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ABSTRACT

VIBRATION ANALYSIS OF A GIROMILL-TYPE VERTICAL AXIS
WIND TURBINE

Vibration characteristics such as natural frequencies and mode shapes of
Giromill-type vertical-axis wind turbines (VAWTS) with different design parameters
are studied by Finite Element Method (FEM). As design parameters, length of the
blade, thickness of the blade and the support distance of the blade are considered. On
the other hand, local wind characteristics are considered for aerodynamic calculations.

The well known commercial software package, ANSYS, is used for finite
element analysis. Aerodynamic loads and centrifugal forces are taken into account in
calculating the natural frequencies.

In order to see the interactions of the parameters of the VAWT, seven models
are obtained by modification of model | which is a reference model. Vibration
characteristics of all models are found. The obtained results are presented in tabular

forms.



OZET

DUSEY EKSENLI GIROMILL TiPi RUZGAR TURBINININ TiTRESIM
ANALIZI

Giromill tipindeki Diisey Eksenli Rizgar Turbini (DERT)’nin dogal frekans ve
titresim bicimleri gibi titresim karekteristikleri, farkli tasarim parametleri kullanilarak
Sonlu Elemanlar Yontemi (SEY) ile ¢aligilmigtir. Tasarim parametreleri olarak, kanat
uzunlugu, kanat kalinlig1 ve kanatin mesnetler arasi mesafesi dikkate alinmigtir. Diger
taraftan, aecrodinamik hesaplarda bolgesel riizgar karakteristikleri gézoniine alinmistir.
Sonlu Eleman Analizi igin, en bilinen ticari program olan ANSY'S kullanilmistir. Kanat
ve diger tlrbin elemanlari, ANSYS paket programinda kiris elemanlar ile
modellenmiglerdir. Dogal frekanslarin hesaplanmasinda aerodinamik yiikler ve
merkezkac kuvvetleri dikkate alinmistir.

DERT’in belirtilen parametreler ile etkilesimini gormek igin, referans olan
Model I’in degisiklikleri ile yedi model elde edilmistir. Tiim modellerin titresim

karakteristikleri bulunmustur. Elde edilen sonuglar tablolar halinde sunulmustur.
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CHAPTER 1

GENERAL INTRODUCTION

A wind turbine is a device that converts wind energy into mechanical energy.
Depending on the usage of mechanical energy such as producing electricity or pumping
water, the device is called wind turbine or wind pump, respectively. Therefore, the
name of the device implies the system characteristics, i.e. windmill and wind charger.

Wind turbines are named considering the rotating axis of the rotor as: Horizontal
Axis Wind Turbines (HAWT) and Vertical Axis Wind Turbines (VAWT) which are
shown in Figure 1.1. In this section, only VAWT is considered. Aerodynamically,
VAWTSs can be divided into two groups: (i) Drag based VAWTSs: Savonius is shown in
Figure 1.2. and (ii) Lift based VAWTSs: Darrieus is shown in Figure 1.3.

On the other hand, differently shaped blades are used in VAWT depending on
the operating conditions. Troposkien (nearly parabolic) shape blades (see Figure 1.3) or
straight blades (see Figure 1.4) are used in the Darrieus type of VAWT. The latter one is
known as Giromill-type or H-rotor. Tower structure of the wind turbine is designed
either in the tube type or the lattice type.

L

Figure 1.1 Horizontal Axis Wind Turbines (HAWT)
and Vertical Axis Wind Turbines (VAWT)
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Figure 1.4. A Giromill-type wind turbine



VAWTSs have a number of advantages over traditional HAWTSs. They are given
by Paraschivoiu (2002) as follows:

Omnidirectional - no yaw equipment.

Have drive train at ground level: easier to operate and maintain.

Simpler design - no yaw gear. drop cables, etc.

Lower cost installation: due to reduced over turning moments and lower

tower top mass.

Have non-cantilevered blade supports.

May be quieter due to lack of blade tips and ground mounted drive train,

Unexplored technology may offer more potential for cost reductions.

On the other hand, disadvantages of the VAWTSs are listed by Paraschivoiu
(2002) as:

e Have a low rotor height which reduces rotor wind speed.

e Have lower tip-speed ratio for peak aerodynamic efficiency. Higher torque

means more expensive gearboxes.

Require more area due to the guy wires.

Aerodynamic torque ripple provides cyclic loading on drive train.

Longer blade length, about twice the length of HA WTs. Blades are major
wind turbine cost item - low cost blades are essential to VAWTS.

VAWT and HAWT systems have the same general components such as a rotor,
a tower, a gearbox, a control system and a foundation. The control system of wind
turbine contains an anemometer which continuously measures wind speed.

The range of wind speed can be divided into five groups each of which is
characterised by a characteristic wind speed (Hau 2006):

1. Cut-in wind speed: 4-5 m/s

2. Partial-load wind speed

3. Rated wind speed: 15 m/s

4. Full-load wind speed

5. Cut-out wind speed: 25 m/s
The numerical values of wind speeds given above are provided by Paraschivoiu (2002).

Although there are numerous textbooks on wind turbines, the detailed
information about the VAWT can be found in limited textbooks on wind turbine written
by Paraschivoiu (2002), Spera (2009), Manwell et al (2009), Tong (2010).



Brahimi et al (1995) presented some important findings for aerodynamic models
of VAWTSs using the streamtube models, the 3-D viscous model, the stochastic wind as
well as the numerical simulation of dynamic stall.

Islam et al (2008) attempted to compile the main aerodynamic models that have
been used for performance prediction and design of straight-bladed Darrieus-type
VAWT.

Paraschivoiu et al (2009) proposed and presented a procedure for computing the
optimal variation of the blades’ pitch angle of a 7 kW H-Darrieus wind turbine
prototype that maximizes its torque at given operational conditions.

Nila et al (2012) reported a brief study on free vibration analysis for determining
parameters such as natural frequencies and mode shapes for VAWTS by using available
finite element software.

Biadgo et al (2013) investigated the double multiple streamtube (DMST)
aerodynamic models on straight blade fixed pitch VAWT having a blade profine
designated by NACAQ012.

In this study, natural frequencies and mode shapes of rotating Giromill-type
VAWTSs with different design parameters under centrifugal and aerodynamic loads are
studied by FEM. Various length of the blade, thickness of the blade and the support
distance of the blade are considered. Local wind characteristics are considered for
aerodynamic calculations. In order to see the interactions of the parameters of the
VAWT having different design parameters, a series of analysis are performed in
ANSYS in which the blade and other member of the VAWTSs are modeled by beam
elements. The reasonable dimensions of the VAWT are determined for the desired

operating conditions.



CHAPTER 2

THEORETICAL BACKGROUND

2.1. Introduction

This chapter is presented to introduce the geometry of the giromill-type VAWT,
cross-section of the blade, to describe the problem, aerodynamics of Giromill-type
VAWT, to model the system by finite elements and to summarize the vibration analysis
of the system.

The detailed information about the VAWT can be found in the special textbook
titled as “Wind Turbine Design — With Emphasis on Darrieus Concept” and written by
Paraschivoiu (2002). The innovative nature of this book is in its comprehensive review
of state of the art in Vertical-Axis Wind Turbine (VAWT). It provides the fundamental
concepts to the readers, especially on Savonius and Giromill rotors. It is very useful for

the interested readers.
2.2. Geometry of Giromill-Type VAWT

To introduce the parameters of the Giromill-Type VAWT, Figure 2.1 is

presented. In this figure, the following parameters are shown:

1. Rotor diameter D

2. Blade length L

3. Blade support distance A

4. Chord length c

5. Graund clerance

Blades of the Giromill-Type VAWT can be modeled as a beam with two overhangs
and fixed to upper and lower connecting arms. Moreover, cables are used to provide the
stiffness for the frame system.

Number of the blade is choosen as three.
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Figure 2.1. Giromill-Type VAWT




2.3. Geometry of Blade

The NACA 4 digit wing section can be generated by the use of a set of simple

polynomial equations. The aerofoils are created by summing a thickness distribution y;

with a given mean line equation y. which are shown in Figure 2.2.

y
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Figure 2.2. Mean line and thickness of the NACA 4 digit wing section

The piecewise function of mean line is given by Abbott (1959) as,

yc=ﬂ2(2px—x2) for O<x<p
p

Ye = il (L-2p)+2px—x?) for p<x<l1

©o-p)

(2.1)

where x is a position along the chord line, m is the value of maximum camber height

(1/100™ chord) and p is the position of maximum camber height (1/10™ chord).

The thickness distribution of the aerofoil section y; is given by Abbott (1959) as,

Y, :é(0.2969\/; —0.126x—0.3516 X* +0.2843x° —0.1015x")

(2.2)

The NACA 4 digit is represented by NACA pmxx. It shoud be mentioned that

NACA 00xx designate a symmetric cross-section since p and m are related with mean

line equations. The last two digits xx provide the maximum thickness t of the airfoil in

percentage of chord c. For example NACA 0012 means that symmetric section with

tmax=0.12c.



The construction of the section is then done numerically by identifying surface points
which are the sum of camber and thickness effects. Points are normally generated using
a cosine distribution of chord x coordinates. For each x coordinate an upper (Xy,yu) and
lower surface (x;,y)) data point, shown in Figure 2.3, is generated by applying the

following equations:

X, =X_ytSin9 X =X+yt5in9
2.3)
yu = yc + yt cosd y| = yC _yt cosd

where 4 is the angle of the mean line gradient at the coordinate x location.
A leading edge radius r is applied to smooth the front data points and its function

IS given as

r=1.1019t .
1.1019t° (2.4)

9.y

Log

Figure 2.3. Upper and lower surface co-ordinates of NACA 4 digit wing section
(Source: Abbott 1959)

2.4. Description of the Problem

First problem is finding the vibration characteristics such as natural frequencies
and mode shapes of rotating Giromill-type VAWTSs with different design parameters:
type of the aerofoil for the section of the blade, thickness of the blade, chord of the
blade, diameter of the rotor, length of the blade. After finding the vibration
characteristics of the system under centrifugal and wind loads, the reasonable

dimensions of the VAWT are investigated for the desired operating conditions.



2.5. Aerodynamics of Giromill-Type VAWT

In this section, general mathematical expressions for aerodynamic analysis of
straight-bladed Darrieus-type VAWTS are presented.

In order to express the variation of local angle of attack a, the velocities shown
in Figure 2.4 are considered. The chordal velocity component V. and the normal

velocity component V,, are obtained from the following expressions:

V. =Rw+V, cosd
(2.5)
V,=V,sinéd

where V, is the axial flow velocity (i.e. induced velocity) through the rotor, w is the

rotational velocity, R is the radius of the turbine, and 6 is the azimuth angle.

Veo,Poo

A

Va

ViysPoa

Figure 2.4. Flow velocities of straight-bladed Darrieus-type VAWT
(Source: Islam et al 2008)



The angle of attack « can be expressed as

a=tan*(V,/V,) (2.6)

Substituting V,, and V. into Equation 2.6 and non-dimensionalizing, « can be written as,

a=tan™ sin 6 (2.7)
(Ro/V,)IV,IV,)+cosé

where V., is the freestream wind velocity. If we consider blade pitching then,

a=tan™ sin o +y (2.8)
(Ro/V, ) IV, IV, )+cosO

where vy is the blade pitch angle. It is clear that local relative flow velocity W is function

of the azimuth angle 6. It can be written as

W = V2 +V? (2.9)

Substituting the chordal and normal velocity components given by Equation 2.5 into

Equation 2.8, and non-dimensionalizing, the following velocity ratio is found

2
Vo _Va [|[Re /V, +coséd| +sin?o (2.10)
vV, V, vV, / V,

The power co-efficient C; is a function of the tip-speed ratio (TSR) 4 for VAWT

w_w
Voo Va

is given as

A=—o (2.11)

Therefore, Equations 2.7, 2.8 and 2.10 can also be expressed in terms of TSR.

10



Moreover, it is possible to express a relationship between V,, and V, as

here a is known as induction factor.

The force diagram of a blade airfoil is shown in Figure 2.5.

Fy
A

Fi F4

Fy

a

W

Figure 2.5. Force diagram of a blade airfoil

The net tangential and normal forces are defined as

Ft:Ct%pCLWZ

F, :Cn%pCLWZ

(2.12)

(2.13)

(2.14)

where p is the air density, c is the blade chord and L is the height of the turbine. The

tangential force coefficient C; and the normal force coefficient C, used in Equations

2.13 and 2.14 are written as

C,=C,sina—-C, coscx

C,=C,cosa+C,sina

(2.15)

11



where C; and Cq are lift and drag force coefficients which are depend on the the angle of

attack a and Reynolds number Re. The Reynolds number is expressed as

_pVe_Ve
U 1%

Re (2.16)

where V is velocity of the fluid, c is the chord width of an airfoil, p is the density of the
fluid, « is the dynamic viscosity of the fluid, v is the kinematic viscosity of the fluid.

Solidity is another important parameter for the VAWT and defined as the ratio
of blade area to rotor swept area. It is expressed in open form for N blades as

Nc
=— 2.17
o= (2.17)

2.6. Natural Frequencies and Mode Shapes of the Multi-Degree-of-
Freedom Systems

The general differential equation of a forced vibration of the multi-degree-of-

freedom system is given by

[MKX(0)}+ [DX®)}+ (KT+[CDIx®F ={f (1)} (2.18)
where [M], [D], [K] and [G] are mass, damping, elastic stiffness and geometric
matrices, respectively. Also, {x(t)} is displacement vector and {f(t)} is force vector.

Considering the harmonic motion for displacement and force vectors in the general

differential equation, the following generalized eigenvalue equation is written:
([K1+[G]- @/ [MD{u;}={0} (2.19)

where wj is i™ natural frequency and {u} is the i vibration mode shape vector.

12



2.7. Vibration Analysis of Giromill-type VAWT by FEM

A Giromill-type VAWT have vertical blades and their radial connecting arms to
provide them a rotational motion about vertical axis. Vibration analysis of such a
system by distributed-parameter approach is not as simple as by approximate methods.
Approximate techniques are used to model the distributed-parameter systems as discrete
systems and can be broadly divided into two classes: lumped-parameter methods and
series discretization methods. In lumped-parameter methods, the parameters are lumped
at discrete points of the system. On the other hand, series discretization methods are
based on finite series of trial functions.

The finite element method is very powerful one among the approximate methods
due to the available software packages such as ANSYS and ABAQUS. In this study,
one dimensional structural element is used to model the system under the rotational and

wind loads effects.

13



CHAPTER 3

NUMERICAL RESULTS AND DISCUSSIONS

3.1. Geometrical Models

In this chapter, numerical analyses are carried out for the Giromill-type vertical—
axis wind turbines (VAWTS) with different design parameters. The system and its
parameters are shown in Figure 2.1.

The following data are used for all the models: wing type: NACAO0015, diameter
of the VAWT D=6 m, chord of the blade ¢c=0.3 m, lumped mass at the connection of
blade and connecting arms m=18 kg, connection angle g=90° angular velocity of the
VAWT =8 rad/s.

The several models are created by changing a single or multiple parameters of

the Model I and given in Table 3.1 and Table 3.2. The modifications are given with bold

numbers.
Table 3.1. Single parameter modifications for Model |
Parameters | Model | Model Il | Model Ill | Model IV
L/R [-] 2 3 2 2
AL [] 0.5 0.5 0.67 0.5
tw [mm] 3 3 3 4
Table 3.2. Multiple parameter modifications for Model |
Parameters | Model V Model VI | Model VIl | Model VIII
L/R [-] 3 3 2 3
AL [-] 0.67 0.5 0.67 0.67
tw [mm] 3 4 4 4

14



3.2. Finite Element Model of the VAWT

The physical models introduced in Section 3.1 are modelled in ANSY'S by using
BEAM44 elements for blades/connecting arms and MASS21 elements for lumped
masses. The finite element model with element numbers is shown in Figure 3.1. Beam
elements are numbered from 1 to 20. Lumped mass elements are numbered from 21 to
22. Connecting arms have the same properties with blade properties.

Material properties of the blade and connecting arms are given as follows:
Modulus of elasticity E=70000 MPa, density of aluminium p=2.73 10° ton/mm? and
poisson ratio v=0.3.

Inner ends of the connecting arms are fixed to the rotor shaft with 600 mm
diameter. Instead of modeling the pre-tensioned cable in FEM, corresponding force is
acted upon the related node. The value of this force is calculated for approximately zero
displacement in the vertical direction for blade in static equilibrium condition.

Geometrical stiffness matrix [G] is based on centrifugal and aerodynamic forces.
Pre-stresses due to the centrifugal forces are calculated in ANSYS by static analysis.
However, aerodynamic forces are effected to the FEM model using the data given in
Table 3.3. Lift and drag coefficients with respect to angle of attack are based on
Reynolds numbers. On the other hand, as it is seen from Equation 2.7 along with
Equation 2.12, the angle of attack o depends on induction factor a which is assumed as
0.5 (Yardimoglu, 2013). To calculate the Reynolds numbers, average wind speed for
Urla/IZMIR is given by Turkish State Meteorological Service as 6 m/s. By using
Equation 2.16, Reynolds numbers is found as 126698 for 10°C. Then, lift and drag
coefficients are taken from Sheldahl and Klimas (1981) for Re=160000.

Table 3.3. Aerodynamic force parameters

00 |a® |C(-) |Cq(-) | Fn/L(N/mm) F/L (N/mm)
0 0 0 0.0116 |0 0.019 in +z direction

90 7 0.715 0.0176 | 0.0765 in -x direction | 0.0075 in +z direction

180 | 180 | O 0.0250 |0 0.0015 in +z direction

270 7 0.715 0.0176 | 0.0765 in +x direction | 0.0075 in +z direction

15
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Figure 3.1. Finite element model of VAWT

3.3. Natural Frequencies and Mode Shapes

The natural frequencies of the eight models of present study introduced in
Section 3.1 are found by pre-stressed modal analysis that is provided by "pstres,on” in
ANSYS. Single parameter effects on Model | detailed in Table 3.1 and multiple
parameter effects on Model | detailed in Table 3.2 are investigated in the first step. The
results are presented in Tables 3.4 to 3.5 for non-rotating system and in Tables 3.6 to
3.7 for rotating system.

Aerodynamic force effect on the natural frequencies is studied for Model I. The
natural frequencies for different azimuth angle  are given in Tables 3.8 for non-rotating
system and in Table 3.9 for rotating system

Finally, the mode shapes for Model I are shown in Figures 3.2.-3.11.

16



Table 3.4. Single parameter effects for non-rotating system

fi (Hz) Model | Model 11 Model 111 Model 1V
f 2.8635 24117 2.7580 2.9598
f, 9.5715 5.3719 8.1534 9.9862
f3 9.7938 6.4654 10.441 10.308
fy 11.080 7.6784 14.200 10.821
fs 13.561 10.322 19.242 13.242
f6 24.659 10.394 25.720 24.090
f7 33.584 17.251 26.248 32.941
fg 34.379 21.255 37.259 33.594
fy 40.531 30.867 38.379 40.302
f10 65.589 34.255 43.433 64.100

Table 3.5. Multiple parameter effects for non-rotating system

fi (Hz) Model V Model VI Model VII | Model VIII
f1 2.3358 2.4632 2.8522 2.3888
f, 5.2785 5.2855 8.8301 5.1628
f3 8.6757 6.3317 10.268 8.9870
fy 9.7307 8.0789 14.137 10.207
fs 11.479 10.288 19.330 11.216
fe 13.812 10.355 25.310 13.487
f7 17.879 17.333 35.746 17.947
fg 19.641 21.666 37.361 19.188
fo 31.274 30.180 37.586 30.552
f10 33.878 33.794 42.504 33.182
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Table 3.6. Single parameter effects for rotating system

fi (Hz) Model | Model 11 Model 111 Model 1V
f 3.1960 2.7812 3.1031 3.2824
f, 9.6646 5.4655 8.2851 10.074
f3 9.9027 6.5222 10.620 10.412
fy 11.238 7.8106 14.277 10.964
fs 13.655 10.409 19.559 13.328
f6 24.723 10.418 25.913 24.147
f7 34.361 17.253 37.117 33.656
fg 35.063 21.408 37.269 34.220
fy 40.529 31.547 38.743 40.300
f10 65.766 35.235 43.481 64.261

Table 3.7. Multiple parameter effects for rotating system

fi (Hz) Model V Model VI Model VII | Model VIII
f 2.7354 2.8236 3.1876 2.7809
f, 5.4547 5.3682 8.9532 5.3364
f3 8.7876 6.3864 10.436 9.0926
fy 9.8671 8.2007 14.217 10.340
fs 11.706 10.370 19.642 11.432
fe 13.937 10.376 25.519 13.606
f7 17.921 17.333 36.469 17.990
fg 19.737 21.827 37.372 19.286
fo 31.957 30.853 37.967 31.197
fio 34.808 34.650 42.551 34.055
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Table 3.8. Aerodynamic force effects for non-rotating system

fi (Hz) 6=0° 6=90° 6=180° 0=270°
fi 2.8635 2.8635 2.8635 2.8940
f 9.5715 9.5721 9.5715 9.5797
f3 9.7938 9.7940 9.7938 9.8031
fa 11.080 11.081 11.080 11.094
fs 13.561 13.562 13.561 13.570
f 24.659 24.660 24.659 24.665
f7 33.584 33.585 33.584 33.654
fg 34.379 34.378 34.379 34.438
fy 40.531 40.531 40.531 40.530
f1o 65.589 65.591 65.589 65.605

Table 3.9. Aerodynamic force effects for rotating system

fi (Hz) 6=0° 6=90° 6=180° 0=270°
fi 3.1960 3.1960 3.1960 3.2233
f 9.6646 9.6652 9.6646 9.6727
f3 9.9027 9.9030 9.9027 9.9120
fa 11.238 11.239 11.238 11.251
fs 13.655 13.656 13.655 13.663
f 24.723 24.724 24.723 24.728
f7 34.361 34.363 34.361 34.430
fg 35.063 35.061 35.063 35.121
fy 40.529 40.529 40.529 40.529
f1o 65.766 65.768 65.766 65.781
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Figure 3.2. First mode shape of Model |
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Figure 3.3. Second mode shape of Model |
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Figure 3.4. Third mode shape of Model |
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Figure 3.5. Fourth mode shape of Model |
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Figure 3.6. Fifth mode shape of Model |

Figure 3.7. Sixth mode shape of Model |
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Figure 3.8. Seventh mode shape of Model |

Figure 3.9. Eighth mode shape of Model |
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Figure 3.10. Nineth mode shape of Model |

Figure 3.11. Tenth mode shape of Model |
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It is very useful to give some important properties about models based on Table
3.1 and 3.2 as follows:

e Model | is reference model.

e Model Il has longer blade length L than Model I,

e Model Il has longer blade support distance A than Model I,

e Model IV has a greater wall thickness of blade than Model I,

e Model V is combination of Model | and Model 111,

e Model VI is combination of Model Il and Model 1V,

e Model VII is combination of Model 111 and Model 1V,

e Model VIII is combination of Model 11, Model I11 and Model IV.

It is clear from the results of Model | and Model Il in Table 3.4 that natural
frequencies decrease when blade length L is increased from 6000 mm to 9000 mm.

It is understood from the results of Model |1 and Model Il in Table 3.4 that
natural frequencies decrease when blade support distance A is increased from 3000 mm
to 4000 mm.

It is found from the results of Model | and Model IV in Table 3.4 that first,
second and third natural frequencies increase when the wall thickness of the blade is
increased from 3 mm to 4 mm. However, this tendency is reversed for other
frequencies.

It can be obtained form Table 3.4 and Table 3.5 that since Model Il and Model
I11 with respect to Model | have similar effects on natural frequnecies, Model V - which
is the combination of the Model 11 and Model 11l - has the same tendancy for natural
fequencies.

Also, it can be found from Table 3.4 and 3.5 that Model VI, Model VII and
Model VI1II have lower natural frequencies than Model I.

Reviewing the results given in Tables 3.4.-3.7., it is seen that natural frequencies
are increased by rotating effects, as expected.

Finally, it is clear from Table 3.4, Table 3.6. Table 3.8 and Table3.9 that
aerodynamic forces are not effective critically on natural frequencies for the present

conditions.
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CHAPTER 4

CONCLUSIONS

Natural frequencies and mode shapes of giromill-type vertical-axis wind
turbines with different design parameters are studied by Finite Element Method (FEM).
As design parameters, length of the blade, thickness of the blade and support distance of
the blade are considered. The well known commercial software package, ANSYS, is
used for finite element analysis. Aerodynamic loads and centrifugal forces are taken
into account in calculating the natural frequencies.

In order to see the interactions of the parameters of the VAWT, a series of
analysis are performed. The obtained results are presented in tabular forms. It is seen
that aerodynamic forces in the present operating condition is not critical for natural

frequencies. However, centrifugal force is effective on natural frequencies.
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