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Investigation of the Power Generation by Small-Scale Wind Turbines
How a Vortex aledts Power Generation

TILL RUNE GEBEL

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

The area of wind turbines is the subject of many contemporary researches given
the importance of the field for electricity production. The purpose of this research
project is to use additive manufacturing techniques to 3-D print several resin based
wind turbine profiles, and test them for electricity production in the McCoy School
of Engineering closed loop wind tunnel at the Midwestern State University. Dif-
ferent prototypes of wind turbines will be designed, printed, and tested for their
performance and power production using a small scale electric generator. Dilert
ent obstacle designs will be tested to e Lciehtly channel the air flow toward the
blades of the wind turbine. This coupling between obstacles and wind turbines is
designed to increase the e [ciehcy and the power production of the wind turbine.
Inside the wind tunnel, the blades of the wind turbine will be subjected to di [erent
wind speeds. Their optimal performance will be experimentally determined using
LabVIEW software. This research puts an emphasis on vertical axis wind turbines
for the purpose to shift the placement of the gearbox and the generator from high
horizontal elevation configuration to a ground level configuration. This design shows
to have a significant impact on the e Lciehcy, dimension, cost, and maintenance of
the wind turbine themselves. This vertical configuration opens the possibility to
equip future wind turbines with a high powered generator. Equipment and supplies
for this research requires the purchase of miniature generators, resin for 3D printing
of the blades, and electrical measurement devices. A LabVIEW program will be
created to monitor continuously the output power of the wind turbine as well as the
voltage and current output at diLerent wind speeds and resistance loads. Further-
more, the flow field around the turbine blades, will be investigated using a Particle
Image Velocimetry (PIV) system. The PIV system will be essentially used to check
the system design and optimize the flow channeled toward the wind turbine blades.
Using the powerful fluid dynamic sofware ANSY'S, a simulation will be run to obtain
a velocity flow field around the obstacle.

Keywords: wind turbine, vertical wind turbine, 3-D printing, PIV, CFD, vortex.
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Introduction

1.1 Background

The engineering and design of windmills goes back as far as 3000 years. That makes
them extremely old. Stone windmills have been discovered near Alexandria in Egypt
eventhough there is no prove that Egyptians, Phoenicians, Greeks, or Romans really
knew how windmills function or what to do with them [2]. Historians mention the
year 644 A.D. as the year where the rst evidence of windmills originated in the
region of Seistan which is on the Persian-Afghan border. A sketch and description
from the year 945 show vertical windmills used to mill grain. Those can still be
found in today's Afghanistan [2]. The same style of windmill were used in China
to drain rice elds. It is not known if the Chinese used those before the Persians
[2]. The windmills that are widely known through this world are, in contrast to the
ones mentioned above, windmills with a horizontal axis of rotation. Their origin
comes most likely from Europe, where sources mention a windmill in the Duches of
Normandy in the year 1180 and in the province of Brabant in 1119 [2]. Quickly,
windmills spread all over to Europe and developed into the fom that is now widely
known[2]. The need of electricity started in New York (1882) and Berlin (1884)
where the rst power plants where built [3]. The demand for electricity was rising
rapidly and therefore new inventions and innovations had to be tried. But the rst
tries to generate power from windmills did not happen until most large cities were
already supplied with electricity. 'Do-it-yourself enthusiasts in America’ were most
likely the rst ones to try power generation with windmills used to pump water [2].
However, the rst signi cant success in generating electricity took place in Denmark
where a pioneer named Poul La Cour built a wind turbine driving a dynamo [2].
Generally, there are two di erent vertical wind turbine designs. One, the Savonius
Wind Turbine, and second, the Darrieus Wind Turbine.

1.2 Savonius Wind Turbine

The Savonius Wind Turbine, also called the Savonius-Rotor, is commonly found on
trains or delivery vans as air ventilators. Also the cup anemometer used to measure
wind velocity, is a very common application of a Savonius Wind Turbine [2]. As
the design suggests, this type of wind turbine only spins as fast as the passing wind
passes by. The turbine is 'scooping' air [13]. A simple schematic of a Savonius Wind
Turbine or Savonius-Rotor is shown in Figure 1.1. Hau also states, that sometimes
Savonius Wind Turbines are used for small simple wind rotors for driving small
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water pumps. In this project, it is tried to design a Savonious inspired turbine that
Is suitable for electricity generation.

Figure 1.1: Schematic of Savonius-Figure 1.2:  Schematic of Darrieus-
Rotor[2] Rotor[2]

1.3 Darrieus Wind Turbine

The Darrieus Wind Turbine, or Darrieus-Rotor like Erich Hau calls it, are designed
to use aerodynamic lift. The rst design was proposed by a French Engineer called
Darrieus. Darrieus-Rotors are di cult to manufacture because of the complicated
shapes of the rotor blades [2]. A simple schematic of a Darrieus Wind Turbine is
shown in Figure 1.2 Darrieus Wind Turbines have been used for large scale energy
generation in The United States by the former American Flowing Company. They
used a rotor diameter of 19 m and created a power output of 170 KW. Unfortunately
this company does not exist anymore. A variation of the Darrieus-Rotor, the 'H-
Rotor', created a power output of 300 KW in Heidelberg until the beginnings of 1990.
This speci ¢ variation has straight blades connected to the rotor shaft instead of
curved blades. Unfortunately the costs of producing such turbines is too high to
make them lucrative and a adequate alternative to the commercially used horizontal-
axis rotors [2].

1.4 \ortices

According to the Merriam-Webster Dictionary a vortex is a mass of uid with a
whirling or circular motion that tends to form a cavity or vacuum in the center of

the circle and to draw toward this cavity or vacuum bodies subject to its action [4].
Vertices are a very powerful phenomena. A perfect example for that is a tornado.
Tornadoes can reach speeds of up to 100 mph and can be catastrophic events [5].
In the case of this thesis, the immense force of a vortex is used for good. There is
many ways of forming a vortex. It can occur naturally but also can be created. For
example, in a tornado, the vertices occur naturally. When the air ows around an
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airplane wing or a paddle gets dragged through water, those vertices get created by
humans. In this project, an obstacle is used to create vertices. Bengt Sunden shows
the ow around a smooth tube for dierent ow regimes. At a Reynolds number

of 5-15 < Re < 40 a xed pair of vertices in the wake is shown [7]. This would
be the desired outcome in this project as well. Roya and Shademani Ghadimi et.
al. state that this is also possible around a triangular cylinder [8]. They invested
the Reynolds Number range 1.4 < Re < 38.03. The rst vertices started forming
at Re=2.77 but very small. Starting at Re=20.8, the rst clearly shown symmetric
vertices appear. The following vertices are more turbulent. In Sundens study, air ow
at a higher Reynolds Number show the same result. Vortices start shedding rst
sinusoidal, then randomly. In this thesis, a vertical wind turbine is placed in the
vortex, created by air owing past an obstacle. The goal is to create an area with
very high wind speeds to make the turbines spin faster than they would spin if
the vortex would not be there and the wind would just come straight at the wind
turbine.

1.5 It's signi cance to the Automotive Sector

In Sweden, about 12% of the total electricity comes from wind turbine energy and it

is only rising [9]. In general, electri cation is an important factor in today's world and
automotive eld. Electric vehicles produce less to no harmful emissions likeO,,

N Oy, and particle matter (PM) and are also quieter than conventional combustion
engine vehicles. Less harmful emissions result in reduced health problems caused
by exhaust gases and by the automotive industry. Besides, noise pollution is and
can cause physical problems, physiological problems, sleep and behavioral disorders,
and memory and concentration losses to residents, pedestrians, drivers and so on.
Because of the pollution, caused by all kind of vehicles, cities are starting to ban
certain vehicles from certain zones in cities and electric vehicles are starting to be
a solution to the problem. Wind energy is one of the renewable energy sources and
therefore widely supported when serving additional electricity demands. With the
increase of electri ed vehicles and the resulting higher overall electricity consumption
new and innovative forms of power production are needed. Wind turbine energy is
extensively used for powering electric cars.
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Theory

The following sections describe the theory behind the used methods in this Thesis.

2.1 Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is a form of virtual prototyping. It is the
standard method to develop new products in the automotive industry and other
major industries. In chemical engineering CFD is used to model reactors, separa-
tions, and heat transfer [18]. In this thesis it is focused on ow simulation, to be
more precise the turbulent ow simulation. There is Navier-Stokes equations for
turbulent ows but unfortunately, it is not possible to solve these equations for real
engineering applications. This is because of the properties of the ow [18]. It is
possible to do a Direct Solution of the Navier-Stokes equations (DNS) for small
systems, for example at small Reynolds Numbers. Another method, the large-eddy
simulation (LES) Iters out the ne-scale turbulence and only resolves the large-
scale turbulence. It is possible to do simulations on a fast computer. However, for
some applications it can take several days or weeks to acquire good results [18]. In
addition to those two methods, Reynolds-averaged Navier-Stokes (RANS) methods
can be used. In fact, RANS methods are the most widely known and applied meth-
ods used for engineering simulations. Turbulent uctuations are time averaged and
velocity averages can be simulated. The method used here is the Realizdble .

It is part of the Two-equation models. Usually, they predict velocity and length
scales of turbulence with transport equations. They give good results for a wide
variety of engineering applications. The Realizabl& model is a modi cation

of the standardk model with improved simulations for swirling ows and ow
separation. This is exactly what is needed here. However, it is not as stable as the
standard k model [18].

2.2 Computer Aided Design

Computer Aided Design (CAD), as the the name suggests, is a design process in
which a computer software is used to design a part.lt has several bene ts over tra-
ditional sketching by hand like the visualization, detail and accuracy of the drawing
and part, optimization in case something went wrong during the design process, and
realization. CAD makes it easier to realize designs in the form of physical objects
with the help of new fabrication technologies [19]. CAD models can be sent directly
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to a 3D printer and get printed. Today, all engineering drawings are made in a CAD
software.

2.3 Particle Image Velocimetry

Particle Image Velocimetry (PIV) makes it possible to visualize velocity ow eld.
Small tracer particles are added to the ow and from the position of those particles
at two time instances, the uid motion is made visible [20]. The ideal tracer particles
appear when the particles follow the exact motion of the uid, do not alter the ow
or the uid properties, and do not interact with each other [20]. The velocity of the
particles is measured from their displacemer®d (X ;t%t% in a nite time interval

— +00 0
t=t% tO Z 0

D(X;t%t% = . v[X (t);t]dt; (2.1)

wherev[X (t)] is the velocity of the tracer particle [20]. In an ideal case, the particles
velocity v is equal to the velocity of the ow velocity u(X;t). Since the concept of
ideal tracers can only be approximatedD cannot exactly representu. However, it
can also be approximated.

IiD u i< (2.2)
where is a small nite error. When injecting particles with a high pressure into the
ow, the seeding concentration rises with pressure. When the seeding concentration
Is high, it is not possible to identify matching particle pairs clearly. Consequently
the tracer particles are usually described as a pattern. This pattern is given as,

X
G(X;t) = X Xi(t)] (2.3)
n=1
N represents the total number of particles in the ow system, (X) is the Dirac
function , and X;(t) is the position vector of the particle with indexi at time
t [20]. For a good visualization, it is important to seed the ow as homogeneous
as possible. In planar domain PIV, a cross section is lit up with a thin light sheet,
usually with a laser. Pictures are taken of the re ecting particles. It is assumed,
thickness of the lit up sheet Z, only changes in the z-direction. Another assumption
Is that all particles are in focus. This is granted when Z; is less than the particles
focal depth [20]. The visualization of the tracer pattern can be described as a
projection of the tracer pattern on the planar domain. The following equation
describes this mathematically.
Z
oy)= o 1Z)GX Y:Z) dZ; (2.4
z
wherex = MX ,y = MY, 1,(Z) is the light-sheet intensity pro le with a maximum
Iz, and M is the image magni cation. How well the velocity vectors are represented
directly depends on the concentration of the tracer particles within the laser sheet.
The density can be de ned as:

Ng=C ZoM szf; (2.5)
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where C is the number of density of seeding. Whemlg << 1 the a low source
density exists and the average distance between patrticles is signi cantly larger than
the particle-image diameter. A high source densitis >> 1, particle images overlap
[20].

2.4 \ertical Wind Turbines

Vertical Axis Wind Turbines (VAWT) are very bene cial in its application for the
power generation. They have a simple structure and assembly compared to Horizon-
tal Axis Wind Turbines (HAWT). Because of the vertical orientation, the electric
generator and possible gear system can be placed on the ground. It makes them
easier accessible for maintenance purposes. HAWT have to face the direction of
the wind to function properly. A deviation of a small degrees can cause signi cant
changes in the power production. On the other hand, VAWT do not have to face the
direction of the wind. No matter what direction they face, the produced power stays
the same if the wind speed is consistent [16]. However, VAWT have signi cantly
lower e ciency and higher material demand. This is part of the reason why HAWT
are more used. In fact, almost all wind power plants consist of HAWT [16]. The Tip
Speed Ratio (TSR) is one of the most important parameters when designing VAWT
and HAWT. The TSR is the ratio of circumferential speedu) in RPS and the real

wind speed(vy) in m/s. J
= Yoy (2.6)
[16] [17] The circumferential speed is the speed of the turbine blades. From the TSR

the apparent wind speed can be calculated.

Vp = V\Np 1+ 2 (27)
The optimum TSR for the maximum power production is given as:
= —; (2.8)

where

n =# of blades:
In general the following TSRs in Table 2.1 are optimum for the maximum power
output.

Table 2.1: Optimum TSR for Maximum Power Output depending on # of Blades

# of Blades | Optimum TSR
2 6
3 4-5
4 3
6 2

So if the the calculated TSR matches the TSR in Table 2.1 at a given speed, the
turbine has the highest possible power output for this con guration.
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Methods

3.1 Design Phase

To begin this project brainstorming was conducted to see what was necessary for
a good design and good experimental setup. After that a Computational Fluid
Dynamics (CFD) Analysis was done to test di erent obstacles shapes and to see the
resulting vortex positioning. Computer Aided Design (CAD) is used to design all
parts of the experimental assembly.

3.1.1 CFD Analysis

The CFD Analysis was done using ANSYS Fluent. ANSYS Fluent is a Green-Gauss
Finite Volume Method with a Cell-Centered Formulation. [10] In SpaceClaim, an
ANSYS Fluent embedded software, a model of the test section with obstacle was
designed. Three di erent obstacle shapes where considered. Figure 3.1 shows an
obstacle with sharp edges. The obstacle in Figure 3.2 has the same dimensions as
before but the edges are not sharp but round. The last obstacle shape, shown in
Figure 3.3 still has the same dimensions but has a perfect triangular shape.

Figure 3.1: Obstacle 1 Figure 3.2: Obstacle 2 Figure 3.3: Obstacle 3
Sharp Edges Round Edges Triangular Shape

To create the mesh, an element size @& 3m is used. Also in ations are added
around the edges or the obstacle and the walls because those are the areas where
the ow is most likely to change and especially in those areas, a more precise result
is needed. The outside walls are treated as walls and not as symmetry which would
make the simulation slightly easier. The computed mesh for obstacle 1 is shown in
Figure 3.4

The solver type chosen is pressure based and the time model is transient. It is
also used the absolute velocity formulation. That mean the equations are solved
in a rotating coordination system. In a non-rotating coordinate system the relative
velocity would have been used. The turbulent ow model chosen is the Realizable
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Kk with the enhanced wall treatment enabled to intensify the importance of the
obstacle impact. The inlet is de ned as a velocity inlet with a given velocity and
the outlet is a pressure outlet.

Figure 3.4: Mesh for Obstacle 1 Sharp Edges

3.1.2 Computer Aided Design

To design the obstacle, wind turbines, and other parts needed and used in the
experiment, SolidWorks, a 3D CAD software, is used. During this phase multiple
designs were proposed and discussed.

3.1.2.1 Obstacle

The Obstacle is needed to create the above mentioned vertices. It has a height
of 30cm and is 13cm wide and therefore ts perfectly inside the wind tunnel test
section. The sides of the obstacle have a thickness of 1.27cm. The triangular shape
will form vortexes behind the obstacle. It is desired to create a low pressure area
behind the obstacle as well. This has the aspect of pulling the vertices closer to
the obstacle since the length of the test section is limited. The Figures 3.5 to 3.8
show the obstacle. Figure 3.9 is a drawing of the obstacle. At a height of 10cm
and 23cm, two slots for the attachment of the support and slider mechanism, to
which the turbines are attached, are located. The bottom part of the obstacle has a
support platform to provide additional support when attaching the obstacle to the
building platform. The isometric view of the obstacle in Figure 3.8 shows the slots,
as well as the support platform on the bottom. The slots are 2 cm high and have a
hollow area of 5mm to provide perfect tting of the supports. The back is round to
enable the supports to be able to turn.

10
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Figure 3.5: Obstacle Top View Figure 3.6: Obstacle Side View

Figure 3.7: Obstacle Back View Figure 3.8: Obstacle Isometric View
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Figure 3.9: Obstacle Drawing

3.1.2.2 Supports

The supports tinto the perfectly shaped slots of the obstacle. Using those supports
and the slot at the obstacle, provides the variable positioning of the turbines along
a variable radius. They have a length of 12.7 cm , width of 1.27 cm , and height of
0.48 cm. The hollow part of the support has a width of 0.76 cm and height of 0.25
cm. Figure 3.10. to Figure 3.13 show the support. Figure 3.14 is a drawing of the
support.

Figure 3.10: Support Top View

Figure 3.11: Support Side View
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Figure 3.12: Support Back View Figure 3.13: Support Isometric View

Figure 3.14: Support Drawing

3.1.2.3 Sliders

The sliders perfectly t in the slots and provide that the radius, along which the
turbines can be positioned, can be adjusted and be variable. In this assembly, two
di erent designs of sliders are needed. One for the top and one for the bottom.

3.1.2.3.1 Bottom Slider

Figure 3.15 to Figure 3.17 shows the bottom slider. It has a bigger area where the
turbine is attached since below the slider the electric generator inside its 'motorbox’
has to be attached as well. Its wider area provides the holes needed to attach the
generator with bolts. It was decided to make this the bottom slider because of the
natural understanding that the motor should be hanging down from the slider and
not 'sitting' on the slider and therefore pressing down on the slider and turbine.
The slider is 0.76 cm wide and has a height of 0.25 cm. As before, this ts perfectly
inside the designated tting, in this case the support. The slider has a possible
range of 10 cm.
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Figure 3.15: Bottom Slider Top View

Figure 3.16: Bottom Slider Side View

Figure 3.17: Bottom Slider Isometric View
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Figure 3.18: Bottom Slider Drawing

3.1.2.3.2 Top Slider

The top slider has the same dimensions as the bottom slider besides the part where
the turbine is attached. It is kept as small as possible to provide the least possible
disturbance to the air ow. It is the smallest possible tting for the needed bearing

to which the turbine is attached. The sliders very simple design is shown in Figure
3.19 to Figure 3.21. The drawing for the slider is shown in Figure 3.22. The small
hole on the left of the slider, seen in Figure 3.19 and Figure 3.21 is needed to connect
the slider with the support with bolts.

Figure 3.19: Top Slider Top View

Figure 3.20: Top Slider Side View
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Figure 3.21: Top Slider Isometric View

Figure 3.22: Top Slider Drawing

3.1.2.4 Turbines

After brainstorming, it was decided to progress with two di erent turbine designs.
One Savonious Inspired Vertical Conical Turbine (SIVCT) and one NACA Pro le
Vertical Turbine (NPVT). These names have only been developed after the designs
were nished and it was decided to move forward with these designs.

16
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3.1.2.4.1 Earlier Turbine Designs

Figure 3.23 and Figure 3.24 show two designs that have been proposed but also
have been disregarded later one. However, parts of those two designs have been
considered when designing more turbines.

Figure 3.23: Old Turbine Design 1 Figure 3.24: Old Turbine Design 2

3.1.2.4.2 Savonius Inspired Vertical Conical Turbine

The Savonius Inspired Vertical Conical Turbine (SIVCT) was designed with the
objection of creating a pressure drop along the prole so the air would have a
designated path to follow. Figures 3.25 to Figure 3.28 show the SIVCT. Its drawing
in Figure 3.29 shows that the total turbine height is 13 cm but only 10 cm are
covered by the two blades. In Figure 3.28 the hollow center of the turbine is seen.
This is needed to install a support throughout the turbine to reduce vibration in
the system and to make the turbine less fragile.

Figure 3.25: SIVCT Front View Figure 3.26: SIVCT Isometric View

The turbine is designed by using two symmetrical half circles at the top and two
symmetrical 3/4 circle at the bottom that are mirrored twice, once around the x-axis
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and once around the y-axis. Throughout the turbine perfectly round shaped edges
are used and llets are applied when necessary.

Figure 3.27: SIVCT Top View Figure 3.28: SIVCT Bottom View

Figure 3.29: SIVCT Drawing

3.1.2.4.3 NACA Pro le Vertical Turbine

The NACA Pro le Vertical Turbine (NPVT) was designed using a NACA 9519
airfoil. It has a maximum thickness 10.1% at 28.1% chord and a maximum chamber
of 8.8% at 50% chord. It has a total height of 13 cm, the blades cover 10 cm of
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that. The turbine has a wingspan of 8cm where one blades is 4 cm long. As shown
in Figure 3.33, the outer radius of the blade is 0.00476 cm and the inner radius
of the blade is 0.00318 cm. Unfortunately, because of limited resources, it was not
possible to to manufacture a turbine that looks closer to the Darrieus Wind Turbine.

Especially the printability was of concerns because of the complexity of the designs.

Figure 3.30: NPVT Front View Figure 3.31: NPVT Isometric View

Figure 3.32: NPVT Top View
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Figure 3.33: NPVT Drawing

3.1.2.5 Motorbox

The Motorbox provides housing for the electric generator. It has integrated cooling
holes for the case of the generator generating a large amount of heat and possible
material melting of the Motorbox. The small slot seen in Figure 3.36 is for the wires
connecting the generator to the rest of the electric circuit. The holes on the top of
the box are designed to t perfectly below the holes in the bottom slider.

Figure 3.34: Motorbox Top View Figure 3.35: Motorbox Side View
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Figure 3.36: Motorbox Isometric View

Figure 3.37: Motorbox Drawing Drawing

3.2 Manufacturing/Assembly Phase

To manufacture the obstacle, sliders, slots, and wind turbines, two di erent 3D
printers were used. First, a LulzBot TAZ Workhorse 3D Printer was used to print

21






	List of Figures
	List of Tables
	Introduction
	Background
	Savonius Wind Turbine
	Darrieus Wind Turbine
	Vortices
	It's significance to the Automotive Sector

	Theory
	Computational Fluid Dynamics
	Computer Aided Design
	Particle Image Velocimetry
	Vertical Wind Turbines

	Methods
	Design Phase
	CFD Analysis
	Computer Aided Design
	Obstacle
	Supports
	Sliders
	Bottom Slider
	Top Slider

	Turbines
	Earlier Turbine Designs
	Savonius Inspired Vertical Conical Turbine
	NACA Profile Vertical Turbine

	Motorbox


	Manufacturing/Assembly Phase
	Test Phase
	PIV Analysis
	Energy Generation Testing


	Results
	CFD Results
	PIV Results
	Visible Vortex
	Visible Vortex without Turbine over Multiple Layers
	Visible Vortex with Turbine

	Vertex Shedding
	Why are the vortices shedding?


	Energy Generation
	Energy Generation SIVCT
	Energy Generation NPVT
	Power Spectral Density
	Tip Speed Ratio


	Conclusion
	Bibliography
	Appendix A
	Additional Vortex Shedding Series 1
	Additional Vortex Shedding Series 2
	Additional Vortex Shedding Series 3
	Additional Vortex Shedding Series 4
	Additional Vortex Shedding Series 5
	Additional Vortex Shedding Series 6
	Additional Vortex Shedding Series 7
	Additional Vortex Shedding Series 8


