occurs when any principal material axis
strain components exceed the corresponding

ultimate strain.

5.1. Single blade simulations
A single blade was analysed in first place, for
the situation of maximum load, so as to assess
the performance of the component and the
need for extra supports along its length. After
the first analysis, it was found that the efforts on
the blade surpassed the design strength by,
approximately, 190%. For this reason, a few

design options were simulated in order to find



Table 3 Results of the iterations simulations

# Iteration 1 2 3 4 5 6 7
Blade weight [kg] 1420 | 14.75 | 17.19 | 27.75 | 1457 | 18.73 | 14.20
Max displacement B [mm] 583 616 594 314 437 282 49

Max PFI B 1.601 | 1.738

1.701 | 0916 | 1.417 | 1.116 | 0.451

Max ply strain 11 B

0.0113 | 0.0129 | 0.0120 | 0.0069 | 0.0112 | 0.0039 | 0.0031

Max ply strain 11 A

0.0079 | 0.0082 | 0.0073 | 0.0042 | 0.0069 | 0.0023 | 0.0019

the best configuration for the blades. In these
iterations, the shear webs pattern was varied (2
and 3); the skin thickness was increased (4); a
different profile, with higher thickness was
tested (5); solidity was increased (6); and a third
support was added to the initial configuration
mid-length. The results are listed in Table 3.
This study concluded that only the configuration
from iteration 7 proved to be adequate for the
load cases considered. As such, the turbine
structure was redesigned in order to

accommodate a third set of support arms.

5.2. Support arms
The support arms were also tested in order to
reach the appropriate support arm chord length.

This happens when all three conditions of the
maximum strain theory are met. The chord
length achieved was c¢=110mm. The
evolution of maximum ply strain is detailed in
Table 3. The minimum values are
approximately symmetric, so they are not
presented here.

Table 4 Results for the different support arms’ chord
simulations

Chord
[mm]

97.5 0.00446 | 0.00237 | 0.00434
100 0.00397 | 0.00151 | 0.00359
110 0.00386 | 0.00149 | 0.00257

Max €11 Max €22 Max €12

5.3. Full structure
After analysing the blade’s behaviour and
verifying the support arms design, the full
turbine structure was be simulated. The applied
loads vary with different values of 6 in order to
simulate different orientations of the turbine

with respect to the wind flow direction

The results proved to stay within the limits of the
conditions of the maximum strain theory.
Specific areas of the blades register values
outside of the defined acceptable limits; this
happens at the blades’ extremities where the
shear webs and blade covers meet. This issue
is caused by the simplification of the model and
it can be resolved by applying a reinforcement
to the shear web, making it into an I-profile.

6. Conclusions

The purpose of Omnidea’s project was to
develop a wind turbine that could be attached
to the Magnus balloon system, in order for it to
work at high altitudes where higher wind

speeds are available and occur more often.

A concept development process was employed
S0 as to first achieve the best concept idea for
design. The main design parameters were
compared and selected with the purpose of
ensuring maximum efficiency. The mechanical
components were designed to ensure structural

integrity and to be as lightweight as possible.



This was the main difficulty in the project since
the balloon only has so much buoyancy and the

structure, besides lightweight, must be robust.

The balloon, besides providing the system with
floatability, also has a role in providing lift. The
Magnus effect will most likely be disturbed by
the presence of the turbine, which is probably
the main source of lift during rotation, but only a
computational fluid dynamics study could
provide more insight into that issue. This kind of
study could also provide more accurate
information on the amount of power the
designed structure can produce which may
affect the design of the blades and even the

support arms of the turbine.

After the first structural finite element analyses,
the rotor suffered some design changes which
greatly affected the total weight of the structure,
rounding it up to 264 kg. This could be
addressed by creating a new module with
higher length; or adding a smaller balloon to the

existing one that could provide extra buoyancy.

-

Figure 8 Render of the final design
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