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Technical University of Crete

School of Production Engineering & Management

Abstract

M.Sc. Dissertation

Methodology development for strength analysis of a Diffuser Augmented Wind Turbine
(DAWT)

by Michael GEORGIOU

In the present work, we have studied the structural stability of the inner column of a Diffuser
Augmented Wind Turbine (DAWT). The study model is an existing, under-development wind
turbine.

Diffuser Augmented Wind Turbines function extremely well in terms of performance. The
volume of the diffuser causes the ambient air to redirect and accelerate as it passes through the
tunnel in the center of the diffuser. This additional flow and acceleration provide a higher energy
output. Increasing to larger diameters this advantage reversing and turning it into a greater
stumbling block. The wind resistance that augments the energy output is carried through the
structure to the ground. This also increases the forces that the structure must withstand to
tremendous levels. Unfortunately, this stumbling block limits the size of DAWTs; therefore they
cannot directly compete with Horizontal Axis Wind Turbines (HAWT), whose development has
taken them to unfathomable heights.

This does not mean that there is no reason for further research and development of DAWTs,
which, as we have already mentioned, have significantly higher performance at similar blade
diameters compared to HAWTs. DAWTs may be an alternative in many specific locations and
may be a solution that is worth investigating in the fight against climate change.

As our study shows, the DAWT’s structure is subjected to very strong frontal forces, due to the
drag of the diffuser. For this reason, we intend to investigate the strength of the metal column
holding the diffuser, using finite element analysis (FEA). We have attempted to strengthen the
critical points while keeping the overall size narrow. We are trying to find a technically and
economically feasible solution to the problem and have tried to optimize the project to some
extent. The whole process is illustrated in the following diagram. This cycle was performed a
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number of times, while in this study we present only the final iteration and the corresponding

results.
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IlepiAnyn

ZmV Hapodoa epydaocia €xovpe HEAEU|OEL TNV OTATIKOTNTA THG £0MTEPIKIG KOAOVAG HLAg
avepoyevvitplag epodtaopévng pe Owaxovty). Ilpoxkettar yia pra omd avartodn IMIpOToImg
AVEPOYEVVITPLAG e IIPOOITIKI) TNV EUIIOPIKI) TG DAOIIONOT).

Ot avepoyevvitpleg pe dayvtn AettovpyodV eSalpeTIKa KAaAd, 000V dpopd oty amnodoor). O
OYKOG TOL dlay TN ImpoKaletl v avakatedbovorn Kat emtdyovor) Tov neptParllovtog aépa, Kadmg
aotog owpyetat peoa amo T 0todo oto kévipo Ttov dwayxvt. Avtr 1 npootetn por Kat 1)
EIMTAXLVON HAPEXOLV DWYNAOTEPN evepyelaxt) amodoon. Me v avamtodn oe peyaldTtepeg
Slapétpovg avtd TO MAEOVEKTNHA AVTIOTPEPETAL KAl PETATPEIETAL O ONUAVTIKO eprmodio. H
avtioTaon) ToL AvEPODL (TIOL EMPEPEL TV AvSNOT OTNV IAPAY®YI)G EVEPYELAG) PETAPEPETAL HEOWD
NG KATAOKEDT)G 0TO £0a(og. ADTO avddvet emiong Tig OLVAHEL IOV IIPEIEL VA AVTECEL I KATAOKEDT
0 TPOHAKTIKA emirneda. Avotoyx®s, avto to epurodlo meplopilet To péyebog twov DAWT - wg ex
TOLTOV, OeV HITOPOLY VA AVIAYDOVIOTOLV AHECA TIG AVeROYevVvITPLeg optlovTiov agova (HAWT),
1] avdmTodn TOV OIolmV Tig el 0dnynoetl oe dvobempnta LY.

AvT0 dev onpatvet 0Tt Oev vIIAPYEL AOYOG Yld HePALTEP® Epevva Kat avartodn tov DAWT, ot
oroleg, ON®G £xovpe 10N aAVAPEPEL, €XOLV ONPAVIIKA LWYNAOTEPN aIIOdOO0N Of IIAPOPOLEG
dapétpoovg mrepvyiov oe odykpron pe 1ig¢ HAWT. Our DAWT pmopet va amotehecoov pia
eVAANAKTIKI) ADOT| 08 Oplopéveg IEPUITOOELS KAl PIIOpel va armoteAéoovv pa Ador) oo adilel va
diepevvn et oTOV ay®va Katd g KAPATIKIG AAAAYIS.

Oneg deiyvet xat n mapovoa pelétn), 1 dopr) tng DAWT vmokettat oe ITOAD 100PEG PETMDIIKES
duvapetg, Aoyw g avtiotaong tov dtayvTn. I'ia 1o Adyo avto, OKOIIEDOLE VA O1EPEVVI|COVHE TV
OTATIKI| aVTOXT) THG PETANAIKI)G KOAOVAG ITOL OLYKPATEL TO O1ayDTI), XPIOWLOIOIMVTAS AVAADOT
nenepaopeveov  otoxeiwv  (FEA). Ilpoomabrjoape va evioxybooope ta Kplowpa onpeiq,
dampwvrag mapd nAa to coVoAko péyebog pkpo. ITpoonaboovpe va Ppodpe pia texvikd Kat
OWKOVOPIKA eQLKTH) AVOT) 0T0 HPOPANpa Kat Exovpe mpooradroet va PeATIOTOIOU|COVHE TO EPYO
oe kdrowo Badpo. H oAn dadwaoia amewkovifetat oto akolovbo didypappa. O koxkhog avtog
EKTENEOTIKE CPKETEG (POPEG, EV® OTNV IAPOLOA PENETI] IAPOLOLACOLPE POVO TNV TENIKN
EAVANI P KAl TA AVTIOTOLYA AITOTENEOHUATA.
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Chapter 1: Literature review

In this chapter, we document how other researchers encounter strength analysis and seek to
identify best practices and guidelines. The focus of this study is the Diffuser Augment Wind
Turbines (DAWTs), but it would be a great mistake to neglect the enormous research effort on
the Horizontal Axis Wind Turbines (HAWTs).

In HAWTSs the predominant trend is the steel tube superstructure that supports the ever-
increasing diameter of the rotor and blades. Many researchers are studying steel tube towers. The
possibility of reducing the thickness of the tower by introducing internal stiffening rings was
investigated by [Hu, et al., 2014]. Design and analysis of 2 MW and 1.5 MW wind turbines were
undertaken by [UMESH, et al., 2016], [Chantharasenawong, et al., 2011], while for a1 MW turbine
by [Huskey and Prascher, 2004] and [Lavassas, et al., 2003].

Dimopoulos and Gantes, presented an experimental study of buckling of cylindrical shells of
wind turbine towers with opening and stiffening under bending [Dimopoulos and Gantes, 2012].
Buckling of an opening door with FE was studied by [Tran, et al., 2015].

The combination of FE and a Genetic Algorithm for wind turbine optimization was used by
[Wang, et al., 2016]. Nonlinear response history analysis and the collapse study of a wind power
tower exposed to tropical cyclones was investigated by [Dai, et al., 2017].

In more detail, the possibility of reducing the thickness of the tower by introducing internal
stiffening rings was examined by [Hu, et al., 2014]. They compare a tower without stiffening rings,
a tower with stiffening rings, and a third tower with strong rings but with lower wall thickness.
This was done for three towers of different heights (50 m, 150 m, and 250 m). The distribution of
the fundamental wind pressure over the height of the tower was calculated according to the
standard BS EN 1991-1-4. Simplified distribution patterns of wind load are shown in Fig. 1.1.

750

3

150°

Fig. 1.1 Simplified distribution patterns of the wind loads [BS EN 1991-1-4].

They used the ABAQUS software for the simulations to study horizontal sway and von Mises
stress as a function of weight reduction ratios. The shell of a tower is simulated as an S4R shell

Page 9



element, which is a double-curved thin or thick shell with 4 nodes, and the flange is simulated as
a C3D10 continuum element, which is a square tetrahedron with 10 nodes. The constraints are a
fixed support on the ground and a connection constraint between the flange and the shell.

R [ Max: +1.020e+001
S, Mises .‘ !

SNEG, (fraction = -1.0)

U, Magnitude
+1.020e+01 {
- +9.352e+00 S, Mises

it 8.502e-+00
- +8. e+ " -
Tidi4erot +7.6520400 (Avg: 7355/;) .
+1,651e+01 +6.802+00 +3571et01
+1.488e+01 +5.952e+00 +2'985e+01
+1.3240401 +5.101e+00 h +2.985e 101
+1.161e+01 +4.251e+00 - 1265040
+9,9740+00 +3.401e+00 +2.399e+01
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+1.700e+00
+8.502e-01
+0.000e+00
Max: +1.020e+01

Node: PART-SHELL-1.166

- +3.43%+00
+1.805e+00
- +1.710e-01
Max: +1,978e+01
Elem: PART-SHELL-1.11756
Node: 2311

Fig. 1.2 (a) Von Mises stress in the shell (b) Horizontal sway of the shell (c) Von Mises stress in the ring [Hu, et al., 2014].

Their results (Fig. 1.2) show that the stiffening rings contribute to strengthening and specially to
reduce buckling, but the material reduction and therefore cost reduction depends on the height
of the tower and the density of the rings.

Dimopoulos and Gantes, [Dimopoulos and Gantes, 2012], present an experimental study of
buckling of cylindrical shells of wind turbine towers, with opening and stiffening under bending.
They investigate the problem of very thin shells buckling under compression more than predicted
by analytical calculations. This phenomenon is mainly caused by inelastic effects and geometric
imperfections.

They design and conduct their experiments in parallel with finite element numerical analysis.
The numerical analysis was performed with ABAQUS, at three different levels of resolution. At
the primary level, the presence of bolts was ignored, and the adjacent flanges were "glued" to
each other via connection constraints. In the second and third numerical models, the presence of
bolts was taken into account, so that the interaction between bolts and flanges and the interaction
between flanges were considered. However, in the second model the column was considered as
fixed, while in the third model the effects of the non-rigid column were considered by using two
springs representing the vertical translational and horizontal rotational stiffness of the column
(Fig. 1.3).
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Fig. 1.3 Left: The Experimental configuration; Right: The computer model mesh [Dimopoulos and Gantes, 2012].

The shells were simulated with the shell element S4R, which is a double-curved thin or thick shell
with 4 nodes, a finite element with reduced integration and hourglass control capable of
calculating finite membrane stresses. The rest of the cantilever model (all flanges and the
thick/short cylinder at the support) was simulated with the C3D8R continuum element.

Fig. 1.4 Direct comparison of experimental result and modeling[Dimopoulos and Gantes, 2012].

The experimental results (Fig. 1.4) largely confirm the numerical ones in terms of load-
displacement curves and ultimate load. The numerically obtained strains did not correlate well
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with the corresponding experimental strains in many cases, mainly due to the presence of initial
imperfections that are inevitably present in the specimens [Dimopoulos and Gantes, 2012].

The design of a wind tower for a 2 MW turbine was studied by [Umesh, et al., 2016]. They started
with the calculations of the loads, replaced the masses of the nacelle and blades with dead loads,
and added the thrust force calculated at maximum wind speed. They defined the loads and
moments in each of the three segments of the tower connection flanges. S355 stainless steel, the
most commonly used material for wind turbine towers, was chosen as the material of
construction. It was modeled in Catia V5 and analyzed with Ansys 14.0, while it was meshed
with 418677 tetrahedral elements and 791170 nodes.

H: Top flange 10mm fillet
Static Structural
Time:1.s

6/11/20156:41 PM

- Fixed Support

[B) Remote Force: 1.897e+006 N

[ Moment: 4.3378e+007 N'-m

. Moment 2: 1. 434e+006 N'm Mt

0.000 2.000 (m) X
1.000 .

Fig. 1.5 Loads and moments on Middle Flange [Umesh, et al., 2016].

Lastze?
Bl57Mn

1000 1 Ul{m)
050 L0

Fig. 1.6 Equivalent Stress in Middle Flange [Umesh, et al., 2016].
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They refer to a formula from Lingaiah's book [Lingaiah, 2006] that calculates the number of bolts
on a tower when the diameter of the shell is known:

Number of bolts = 0.028 * maximum diameter of shell.

However, they go a step further by using Von Mises failure theory to decide on the stability of
the shell thickness and then optimize the number of bolts in each flange connection [Umesh, et
al., 2016]. The resulting optimum is 80 bolts, as shown in Fig. 1.7.

Flanges
Trial Middle Flange Top Flange
Stress Stress
No. No of No of
bolts Induced bolts Induced
(MPa) (MPa)
1 120 170 08 174.15
2 100 235.11 80 219.68
3 80 35232 60 27477

Fig. 1.7 Optimize the number of bolts [Umesh, et al., 2016].

Fatigue life estimation was performed using the Uniform Material Law (UML) method. UML is
a practical and user-friendly method, because only the tensile strength data of the material is
required to estimate the strain-life curve (S-N curve) [Umesh, et al., 2016]. The maximum fatigue
life is 106 cycles as shown in the Fig. 1.8:

0.00 25.00 50.00 (rm)
L T ]

12.50 3150

Fig. 1.8 Fatigue Life Analysis [Umesh, et al., 2016].
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Finite element analysis was also used by [Chantharasenawong, et al., 2011] to study a modular
tapered tubular tower of a 1.5 MW wind turbine in Thailand. From this work, it is worth
mentioning that they study the tower as a system and do not study the modular parts
individually. The loads were calculated according to IEC 61400-1 and Eurocode 1 for operational
and survival conditions.

The analysis was performed with static loads and a linear elastic model. The material used was
again S355]2 with a yield strength of 355 MPa. Euler-Bernoulli beam theory was used to predict
the deflections and verify the FE models [Chantharasenawong, et al., 2011]. The simulations were
performed using ABAQUS commercial software. The mesh consisted of quadrilateral shear
deformable shell elements (4-node element), fixed boundary conditions at the base and a rigid
plate at the top.

thrust

| top head
_weight

3
Tirarn . - ST

Fig. 1.9 Loads representation [Chantharasenawong, et al., 2011]
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5, Mises
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Fig. 2 Von Mises stress distribution [Chantharasenawong, et al., 2011].

Gravity loads come from the tower's own weight and from the rotor, nacelle, and blades on the
top flange. Aerodynamic loads come from rotor torque at higher power on cutout speed and from
direct aerodynamic pressure on the tower surface.

Buckling analysis was critical due to the modular tower design, larger diameter, and thinner
walls. According to the authors [Chantharasenawong, et al., 2011], when the shell thickness is
reduced and the diameter is increased, the local buckling becomes the dominant criterion instead
of the maximum stress. The finite element buckling analysis was verified using Euler's buckling
formula for a cylindrical model:

3 m2EIl
=T

where P, is the critical buckling load, while L. is the effective length.

A comparative study of singular straight and a tapered monopole tower for a domestic wind
turbine was carried out by [Patel and Ramani, 2017]. Using the same tower height of 12.5 m,
thickness of 5 mm, and weight of 1842 kg, they compare a straight cylindrical tower with an outer
diameter of 1.2 m to a tapered tower with 1.4 m at the bottom and 1 m at the top. For the load
calculations, the authors recommend using simplified methods from several available methods
described in the RIS@ guidelines [Riso, 2002].
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For their study, they use ANSYS Workbench for static structural analysis, modal analysis, and
linear buckling analysis. Both modeling methods, shell element and solid element, are used for
comparison. They show that the shell element method gives identical results to the solid element
method, but with significantly less computational effort and time [Patel and Ramani, 2017].

The following results are clearly in favor of the tapered tower with lower total deformation and
lower Normal and von Mises stress. The tapered tower has a higher Natural frequency value with
lower probability of resonance in the structure.

Tapered
hollow monopole

Straight
hollow monopole

Total Deformation max (mm)

7.709

9.895

Normal Stress max (MPa) 22111 31.858
Normal Stress min (MPa) -25.226 -34.596
von-Mises Stress max (MPa) 19.486 26.898
von-Mises Stress min (MPa) 0.105 0.177
Linear Buckling Load Multiplier 47.148 44.515
Natural Frequency (Hz) 9.127 7.514
Weight (Kg) 1842 1842

Fig. 1.11 Von-Misses Stress of Tapered monopole [Patel and Ramani, 2017].
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Fig. 1.12 Von-Misses Stress of Straight monopole [Patel and Ramani, 2017].
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Chapter 2: CAD Model

The design was created with the aim of constructing a metal frame strong enough to hold the
diffuser under the following constrains.

- To be able to be manufactured from materials readily available on the market, such as
metal profiles, metal sheet, etc.

- To be technically feasible for construction.

- To have the least possible resistance on direct airflow.

- To have the minimum weight.

The design software used was the Autodesk's Inventor 2021. The 3D model represents the
structure in 1:1 ratio. It contains the frame parts, the stiffener flanges, and the welds in detail. The
Frame Generator tools were used to import the main column, while the rest of the flanges were
made in separate pieces, as Sheet metal parts. The welds were made with the “IWelding” tool,
where it recognizes the contact surfaces, treat the edges, and can add welds with specific
characteristics.

The target of the study was only to exam the main metallic column, located in the center of the
diffuser, as shown in Fig. 2.1. The rest of the parts were removed and replaced with the
corresponding forces.

In the model extracted for the simulation, some elements, which are not structurally involved in
the structure, were removed to simplify the simulation. The exact geometries of the structural
elements and welds were kept. The model to be simulated is exported in neutral CAD format,
Parasolid Model File (x_b).

Column
‘ / i ﬁotor
) Internal
Diffyser Flaps w__ Tower &
Foundation

Fig. 2.1 The column being the subject of this study.
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2.1 Column Design

The design of the central column is such that it supports the upper structure while rotating 360°
in the wind direction. The first section of the column is inclined at 45° to move the center of
pressure of the diffuser to the rear. In this way, the diffuser acts as a rudder, passively steering
the turbine in the wind direction, without the need for a yaw mechanism.

Ring Holder
Flanges

Hub Mount
Flange

Diffuser
Ring Half

Slew-Ring —,

Fig. 2.2 Mounting Flanges for connections.
There are three points of contact between the column and the rest of the structure.

- The slew-ring is mounted to the underside.

- The hub, consisting of the motor and the blades, is attached to the flange in the center of
the column.

- The diffuser, which is mounted around a hollow 100x100x10 metal tube formed into 2
semicircles. The 2 semicircles are held together with bolts between 2 flanges above and
below the center of the diffuser (Fig. 2.2).

All three contact points in the simulation are replaced by the corresponding forces. The bearing
flange is pressed in as a fixed element. The rotor transmits force and torque to the bearing flange.

Page 19



And the diffuser transfers all forces to the holding flanges. The diffuser ring itself is not involved
in the analysis.

\ A

‘./®

==z
Fig. 2.4 Column Exploded view

Fig. 2.3 Column Main parts.

In detail, the core of the column consists of 400x200x16 tubular beams. The hollow beam was
chosen for its ability to carry both bending and torsional loads. Since it distributes the material
away from the symmetry axes XX' YY', it has higher Elastic Section Modulus values. The greater
the section modulus, the greater the forces required to bend the beam.

The remaining flanges and stiffeners are made of plates of various thicknesses. All elements are
joined by welding, according to the ISO/TS 20273:2017 standard.

The final column is a single piece painted or galvanized to prevent rust. The total weight of the
column including welds is 1984,25 kg.

The Bill of Materials (BOM) of all parts that participate in analysis can be found in Appendix A -
Parts List.
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Chapter 3: Loading

To calculate the loads, we must first determine the operating conditions. Weather conditions vary
mainly depending on the geographic location of the turbine. For our theoretical study, we will be
guided by the IEC 61400-2:2013 Standard. The Standard defines the extreme weather conditions
that a wind turbine should withstand. In addition, we will also study the case where the wind
turbine has reached its maximum operating potential.

The main forces to which the wind turbine is subjected are:

- The weight of the structure

- The wind pressure on the front surface, which is determined by the wind direction. This
includes all surfaces of the diffuser, the column and actuator disc.

- The torque generated by the blades when they meet the resistance of the motor, resistance
opposing their direction of rotation.

The weight can be calculated from CAD drawings, since we know the materials and the densities,
we know the weights of each part. The CAD software can also give us the point where the center
of gravity is located. As we will see later, the center of gravity is outside the column, but this is
not a problem. In the structural simulation there is a way to connect it to the structure.

Wind pressure creates a force known as drag. The drag force has no straightforward analytical
method for estimation. The only accepted method that has gained industry acceptance is CFD
(Computational Fluid Dynamics). These simulations were performed in the Turbomachines &
Fluid Dynamics Laboratory (TurboLab-TUC), School of Production Engineering & Management,
Technical University of Crete, by Stavros Leloudas. The CFD numerical results can be found in
Appendix B - CFD Data.

The torque can be calculated if the maximum theoretical power of the motor is known. Therefore,
as we mentioned earlier, we consider two cases for determining the load. The first case is the
maximum operating speed of the wind turbine, at which the rotor rotates at the maximum
permissible speed. The second case refers to the extreme external conditions.

Case 1 ) NEC Case 2 - EEC
o (Extreme External
(Normal External Condition) .,
Condition)
Free Stream Velocity 18 m/s 50m/s
Rotor angular speed 300 rpm 0 rpm
Pitch Angle 0° 80°

Page 21



Case 1 - Normal External Condition

In this case, the turbine operates at maximum load (cutoff speed), which is 18m/s. The generator
runs at a maximum rotation of 300 rpm and generates 15 KW of energy. This results in a
corresponding torque on the motor’s bearing flange of the tower. The torque is calculated as
follows:

2m:300rpm

=314 rad/s
60s

The angular speed is: w =

The Torque is: N = 2 = 2 — 4777 Nm

» 314 rad/s
Other parameters that are need for CFD analysis are:
Turbulence intensity was set to 10%.
Tip Speed Ratio (TSR) is calculated using the following formula:

TSR = R-w 27m-3l4rad/s 471
v 18m/s T

Case 2 - Extreme External Condition

In this case, we are first asked to determine the wind speed. We will be guided by the IEC 61400-
2:2013 Standard. According to this standard, wind turbines are classified into 5 categories
depending on the wind potential of the site, Fig. 3.1. We aim for Category I, for a maximum speed
of 50 m/s. The rotor blades are in the feathering position and theoretically have no rotational
speed, and therefore no torque on the flange.

Table 1 — Basic parameters for SWT classes

SWT class 1 I 1 IV S
Veat (m/s) 50 425 3rs 30 WValues to be
Vave (m/s) 10 8,5 7.5 6 | specified
1,q (Note 2) (-) 0,18 0,18 0,18 0,18 | by the
a (-) 2 2 2 2 designer
NOTE

1) the values apply at hub height, and;

2) [15 is the dimensionless characteristic value of the turbulence intensity at
15 m/s, where 0,18 is the minimum value that shall be used, and noting that
Annex M discusses observations regarding turbulence intensity;

3) a is the dimensionless slope parameter to be used in Equation (7).

Fig. 3.1 Table 1 from chapter 6.2 of standard IEC 61400-2:2013.
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Therefore, it is now the time to perform CFD to calculate the drag forces for both cases.

3.1 Computational Fluid Dynamics (CFD) simulations

Computational Fluid Dynamics (CFD) is the most reliable and widespread method for calculating
flow phenomena. However, its implementation requires experience and deep knowledge of the
subject matter. The analysis for our study was performed by Stavros Leloudas under the
supervision of Prof. Ioannis Nikolos, at Turbomachines & Fluid Dynamics Laboratory - TUC. The

detailed results are given in Appendix B - CFD Data.

The simulation method was performed by solving the incompressible 3D Reynolds-Averaged
Navier-Stokes (RANS) equations. The turbulence simulation was performed using the Shear

Stress Transport (SST) two-equation turbulence model.
The mesh is a hybrid-unstructured one, consisted of:

150 102
36 052

186 154
112 274

- Triangles

- Prisms

- Total cells

- Total Points
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Fig. 3.2 A close-up of the utilized hybrid mesh of the flow domain around the diffuser (indicative picture).

Page 23



Fig. 3.3 Velocity contours at the symmetry plane (Indicative picture).
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3.2 The CFD results for Case 1

Case 1 - Normal External Conditions

Ambient Velocity - Vo  Density - p Dynamic Viscosity - p

[my/s] [kg/mA3] [Ns/mA2] RPM TSR

18.0 1.200 0.000018 300 4.7141
Internal Flap - Total Axial

Diffuser - Drag [N] Drag [N] Rotor Thrust [N] Force [N]

4582.47 1558.69 2679.35 8820.52

The table above shows in detail the frontal forces in the 3 sections of the wind turbine, the diffuser,
the internal flaps, and the rotor. The total sum force is 8820N, which is approximately equal to
0.9 Ton force.

3.3 The CFD results for Case 2

Case 2 - Extreme External Conditions

Ambient Velocity - Density - p Dynamic Viscosity - p

Vo [m/s] [kg/mA3] [Ns/mA2] RPM TSR

50.0 1.2 0.000018 No rotor -
Diffuser - Rotor Total  Axial
Drag [N] Internal Flap - Drag [N] Thrust [N] Force [N]

No conversion ) ) 0.00 0.00

In this case, the algorithm has not converged to one value, but as can be seen in the following
graph (Fig. 3.4), there is "oscillatory convergence" (unsteady flow, almost periodic).
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7.00E+04

—— Diffuser
6.00E+04

—Flap
5.00E+04

4.00E+04

3.00E+04

Drag [N]

2.00E+04

1.00E+04

0.00E+00
0.000 1.000 2.000 3.000 4.000 5.000 6.000 7.000

Time [s]
Fig. 3.4 Conversion graph for Case 2 CFD.

Therefore, we break-down the results. We isolated the last second (5s to 6s), where the oscillation
seems to stabilize.

7.00E+04

~—— Diffuser
6.00E+04
——Flap

5.00E+04

4.00E+04

Drag [N]

3.00E+04
2.00E+04

1.00E+04 i ’

0.00E+00
0.000 1.000 2.000 3.000 4.000 5.000 6.000 7.000

Time [s]

Fig. 3.5 Highlighting the values that seem to be stabilized.

We then connected the peaks and valleys to see the trend of that last send. The trend shows
convergence, but at a very slow rate. We also observe a phase delay in the pick time between the
diffuser and the flaps, but at the same frequency. The frequency is 8.6 Hz.
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Diffuser Flaps

24500 11600
24000 11580

23500 11560 .\\
23000 11540

= =
A 22500 A 11520
@ @
E 22000 E 11500 \
= 21500 = 11480 —

21000 11460

20500 11440

20000 11420

20200 5140 5250 5370 5480 5600 5710 5830 5950 5050 5170 5290 5400 5520 5630 5750 5.860 5980
Time ->s Time ->s
Fig. 3.6 Force convergence trent for Diffuser. Fig. 3.7 Force convergence trent for internal Flaps.

As the finite Force, we chose the average of the peaks rather than averaging the whole spectrum,
just to be on the safe side.
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3.4 Load Distribution

According to IEC 61400-2:2013, a safety factor of 1.35 is also added to the calculated forces if this
applies to a simulation model.

Table 7 — Partial safety factors for loads

Load determination method

Fatigue loads, 7,

Ultimate loads, ;,

(sea 5.2)
1. Simplified equations 1.0 3.0
2.  Simulation model 1.0 1.35
3. Full scale load measurement 1.0 3.0

Tab. 3.1 Table 6 from chapter 7.8.1 in standard IEC 61400-2:2013.

3.4.1 Force analysis Case - 1

The forces as they are formed after the addition of the safety factor:

Rotor
Diffuser Internal Flap - Rotor Thrust Total Axial Torque

Drag [N] Drag [N] IN] Force [N] [Nm]

4582.47 1558.69 2679.35 8820.52 477.7

s Safety  factor 16634 2104.24 3617.12 1190770 | 643.95

The following Fig. 3.8 shows the forces at the points where they are exerted.

|

L 11907.7 N
2

3617 N

9.81 m/s?

Fig. 3.8 Load distribution for Case 1.
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At the bearing joints of the diffuser ring, the drag force of the diffuser and internal flaps is (6186.34
+2104.24 = 8290N).

On the bearing flange of the motor, the rotor thrust is 3617N.
Moreover, in the same flange we have the torque of the motor equal to 644Nm.

The diffuser and the rotor are replaced by the equivalent forces on their corresponding mounting
surfaces. The mass of the diffuser and rotor is replaced by a concentrated mass at their centers of
gravity. Gravity acts vertically downward on both the mass of the column and the mass of the
diffuser.
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3.4.2 Force analysis Case - 2

Diffuser - Drag Internal Flap - Drag Rotor Thrust Total Axial

NI N] N] Force [N]
No conversion - - 0.00 0.00
Pick values 24000 11550 0.00 35550
+ Safety factor 32400 15593 0.00 47993
1.35
P

| ;L_ 47993 N

2

9.81 m/s?

47993 N
! ' Z

Fig. 3.9 Load distribution for Case 2

At the mounting surfaces of the diffuser ring, the drag force of the
diffuser and internal flaps is 47993N. We assume that in this case
with the blades feathered - we have no forces or moments on the
rotor flange.

For gravity, the same applies as in Case 1.
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Chapter 4: Simulation Setup

After we have gathered all the necessary information and calculated all the forces, we can start

preparing the simulation.
I

b

Fig. 4.1 Splitting model in half for X-Plane Symmetry.

First, the design is imported into the software NASTRAN, and we divide the model in half. In
this way we get advance of the X-Plane symmetry. This means half mesh, half nodes and half
calculations and time.

We set the type of analysis as "Linear Static ". Checking the SPC (Single Point Constraint) option
which constrains one or more DOFs from certain movements at a node.

Analysis 7 X

Name: |Analysis 1 Title: Linear Analysis 01

Cutput Controls | Options | Model State

Nedal Elemental
Displacement Data Type
[] Applied Load T v
sPC Cutput Sets
[ MpC [ Force
["] Grid Paint Farce Stress
Balance
[ Strain
[] Strain Energy
Output Options
Plat L

Fig. 4.2 Type of Analysis Linear Static.
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The Contact Type option specifies how the touching surfaces of two objects should be connected.
We choose 'Bonded' as the global option and then change the type to surfaces that are touching

but not connected.

Analysis

Mame: | Analysis 1

Cutput Controls | Options
Contact Data

Contact Type:

Tolerance:

?

Title: | Linear Analysis 01

Model State

Bonded

0.1

b

| OK | | Cancel

Fig. 4.3 Analysis Options.

The software automatically detects 324 surface contacts and sets the type 'Bonded'. Surfaces that
are not bonded and only touch each other should be changed to 'Separate'. In this way, one object
cannot penetrate another, but if there are repulsive forces, the 2 objects will be separated and

pulled apart.

2R Surface Contact

Name: Hub Mount Stiff: 3]

Type:
Surface to Surface

Master Entity:
[face <36 > @Frame000 1: 1IDIN EN

Slave Entity:
[face <5 > @Hub Mount Stff:3

Contact Data
ContactType:  [separation  +

Penetration Type:

Symmetric Conte
Stiffniess Factor:
Coefficient of Friction:

Penetration Surface Offset (mm):

Max Activation Distance (mm)

L1

Advanced Options

o

Fig. 4.4 Surface contact.

Moving on to the configuration of the analysis, we begin with the choice of materials. The main
structure (frame and flanges) will be made of mild steel ST37 (Fig. 4.5). The welds will be made
of another material with higher strength. The choice is MC-50T (Appendix C) from the welding
material manufacturer CS HOLDINGS CO. The MC -50T is a mild steel welding wire welded
with MAG (Metal Active Gas) with 100% CO2 shielding gas (Fig. 4.6).
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(@ Msterial ? X (@ Msterial ? %

e Alowables [hemal Gereral Alowables [hemal
Select Material Select Material
P ‘7.85&8\ | S, ‘345 ‘ € |asets P ‘mse»s | 5, |550 ‘ € | asess
Name: | steel - Mid - Welde GE ‘u | S, ‘ ‘ K [as5 Name: | MC50-T welding GE ‘u | S, | ‘ K [a5
o [ [ | ™= [ )= | \ o[z | | = [p s \

5, 5,
rype: [iobope v| | Siucora (27 ] rpes [vome v | smcurs [ ]

Faiure Theary Failure Theory

S T2 £ von Mises Stres: T2 E 2w von Mises Stres:
[Crigid [rigid
Idealizations: v |o27s Coordinate System: Idealizations: vo|os Coordinate System:
a2 * [ * e
Mass (E); Mass (E):
Save New Material Save New Material
s =
Analysis Specific Data Ty Analysis Specific Data Ty
Monlinear L. Nonlinear L.
Fatigue o Fatigue Ty
PPFA I, PPFA 1.
Lo I
o o
Fig. 4.5 Material properties for main structure. Fig. 4.6 Material properties for the welding.

Constraints: We mount the bearing flange to the Slew-Ring with bolts. We allow only one degree
of freedom. The rotation is defined only around Ry, because the bearing can rotate in this
direction. The contact points are the Slew Ring on the bottom of the flange (only the contact ring)
and the washers of the bolts on the top.

& Constraint ? *

Degrees of Freedom

Name: | constr,-SlewRing
Coordinate System:
= St v

Type:  Structural v U Ty Ty
Selected Entities: R, ORy R,

face <66 > @Column Flang A
face <98 >@Column Flang .i -i

hd Fixed Mo Translation

Subcases:
;

Free

Symmetry:

Display Options

S I [x] (=]

Density: [ ] AntiSymmetry:

o () ] 2

O &’ OK Cancel

Fig. 4.7 Constraints the mount flange.
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Concentrated Masses: The masses of the diffuser and rotor are replaced by a concentrated mass

at the center of gravity. The mass of the diffuser is 2168.69 kg and for the rotor is 715.45 kg.
Combined are equal to 2884.15 kg (2.8 tones).

[ Concentrated Mass ? X
- N Inerti
Hame: Con. Mass Diffuser [Limertia -|
Type T
(®Manual () Automatic Ly
Coordinate System: Lz
18-2 Column_18- ~ Luy
Selected Entities: o
point<1>
Lo
[offset
Mass: 2.884{
b
Mass (t)
Y
Display Options
Size: 1 z
cance

Fig. 4.8 Replace external masses with an equally concentrated mass.

Connector: The concentrated mass of the diffuser and rotor are connected by a rigid joint to the
bearing flanges of the diffuser retaining ring. This serves 2 purposes. The first is to transfer the
gravity of the diffuser, which is considerable and should not be neglected. The second purpose is
to transfer the rigidity of the diffuser to the column. This is achieved by the "Rigid Body" option,
which does not allow the links to buckle. In fact, the movement and rotation are not limited to
one axis, since the diffuser can (and does) move along with the column in any oscillation.
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f Connector

TYPE: | Rigid Body v

Connector Element

Display Options
Size:

Density:

1
1
Color:

Rigid Body
Type:
Rigid

<

Dependent Entities:

’WN\EUUULI\JSE
face <6 > @Frame0001: 11ISC
O Ow Oz
Orx [Crr IRz
Independent Vertex/Point:

(®) Select Point

lpoint<1>

() Paint At Center

Cancel

Fig. 4.9 Rigid Connector [External mass - Main structure].
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Loads: We create two 'Subcases' for the two load cases, as explained above. For each case, we
apply the loads as shown in Fig. 4.10.

BFD Subcaszes
BFD Subcase 30m/s
L s Loads
- Gravity
- Wind Load @50m/s

The constraint conditions and gravity are the same in both cases. The

£ Constraints wind load acts on the mounting flanges of the ring in both cases, but
. m"%sj:““'s'e“’“i”g with different magnitudes. The torque for case 2 acts on the

BFD Subcase 18m/s
Bg Loads

T Gravity
- Wind Load @18m/s
= Rotor max Torque
& Constraints
5 Constr.-SlewRing
ﬁ Results

mounting flange of the rotor.

Fig. 4.10 Subcases.

&

et T x

it
iE
g
)
(|
N

A
* [Wndload OS] | precton:

Normal To Surfa

rans: [ Graaey

L
(1

™ e %

[ e~ RS R—

4 Total Force:
Selected Enstes Magritude 00

ffoce <35> @fing rokier 52
fface <S> @Rng rokder Bi1 i

EAE ger [ [ =

IS 1
14y

Fig. 4.11 Gravity apply for both cases 1 & 2. Fig. 4.12 Axial Force for case 2 (4.7 kN total).

& o T x ™ T % h ‘
(odDstoson ) Load etton
Nae: | ind Load Bi8m | Name: [ Boer Tormue . I
e ‘ o s L orml o srfa [ N\
e Force v oot ement v w
Drowiroce
Selected Enttes: Magnince 0N): Selected Entties: Magrtude: (N mm);
fom s> g e 52 - oS ] S L
face <5> QRing Holder B:1
P— pra—
S o |\ b3
ET— ) B —
po—— [—
b ' o 1
owny: e ‘
.| o [ [
B  wer o] e EE Ber e ] ow i |
i K
24y oo J ‘ |

1 Il
Fig. 4.13 Axial Force for case 1 (1.1 kN total). Fig. 4.14 Torque for case 2 (0.6 kNm total).
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Mesh

To create the mesh, we use parabolic elements with an average diameter of 25 mm. Through trials

and constant tweaking of the mesh, we have found the parameters that produce the mesh with
the best properties, as shown in Fig. 4.15 and Fig. 4.16.

E@ Advanced Mesh Settings ? ¥
Pt Seti?ngs Talerance(mm): | 0.0005 Geomety
Element Size (mm):
Coarse — Basic Sidng Suppress Short Features %
. . Min Feature Angle d
I Refinement Ratio: ra
Element Order: Parabolic ~ Min Triangle Angle: rad Midsids Modes
Settings M Triangle Angle: rad Froject Midside Modes
[] Continuous Meshing e Bl amll Bl Quality Midside Adjustment: | OM ~
(for solids only merges nodes on perimeter)
Upper Jacobian Ratio Bound: El
Generate Mesh
oK Cancel Reset To Defauls Cancel

Fig. 4.15 Mess Settings. Fig. 4.16 Advance Mesh Settings.

The final mesh consisted of 262794 nodes and 124170 elements. A mesh check revealed zero
defects (Fig. 4.17).

¥ Check Mesh Quality ? X

Mesh Quality Parameters
Element Type Tetrahedral ~

Aspect Ratio = | 100.000
S >
Jacobian < | 0.000

I Mone of the elements failed.

OK Cancel

Fig. 4.17 Mesh Quality tool.

Details of the grid are presented in Fig. 4.18.
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Green for mild steel parts and blue for welding material MC-50.

18 Mesh details.
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Chapter 5: Meta-analysis

According to the Standard we follow, IEC 61400-2:2013, the analysis applies to material
properties evaluated at 95% probability with 95% confidence interval. This data comes
from the material supplier. In addition, we should be aware of factors that affect the
integrity of the structure throughout its life. Factors such as full-size structures,
construction methods, fatigue and load spectrum, environmental effects, and geometric

effects. These are required to classify our structure as 'Full Characterization'. Otherwise,

we fall into the 'Minimal Characterization' category and must then select a higher safety

factor, as shown in Table 6 of the Standard (Fig. 5.1).

Table & — Partial safety factors for materials

Material characterisation

Full characterisation

Fatigue strength, »_
1,258

Ultimate strength, 7,

11

Minimal characterisation

10.0b

3.0

a Factor is applied to the measured fatigue strength of the material.

B Factor is applied to the measured ultimate strength of the material.

Fig. 5.1 Table 6 from chapter 7.8.1 in standard IEC 61400-2:2013.

In recognition that we do not know enough about the full characterization of the design.

A safety factor equal to 3 was chosen as the minimum target.
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5.1 Case1 Results - 18m/s

The results for the first case showed that the construction was far from adequate. The
displacement is just exceeding the 5 mm and the maximum von Mises stress is 31.42 MPa, well
below the yield strength.

5193 31,419
4,977 30,110
4,760 28,801
4,544 27,492
438 26,183
4,111 24,874
o 3895 £ 23,565
3679 £ 22,256
3,462 L 20947
3,246 ~ 19,638
3,029 _ 18,328
2,813 17,019
L 2,597 L 15710
b 2380 L 14401
2,164 13,092
1,947 11,783
1,731 10,474
| 1,515 | 9,165
B 1,298 L 7856
B 1,082 L 6547
| 0866 5,238
0,649 3,929
0,433 2,620
0,216 1,311
oo oo
1 ‘
4 CONTOUR: DISPLACEMENT (mm) (TOTAL) 2 ‘i‘x CONTOUR: SOLID VON MISES STRESS (MPa)
DEFORMED TOTAL: (MIN=0, MAX=5,19322) OUTPUT SET: SUBCASE 18M/S
OUTPUT SET: SUBCASE 18M/S
Fig. 5.2 Displacement for case 1. Fig. 5.3 Solid Von Mises stress for case 1.

The safety factor of 9.2 is more than three times the value required by the standard. A closer look
at the isosurface of the safety factor shows that they occur mainly along the weld at the column
reinforcing bars and some at the welds of the mounting flange stiffeners.

Page 40



15,000
14,750
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14,250

1 14,000

13,750

13500

13,250

| 13,000

12,750

£ 12,500

12,25
12,000
11,750

11,500
11,250
11,000

10,750

£ 10,500

| 10,250
10,000
9,750
9,500
9,250

9,000

ZJ CONTOUR: SAFETY FACTOR
OUTPUT SET: SUBCASE 18M/S

Fig. 5.4 Safety factor for case 1.

25,000
24333
23,667
23,000
2,333
21,667
21,000
20,333
19,667
19,000
18,333
17,667
17,000
16,333
15,667
15,000
14,333
13,667
13,000
12,333
11,667
11,000
10,333
9,667
9,000
A

@

Max:7,225E+04

'CONTOUR: SAFETY FACTOR
OUTPUT SET: SUBCASE 18M/S

Fig. 5.5 Safety factor iso-surface for case 1.
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5.2 Case 2 Results - 50m/s

The second case with extreme weather conditions is much more challenging. The displacement
is not so far away, with the largest value being only 20 mm.

20,214
19,372
18,530
17,687
16,845
16,003
1 15,161
14,18
13,476
12,634
11,792
10,949
- 10,107
9,265
8,423
7,580
6,736
5,806
5,054
4211

| T |

3,369
2,527
1,685
0,842

©,000 - Min:0,0

z ‘__I CONTOUR: DISPLACEMENT (mm) (TOTAL)
DEFORMED TOTAL: (MIN=0, MAX=20,2142)
OUTPUT SET; SUBCASE 50M/S

Fig. 5.6 Displacement for case 2.

The maximum von Mises stress is 103 MPa, which does not exceed the yield strength, but is quite
high compared to the first case.
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TMax:1034 i

103,442

o 99122 g PAEEIGA]
- 94,822 A
90,512 90,512 ,
96,202 86,202
81,692 81,802
B 77,582 B 7758
73272 | 22
68,962 68,962
64,652 64,652
— 60,342 60,342
56,032 — 56,032
L sy L sy
B 47412 B 47,412
43,102 43,102
38,792 38,792
34,462 34,482
B 30172 B 30172
B 25262 B 2556
B 21,552 B a5
17,242 17,242
12532 12,932
8,622 8,622
4312 4312
0,002 Min:1,9426-03 0,002 3 Min-1,0426-03
A 4
749 CONTOUR: SOLID VON MISES STRESS (MPa) a8, CONTOUR: SOLID VON MISES STRESS (MPa)
OUTPUT SET: SUBCASE S0M/S OUTPUT SET: SUBCASE 50M/S
Fig. 5.7 von Mises stress for case 2. Fig. 5.8 von Mises Iso-surface for case 2.

As expected, the maximum von Mises stresses occur at the bottom of the column and along the
weld of the column reinforcing plates. This is most clearly illustrated by the von Mises isocurves.
Typically, the stresses are located on or near the welds. This is reasonable, because the other
surfaces are "Separated" and can slip or detach to each other. Inevitably, the forces pass through
the welds, which are defined as "Bonded" in the analysis.

The safety factor in this case has a value of 2.93, just below the threshold of '3'. The position of the
minimum is (unsurprisingly) at the lower back of the column, where all compressive forces are
concentrated. In the event that the turbine needs to be certified as 'Class I', further reinforcement
of the structure is necessary.
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15,000

15,000
14,39 14,396
13,792 13,792
A5 108 13,188
j 12583 12,583
B 11979 | 11,979
B uars o s
i 1077 & 10,771
10,167 B 10,167
N 9,562 B 9,562
8,958 8,958
8,354 B g354
7,750 7,750
7,146 7,146
_ 6542 6542
5,938 5,938
5,333 5,333
4729 4,720
B s B 4125
3,521 B 3521
2917 2517
2312 2312
1,708 1,708
1,104 1,104 _Max:4,8S8E-+04
0,500 0,500
4 J B
! CONTOUR: SAFETY FACTOR T CONTOUR: SAFETY FACTOR
24—, OUTPUT SET: SUBCASE SOM/S OQUTPUT SET: SUBCASE SOM/S
Fig. 5.9 Safety factor for case 2. Fig. 5.10 Safety factor for case 2; detail 1.

CONTOUR: SAFETY FACTOR . "9) CONTOUR: SAFETY FACTOR
OUTPUT SET: SUBCASE S0M/S QUTPUT SET: SUBCASE S0M/S
Fig. 5.11 Safety factor for case 2; detail 2. Fig. 5.12 Safety factor for case 2; detail 3.
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5.3 Modal Analysis

Modal analysis is the simplest analysis and the important data gathered from this is what the
"resonant frequencies" of geometry are. It is only important for structures that are subject to
vibration, such as engine imbalance, earthquakes, or wind resonance (we have all three). It is not
related to any loading at this stage, only to geometric dynamics.

The modal analysis gives as result the "natural frequencies', "mode shapes" and "mode
participation factors". The maximum vibration occurs at the natural frequencies, which we
generally try to minimize. So it tells us at what frequencies the system is susceptible to oscillation.
If, after modal analysis, the natural frequencies are in the range of the excitation frequencies, we
usually, but not always, try to modify the structure to shift the natural frequencies out of the
range of the excitation frequencies. The mode shapes tell us how the structure deforms at certain
natural frequencies.

The mode shapes tell us in which regions high stresses would occur if the deformed shape were
similar to the mode shape. This is useful because we usually do not want high stresses to occur
in the weld regions, as this can affect the fatigue life of the structure. The mode participation
factors also tell us which modes would be most excited. The effective masses tell us which modes

need to be considered for the given dynamic simulations (frequency response or transient
dynamics) [Abbas, 2019].

Normal modes are better if they precede the bulking analysis to reveal the weak points of the
geometry at different frequencies. Then, the designer must make the necessary reinforcements at
the points most affected at the frequencies at which the structure operates.

Analysis ? x il Modal Setup ? X
- |Modal Analysis itle:
Mare: 7 e Name: [ RIS Extraction Method:
Type: Normal Modes ~ | Units: Number of Modes: Auto s
Output Controls | Options | Model State Mass Repres=ntation:
Nodal Elemental Lowest Frequency (Hz): Diagonal -
Displacement Data Type I:I Modal Database:
[ Applied Load i Corner - Highest Frequency (Hz): Delete >
] Mec (] Force MName:
[ Grid Point Force Stress
Balance
[] strain
[ Strain Energy
- Cancel
Output Options
Plot
Fig. 5.13 Modal Analysis configuration.

We set up the analysis to determine the first 10 Modes. The modal modes are independent of the
size of the loads.
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5.4 Modal Analysis Results

The results of the analysis are presented in Fig. 5.14.

XY Plot
Curve Options
Type: | Line v
Step None: ~
[ spine CIFill &rea

togy logx

Curve Display
Color Choose Color
Sl | Solid v
wid |7 =
Vertical Bar Width

10%

Copy Data to Clipboard

] Shew Grid

Default Setiings

?

Frequency Versus Mode Number

Frequency (Hz)

400

200

St As Default Settings

oK.

X

Fig. 5.14 Frequency versus Mode.

The most interesting mode is the first. At the maximum operating speed,

Mode

Frequency
(Hz)

8,25925

42,6579

88,8716

151,475

261,376

271,916

396,556

436,856

O RIS U1 W N =

437,221

p—
(=]

458,828

the rotor rotates at 300
rpm (5 Hz), while the maximum permissible speed is 600 rpm (10 Hz). So, the first mode is in the

operating frequency range of the wind turbine, and this is undoubtedly a problem.

The other frequencies are much higher and are unlikely to be naturally induced. Seismic
vibrations do not usually exceed 20 Hz, so even the second mode (42 Hz) is considered out of the

frequencies of interest.

1,335E+01
1,280E+01
1,224E+01
1,168E+01
1,113E+01
1,057E+01
| 1,001E+01
| 9,458E+00
. 8,902E+00
_ 8,345E+00
__ 7,789E+00
7,233E+00
. 6,676E+00
| 6,120E+00
5,564E+00
I 5,007E+00
L 4,451E+00
| 3,805E+00
| 3,338E+00
| 2,782E+00

2,226E+00
1,669E+00
1,113E+00
5,564E-01

8,771E-05

Z‘-I

1
!

:

Min:8,771E-05

CONTOUR: SOLID VON MISES STRESS (MPa)
DEFORMED TOTAL: (MIN =0, MAX=2,182)
QUTPUT SET: MODE 1, FREQ=8.2592525

Fig. 5.15 Mode 1 Stress.

Fig. 5.16 Mode 1 Stress detail.
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As mentioned earlier, the Modes Analysis does not depend on the loadings. Similarly, the results
are not given in their actual scale and magnitude, but as factors of multiples of 1. Thus, the result
shown in Fig. 5.16 with a maximum load of 13.35MPa means that at an oscillation frequency of
8.25Hz at this point, which previously had a load of 1IMPa, now has 13 times the load. This is a
very high coefficient indeed, but it depends on where the point is placed. Actually, this point at
that place does not really pose a risk to the structure because it is not in a heavily loaded area.

50,000
48,042
46,083
44,125
42,167
40,208
38,250
36,292
34,333
32,375
30,417
28,458
26,500
24,542
22,583
20,625
18,667
16,708
14,750
12,792

10,833
8,875
6,917
4,958

J CONTOUR: SAFETY FACTOR
‘ ®; DEFORMED TOTAL: (MIN =0, MAX=2,182)

QUTPUT SET: MODE 1, FREQ=8.2592525

Fig. 5.17 Mode 1 Safety factor.

Fig. 5.18 Mode 1 Safety factor detail.

The safety factor is at least 25.84, indicating that the frequency of the first mode of oscillation,
although lawfully induced at a certain point, fortunately has no undesirable effects on the
structure.

The following modes can have very destructive effects, as can be clearly seen in Fig. 5.19. The
advantage, however, is that they are beyond the frequencies we expect.
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Fig. 5.19 Modes comparison.

CONTOUR: SAFETY FACTOR
DEFORMED TOTAL: (MIN =0, MAX=5,79117)
OUTPUT SET: MODE 10, FREQ=458.82761
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5.5 Linear Buckling

The next analysis concerns buckling. Structures of high length and small cross-section, as in our
case, are often destined to bend and suddenly buckle in a catastrophic way. It is one of the most
popular types of analysis, because it is not difficult to perform. Another name for Linear Buckling
Analysis is Eigenvalue buckling or Euler buckling analysis, as it is used to predict the theoretical
buckling strength of an elastic structure.

A linear buckling analysis is similar to modal analysis in many ways. Both linear buckling
analysis and modal analysis (which is also linear) can predict a large number of modes. In
buckling analysis, only the first mode is of practical importance. This is because higher buckling
modes have limited or virtually no chance of occurring.

The buckling mode depicts the shape the structure takes when it deforms in a particular mode,
but gives no indication of the numerical values of displacements or stresses. These values can be
displayed as usual, but they are only relative. In other words, they give qualitative information,
but not about the actual magnitude of these features.

FEA software overestimate buckling load factors, because they must compensate for modeling
errors and discretization errors. FE Models often have no imperfections, while loads and supports
are applied perfectly with no misalignment. However, loads are always applied with
misalignment, surfaces are not exactly straight, and columns are never completely rigid. In the
real world, there will always be irregularities. Therefore, designers should interpret the results of
linear buckling analysis with caution, because they must consider the combined effect of
discretization errors (a small effect) and modeling errors (a large effect).

Linear buckling is useful:

Fast failure check: If linear buckling case gives minimal eigenvalue smaller than 1.0 your model
will be unstable without a doubt! This is definitely the fastest way to verify such a case.

Imperfection shape: Shape obtained from LBA is often used as imperfection shape. This may not
always be desirable, but often is sufficient (especially in beam models).

Model verification: You can quickly check if everything “works” in your model. You will see if it
behaves as it should, deforms correctly etc.

Quick estimate: You can see which regions will have stability issues. You will also get an estimate
on how close your model is to stability failure [Skotny, 2017].
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5.5.1 Set-up

We create a new analysis with the type "Linear Buckling". The initial assumptions, such as semi-
symmetry, material properties, mesh and constraints are as described for the linear static analysis.
The difference is that this instance we only study the case of 50 m/s, which is clearly the worst
case from the point of view of stress.

Analysis ? X
Name: | Linear Buckling Title:

Cutput Controls | Options | Model State

Modal Elemental
Displacement Data Type
[] Applied Load Corner v
SPC Cutput Sets
LI mMprc [ Farce
[] Grid Paint Farce Stress
Balance
[ strain
[ Strain Energy

Output Options
Plot v

| oK || Cancel |

Fig. 5.20 Set up for Linear Buckling.
5.5.2 Linear Buckling Results

The Eigenvalue can also be referred to as a multiplier. This is the case because if you multiply the
applied loads by this value, you achieved a load that causes the stability failure. For example, if
we had a value of less than one, then it requires a load less than that which will cause problems,
so we understand from the beginning that our structure needs more strengthening.

In our case, the value 141.30 given by the analysis (Fig. 5.21) is a very positive result. This is
because we would need 140 times more load to trigger buckling in our system. Of course, this
should not be reassuring because the Buckling method has fundamental limitations. One of them
is that positive outcome is unreliable. Normally, the Eigenvalue should be greater than 1.0, but
even then this does not mean that stability failure can be ruled out [Skotny, 2017].

As can be seen from the results, the buckling phenomenon occurs in the lower part of the second
section of the column. The first part of the hollow beam is well reinforced with dual reinforcing
plates above and below the hollow beam. We also added two reinforcing tubes in the middle of
the same section to prevent buckling of the side walls, and this seems to work very well. So, the
forces of the calculation immediately refocused toward the next section, which was identified as
exposed without reinforcement.
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We could reinforce this piece as well, but before we take any action, we should consider whether
this is necessary. Here we would suggest carrying out a nonlinear analysis.

1,000
0,958
0,917
0,875
0,833 @ Plot ? X
By 0792 Subcases:
Conf -
L 0,750 MODE 1, EIGV=141.3013 v Cg’ m?:: Result Data:
0.708 Displacement w
- 0 Plot Deform
Options =
CI e —
| Display  Animate Create AVI [ specify Min/Max
___ 0,583 O Par Data Min: l:l
Display Options
. 0542 .
Rendering : 0! Ealail
0,500 Eoon - ——————  Data Conversion:
Animation
. 0458 Levels: :4 Options Average ~
—— DataType:
B 0417 [ Min/Max Markers Visibility =
Options Corner ~
0 0,375 Global Values
e a— Real Imaginary
0,333 Visible View Values P -
L 0,292 [Ji1so-Surfaces Nodal v
. 0,250 Mo Averaging
.| 0,208
0,167
0,125
0,083
0,042 B Min:0,0] Cancel

0,000

Z& *x CONTOUR: DISPLACEMENT (mm) (TOTAL)
DEFORMED TOTAL: (MIN =0, MAX=1,00003)
OUTPUT SET: MODE 1, EIGV=141.3013

Fig. 5.21 Buckling Analysis Displacement.
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606,108
578,558
551,007
523,457
| 495,907
| 468,356
| 440,806
413,256
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358,155
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275,504
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| 220,403
L 192,853
= 165,302
137,752
110,201

82,651
55,101
27,550
0,000

74 CONTOUR: SOLID VON MISES STRESS (MPa)
DEFORMED TOTAL: (MIN =0, MAX=1,00003)

QUTPUT SET: MODE 1, EIGV=141.3013

Fig. 5.22 Buckling Analysis Stress.

Max:661,2

Fig. 5.23 Buckling Analysis Stress detail.

Min:4,083E-08

We can clearly see that the model is deforming. As we have already mentioned, this is not an
actual deformation. By default, the maximum value of the displacement equals to 1.0. To get a
different value, you need to normalize it differently. The shape displayed here shows where and
in what form the stability failure will occur. This means that our structure must be further
strengthened in this area to resist the buckling stresses. Possible solutions would be to weld
reinforcing plates to the sides of the hollow beam or to create holes and weld tubes as in the first
part of the hollow beam.

The Von Mises stresses at their maximum point is 661 MPa, which is approximately three times
the yield strength. So, we would also expect a degree of safety close to 0.35, as is the case if we
look at Fig. 5.25.
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s Fig. 5.25 Buckling Analysis Safety Factor detail.
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B 3412
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1,582

0,972 Max:1,699E+09
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7.4 CONTOUR: SAFETY FACTOR

DEFORMED TOTAL: (MIN =0, MAX=1,00003)

OUTPUT SET: MODE 1, EIGV=141.3013

Fig. 5.24 Buckling Analysis Safety Factor.

Buckling conclusions:

Obviously, our model does not seem to have stability problems with respect to buckling. But the
linear buckling analysis does not show the aftereffect of buckling. It is not clear if the structure
collapses or if it is no longer able to support loads in the buckled form. It is also not clear how
much it will deform. To obtain more information, a nonlinear buckling analysis is required.
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Chapter 6: Conclusions

The results of this study can be summarized in two categories. The first category of conclusions
concerns the way the simulations were modeled and conducted. Efforts were made to have the
model represent as accurately as possible, a metal structure with all shapes and welds in their
actual sizes and properties. This choice brought several benefits related to a better understanding
of the model behavior by the designer. It was possible to determine exactly where the defects
occurred and how the deformations appeared in the model. This made it possible to make
continuous improvements to the model in details that are critical to the design of a correct metallic
assembly. For example, the geometries of the metal reinforcements, the surfaces to be welded,
and the welds themselves were specified. The result of this process was a detailed 3D
visualization of a model containing precise instructions for the construction.

This method has some disadvantages that must also be pointed out:

- Both the modelling and the preparation of the analysis were time consuming.

- The analysis itself was also time-consuming to solve, with a correspondingly large
computational load and demand on computing resources.

- Such detailed modelling often can lead to endless refinements. Local amplification of the
model at one point often resulted in "pushing" the problem to a neighboring area, and so on.

The second category of conclusions concerns the results of the simulations. The forces resulting
from the simulations of CFD proved to be significant in magnitude and intensity. Of course, the
real forces in the actual model with the diffuser mounted will also be significant. This was to be
expected since some of the improved performance is due to the resistance of the diffuser to the
ambient air. This made the task of achieving a safety factor of more than 3 in the static model
much more difficult.

The results are proven to be robust, since as many simulations with similar input data were
repeated they produced similar results. The stability of the results can also be seen in the difficulty
we had in improving the safety factor. Since the material mass and the basic geometry did not
alter significantly, it was difficult to improve the safety factor at the given load magnitude.

In the vast majority of simulations, the results were consistent with the expectations of
engineering logic. The stress concentration was at the expected locations, as were the
deformations. Buckling was also exactly at the point where it could be predicted, so precautions
were taken to reduce it. In cases where unreasonable indications were shown, it was an alarm
signal that there was a gap in the configuration or an oversight during the setup.

Further analysis in the form of Non-Linear Static Analysis and Non-Linear Buckling Analysis
may indicate further structural requirements. Both types of investigations are essential for a better
understanding of the behavior of the structure. Moreover, they allow a better study of the
structure when it is loaded beyond plastic deformation. At a later stage, a Fatigue Analysis can
be performed to complete the study by determining the life of the structure.
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Terminology

Feathering: Change the pitch angle to turn the blades parallel to the airflow to act as a brake for the
rotor.

Von Mises stress: The Von Mises stress is a value used to determine whether a particular material will
yield or break. It is mainly used for ductile materials, such as metals. The von Mises yield criterion
states that if the von Mises stress of a material under load is equal to or greater than the yield strength
of the same material under simple tension, then the material will fail. The von Mises yield criterion
generally shows how far the principal stresses diverge from each other.

Page 55



Appendix A - Parts List

Item Part Number Thumbnail Thickness Mass Material

Steel,

1 Column Flange 40 140,991 kg Mild
EN 10210-2 - 400 x 200 x 16 - Steel,

2 2078.89 I 16 248,276ke  \rig
EN 10210-2 - 400 x 200 x 16 - Steel,

3 6182.84 I 125 824948ks  \pig
Steel,

4 EN 10210-2 - 400 x 200 x 16 - 1000 12,5 106347 kg L
Steel,

5 EN 10210-2 - 400 x 200 x 16 - 600 10 60,403 kg il
6 DIN 1025 - IPE 220-800 10 20,082 k Steel,
0L KE Mild

) Steel,

7 Reinforce Front I 15 80,994 kg Mild
. 165,608 Steel,

8 Reinforce Back I 15 Ibmass Mild
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10

11

12

13

14

15

16

17

Column Stiff A

Column Stiff B

Column Stiff C

Ring Holder_O

Ring Holder_B

A L =N 9

Ring Holder_F

Ring Holder Stiff

Hub Mount Flange

Column Stiff D3

\

20

20

20

10

15

15

15

15

15

5,564 kg

14,490 kg

5,769 kg

5123 kg

12,917 kg

19,310 kg

4,284 kg

37,152 kg

21,344 kg

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild
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18

19

20

21

22

23

24

25

26

Hub Mount Stiff

Hook

Column Stiff L

Column Stiff M

ISO 1035/3 - 50 x 15 - 600

Column Stiff E

ISO 1035/3 - 80 x 30 - 2400

ISO 4019 - 76.1x6.3 - 335.03

ISO 10799-2 - 76.1x6.3 - 230

15

20

15

15

15

15

30

6,3

6,3

2,750 kg

7,650 kg

4,677 kg

15,141 kg

3,487 kg

3,020 kg

44,981 kg

3,221 kg

2,494 kg

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild

Steel,
Mild
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Appendix B - CFD Data

Case 1- NEC Moment
Ambient Velocity - Vo [m/s] Density - p [kg/m#3] Dynamic Viscosity - p [Ns/mn2] RPM TSR 477
18.0 1.200 0.000018 300 4.7141 643.95 Nm
643950 Nmm
Diffuser - Drag [N] Internal Flap - Drag [N] Rotor Thrust [N] Total Axial Force [N] Half 321375
4582.47 1558.69 2679.35 8820.52
Safety factor
1.35 6180.34 2104.24 3617.12 11907.70
8290.58 Half -5954 GRAVITY
-9806.65 mm/s2
Case 2 - EEC
Ambient Velocity - Vo [m/s]  Density - p [kg/m#3] Dynamic Viscosity - p [Ns/m#n2] RPM TSR
50.0 1.2 0.000018 No rotor
Diffuser - Drag [N] Internal Flap - Drag [N] Rotor Thrust [N] Total Axial Force [N]
No conversion - - 0.00 0.00
Pick values 24000 11550 0.00 35550
+ Safety factor 32400 15593 0.00 47993
Half 23836
-23996
68% 32%
Case A.
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Appendix C — Welding Wire specification

MC-00T

For mild steel and 50kgfimm? class high
tensile strength steel

AWS A5.18 ER705-6
KS D7025 YGWIi2
JIS  Z3312 YGW12

Applications
Butt and fillet MAG welding of structures such as automobiles, vehicles, electric appliances,
ships, steel frames, bridges in all position.

Characteristics

(1) MC-50T is a solid wire whose arc stability is good at low current ranges (short-circuiting
arc range) and spatter loss is low.

(2) It is suitable for all-position welding of steel sheets by CO: or Ar+CO: mixtured gas shield-
ing, for higher speed welding.

{3) The arc stability is good in wide range of current.

Notes on Usage

(1) Flow rate of shielding gas (COz) should be 20&/min generally.

{2) Flow rate of shielding gas should be 25-~~30¢/min under the condition of 2m/sec wind
speed and use wind screen under the condition of over 2m/sec wind speed.

{3) Keep the distance between tip and basemetal within 10~ 20mm at less than 300A Welding
current and within 20~25mm at over 300A.

Typical chemical composition of weld metal (%) (Shield Gas : 100%CO1)

C Mn Si P S
0.09 1.8 0.50 0.015 0.012

Typical mechanical properties of weld metal

YP TS EL IV J (kgi-m)
PWHT N/mm2 M/mm2 % 0 50 Shield gas
(kgfimm?) | (kgfimm?) C -20T
As welded 470(48) 550(56.1) | 30 |120(12.2)]100(10.2)] 100%CO:
As welded 540(55.1) | 610(62.2) | 28 [140(14.3)(120(12.2)| B0%Ar+20%C0:
Size & recommended current range (DC+)
Dia. (mm) 0.9 1.0 1.2 1.4 1.6
F 50-200 50-200 80-350 100-470 200-550
Amp. H 50-140 50-140 50-160 100-180 -
OH 50-120 50-120 50-140 - -

= Approval : ABS, BV, DNV, GL, KR, LR, NK, CWEB
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