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SUMMARY

Wind energy, being probably the most promising renewable energy source due to its great
energy potential and applicability, concluded recently to a variety of impressive relevant
structural applications. As the most common type to support wind energy converters is the
cylindrical steel tower, research on the structural optimization of the aforementioned shell
structures is of great importance due to their high manufacturing and erection costs. In
order to increase the wind energy harvesting, the improvement of the structural detailing of
steel wind turbine towers is critical towards achieving economy in material use and
structural robustness. The present paper addresses the stability performance of steel wind
energy tubular towers and examines the introduction of internal stiffening rings along their
height to reduce the possibility of appearance of local buckling phenomena and ultimately
to decrease shell thickness. Aiming to contribute to better understanding of their structural
behavior, the research work focuses on the development of reliable numerical models that
predict accurately the aforementioned structural response by conducting a comparative
study between different simulation approaches involving beam and shell modelling. Within
the framework of the present study, finite element analysis is applied and the beneficial
role of the aforementioned technique towards tower’s structural response improvement is
highlighted.
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1. INTRODUCTION

Alternative energy production is considered crucial in order to improve the current climate
conditions and limit the use of fossil fuels that are finite and produce harmful emissions.
Wind energy due to its infinite nature and due to its remarkable development the past
decades is a rather promising renewable energy source and therefore research towards that
direction is beneficial to the overall energy production. The optimized design of a wind
turbine tower, being the basic structural part of a wind converter is of great importance in
order to achieve more robust structures and more economic design. The wind turbine
towers that are used more fre quently and vary in structural configuration are: a cylindrical
tower, a jacket tower with a truss structure and a hybrid tower meaning a combination of a
truss structure for the lower part and a tube part for the upper one.

The most commonly applied wind turbine tower type is a steel cylindrical shell tower due
to its structural detailing, easier mounting and limited labour done on site since the tower
parts are produced in the factory and are only mounted on site. The tower is composed of
subsequent cylindrical or conical parts that are transported and mounted on site [1].The
structural analysis of the main supporting structure of wind generators is considered of
high importance since failure in such projects has great economical, structural and safety
losses. The governing loads acting on the tower are the wind pressure up the tower height,
the moment and the lateral load due to the rotor’s function and the vertical load that is
equal to the rotor weight. In the already constructed wind farms there has been a number of
accidents attributed to structural failure and more specifically to buckling phenomena [2],
[3], therefore it is crucial to investigate the nature of these problems and to provide
structural solutions. Wind turbine towers are simple tubular cantilever structures, that due
to their geometry can carry great loads with small shell thickness. The investigation of the
buckling behavior of cylindrical shells in general has been part of the research work, both
numerical and experimental, conducted in the past by Timoshenko and Gere [4], Bazant
and Cedolin[5], Teng and Rotter [6]. Tubular steel wind turbine towers lie in the field of
cylindrical shells under combined loading and special research work has been devoted to
the behavioral analysis of those structures and the explanation of their main structural
problems. A prototype 1 MW steel wind turbine tower has been analyzed and designed by
Lavassas et al. [7] and a stability analysis of a steel wind turbine tower was conducted by
Bazeos et al.[1]. Lee and Bang [8] performed a numerical comparison between the
simulation and a real collapsed wind turbine tower, while Dimopoulos and Gantes [9] have
provided experimental and numerical results on different types of stiffening around the
openings of wind turbine towers. Arasu et al [10] and Nuta et al [11] have performed
seismic analyses of wind turbine towers. Despite the scientific research carried out in the
field of cylindrical shells and their structural behavior, limited work has been devoted to
the numerical analysis of wind turbine towers in specific. In order to better understand and
explain the response of these tall and slender structures against the complex loading
conditions they have to sustain, numerical analysis is performed. Aiming to contribute to
better understanding of their structural behavior, the research work focuses on the
development of reliable numerical models that predict accurately the aforementioned
structural response by conducting a comparative study between different simulation
approaches involving beam and shell modeling. The numerical analysis with beam
modeling and shell modeling are performed with the use of commercial finite element
software Simulia [12]. The present paper addresses the stability performance of steel wind
energy tubular towers and examines the introduction of internal stiffening rings in the shell
model in order to reduce the possibility of appearance of local buckling phenomena and
ultimately to decrease shell thickness.



2. BEAM MODELING

The wind turbine tower that is used for the comparative study of the numerical modelling
of wind turbine towers has a total length of 76.15 meters and consists of 3 parts that are
assembled on site due to transportation limitation of longer elements. For the first approach
the tower is modelled with beam elements B31 as described in the Abaqus Manual [12].
The tower is simulated with beam elements and therefore the reference axis is the one
passing from the center of gravity of the cylinder’s cross section. The whole tower is
divided into parts with varying wall thickness. Since the software does not provide beam
elements with conical cross sections, the tower is divided into cylindrical parts, small
enough so that the conical cross-section is better approached. The beam element used has
both translational and rotational degrees of freedom in its nodes. When modelling a wind
turbine tower with beam elements 3-dimensional real tower part is simulated by an 1-
dimentional beam element. In comparison, for the simulation with shell elements, the 3-
dimensional tower part is modelled with a 2-dimensional shell at the reference level where
the stresses are calculated and the thickness is set by the user.

The original constructed tower is divided in 3 different parts of lengths 21.8 m, 26.6 m and
27.8 m from bottom to top. The lower diameter of the tower is 4,3 m and the top one is 3
m. The thickness of the shell wall is not constant, ranging from 30mm at the bottom to
12mm at the top. The model has been constructed by subsequent linear elements that have
different shell thickness and diameter.

In the numerical model, the concentrated loads are applied at the top of the tower to a
reference point eccentrically set to the middle axis of the tower, simulating the exact
position of the rotor. The reference point is external to the top beam element and is coupled
to the tower top with the appropriate constraint. The gravity loads are automatically
calculated through the density of the material and the wind loading is taken into account as
a distributed load along the tower height. The loads acting on the wind turbine tower are
given in equation (1) and are: the vertical loading due to the nacelle weight (V), the
horizontal loading (H) and moment (M) due to the rotor function and the distributed wind
loading (W) on the tower shell.

P={+H+M+W} (1)

A material nonlinear analysis is performed to examine the tower response towards this
combined loading. The material data used in a non-linear analysis for steel S355 are the
following: Poisson’s coefficient 0.3, Young’s modulus 210GPa and for steel class S355 the
yield stress is considered 350MPa and ultimate strength 510MPa. In order to introduce
plasticity data, the material properties have to be considered in terms of plastic true stress
and plastic true strain.

3. SHELL MODELING

The constructed wind turbine tower structure under investigation is the same as the one
modelled with beam elements as shown in figure 1. In shell modelling it is modeled with
shell elements of type S4R as described in the Abaqus Manual [12]. The conventional shell
model geometry is specified at the reference surface which is considered to be the middle
surface and the thickness of the shell is defined by the section properties. The shell element



used has both translational and rotational degrees of freedom in its nodes. The difference
between shell and continuum elements is that in the latter the full 3-D geometry is
specified and therefore, the element thickness is defined by the nodal geometry and the
elements provide only translational degrees of freedom in the nodes.

(a) (b) (©)
Fig.1 Example of the different modelling techniques. Beam modelling(a), Beam modelling rendered
(b) and shell modelling (c).

The tower is again modelled into three consequent parts. In the numerical model, the
concentrated loads are applied at the top of the tower to a reference point taking into
account the eccentricity. The gravity loads are automatically calculated through the density
of the material and the geometry of the shells, while the wind loading is taken into account
as pressure on the outer circumference of the shell. The pressure is not uniform due to the
fact that each point on the circumference has a different pressure due to the different angle
towards the wind direction. In order to compare the beam simulation and shell simulation,
Material Non-linear Analysis is applied. As observed in the results of the present study the
difference between the two different types of modeling is not great. The difference is
observed when performing GMNIA. In order to obtain the buckling shapes of the structure
and the eigenvalues being necessary for the non-linear static imperfection analysis, a
buckling analysis is first performed. The GMNIA is applied only on the tower modelled
with shell elements, since no such imperfections can be calculated with beam models. In
the shell structure internal stiffeners are added in order to observe their applicability and
influence on the buckling shapes and ultimate capacity of the tower. A comparison of the
buckling shapes of the stiffened and the unstiffened structure can be made from this step
along with a comparison of the critical buckling load of the two structures. Performing an
eigenvalue analysis only with the wind loading is also important to observe the beneficial
impact of the implementation of stiffening rings towards wind loading. The material data
used in a non-linear analysis for steel S355 has the same characteristics with the one used
in the beam modelling.



4. COMPARATIVE RESULTS

In both modeling techniques the tower was analyzed performing material nonlinear
analysis (MNA). The results when not having varying distribution of wind loading
depending on the angle towards the wind, were very similar between shell modelling and
beam modelling as shown in figure 2. Failure is concentrated at the top part of the tower in
both cases. In the beam model section, thin shell is selected in order for equations of thin-
walled theory to be taken into account. However, since it is a linear model and beam theory
assumptions are made, no clear view of the location of the deformation can be extracted. In
the shell model valuable information of the exact location of the deformation are extracted
and different positions around the circumference of the shell have different stresses and
strains, while in the beam modelling all the circumference is represented by one point
taking an average value which is rather coarse. It is rather important to observe the exact
position of local buckles and deformations since shell structures like wind turbine towers
are proved to be very sensitive to initial imperfections and local failures can lead to total
collapse of the structures.

(a) (b)
Fig.2 MNA results for the beam model (a)and shell model (b).

5. INFLUENCE OF STIFFENING RINGS

The tall and slender shell structures like wind turbine towers are proved numerically and
experimentally vulnerable to initial imperfections, which are the main reason leading to
local buckling and progressively to the overall collapse of the structure. By modeling the
tower with beam elements the overall circumference at each level is represented by one
point only which cannot describe the response of the tower in detail. As we can see from
the comparative study, both modeling techniques indicate the upper part of the tower as the
more probable to be led to material failure. Even the beam modeling can describe the tower
response and predict material failure. The advantage that the shell modeling has is that



wind loading can be better modeled with varying values around the circumference of the
shell, depending on the position towards the wind direction. The loading condition of the
tower is given in equation (1). The tower, as a shell structure is very sensitive to initial
imperfections and boundary conditions. It is characteristic that the ultimate capacity of the
tower against the combined loading situation is almost 30% lower when applying initial
imperfections to the analysis as observed in Table 2. Since the influence of the initial
imperfections is that great it is judged important to include them in the analysis of wind
turbine towers as also indicated in the European Standard for shell structures [13]. A
solution to secure wind turbine towers against wind loading and also against imperfections,
is the implementation of internal stiffening rings. The function of those stiffeners is
working mainly against the varying external pressure due to wind loading, which can be
observed by the great difference in the first eigenvalue of the stiffened and unstiffened
structure shown in Table 1.

1* Eigenvalue

1* Eigenvalue

with combined with wind
loading loading
Tower without 2,0056 27118
internal rings
Tower with 21 2,3832 37258
internal rings
Difference 18,82% 37,40%

Table 1. Eigenvalue Analyses of stiffened and unstiffened shell structure

Difference Difference
MNA GMNIA MNA GMNIA
Tower without 0,61 P 0,44 P i )
internal rings
Tower with 21 0,68 P 0,54 P 11,48% 22,72%
internal rings

Table 2. MNA and GMNIA results of stiffened and unstiffened shell structure

The main effect of wind loading as observed in Figure 3, is the tendency to ovalize the
circular cross-section of the tower imposing high circumferential stresses to the shell. This
distortion of the shell circumference can be prevented with the introduction of internal
stiffening rings. Moreover, the generally limited buckling strength of the shell on the
circumferential direction due to the small thickness-to-radius ratio of the tower shell is
increased with the introduction of the circular stiffeners as observed in Table 2. Finally, the
modeling concept one should have is when investigating the behavior of wind turbine
towers is that the main failure mode is buckling and not material failure. The classical
beam elements that simulate the whole circumference with one point cannot predict local
buckling failure that can be predicted with shell modeling. As it is pointed out from Figure
4, nonlinear analysis with shell elements (US_MNA) stops when buckling failure occurs
since it cannot provide solution for loss of stability. The structures when modeled with
beam elements appear stiffer, due to the beam-theory assumptions and due to the fact that
wind loading is modeled only with a distributed loading up the height of the tower without
taking into account the varying distribution around the circumference. The curve diverges
from the straight line due to material failure and local buckling phenomena are not taken



into account. For the shell modeling the fact that the analysis stops, shows that loss of
stability occurs. In future work other algorithms appropriate for these cases will be used to
examine the post-buckling behavior of theses structures.

Fig.3 1st Eigenmode of unstiffened structure against wind loading
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Fig.4 Load — Top displacement curves for unstiffened structure

6. CONCLUSIONS

The beam element modeling compared to the shell element modeling provides limited data
and does provide tools for the examination of local buckling phenomena. The difference in
the tower response with the use and the absence of initial imperfections shows the crucial
role that they play to the overall response of the tower. Cylindrical shells have been proved
to buckle in experiments in load levels much lower than the theoretical calculated value
and this behavior is attributed to the presence of initial imperfections that are not taken into



account in beam models or shell models with the assumption of a “perfect” structure.
Second order phenomena are proved to be very important in interpreting the behavior of
wind turbine towers. The solution of implementation of internal stiffening rings is proved
to have a beneficial impact against the pressure due to wind loading, thus limiting the
ovalization of the tower’s cross-section and leading the structure to have a higher buckling
load compared to the unstiffened structure.
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IHEPIAHYH

H awohun evépyswn, mbavotata amotedel tov mALOV EATISOPOPO TOUEN AVOVEDGLLOV
YOV €VEPYELOG AOY® TOV PEYAAOL SLVOLKOD KOt TNG EVPELNG EQPAPUOYNG TNG, 00N YDVTOG
TPOCPUTU GE TANODPU EVIVTOGIOKAOV KATACKELAOV Tapaywyns ™. Kabag o mo cuvnong
TOTOG AVELOYEVVITPLOG VO £VOG KOMVIPIKOS YaAVPOVOG TOPYOC, 1 £PEVVA Y10l TI] SOUIKY|
BeATIOTOTOINOT TOV KEALQOTOV OVTMOV KATOCKELAOV £lvat VYNnANg onuaciog eEattiog Tov
VYNAOV KOGTOVS TOPAY®YNS KO 0vEYEPONG TOVG. [l vau yivel kaAvTepn EKUETAAAEVOT) TOV
alo0AKol dvvapkol, 1 PEATioN TOL SOUIKOV GLUGTHIOTOS TOV TOPYMOV OVELOYEVVITPUDV
elval ONUOVTIKY] TPOG TNV EMITELEN MO OIKOVOUIKOD GYEOICHOD, OIKOVOUIOG DAKOD Kot
avBextikoTog g Kataokevns. H mapodoa epyacio emkevipdveTal otny evotdbeia tov
YOAOBIVOV KLAVIPIKAOV TOPY®V AVELOYEVVITPLOV Kot eEETACEL TNV E1GAYMYT ECOTEPIKOV
JOKTLAIOV €VIoYLONG TOV KEADPOLG pe OTOXO TN HelwoN NG MOAVOTNTOS EUOAVIONG
TOMKOV ALYIGHOV KOl TEMKO TG UEI®ONG TOV TAYOLS TOL KEADQOVC. [ TV KaAbTEPN
Katavonon NG OOUIKNG GULUTEPIPOPAS TV THPYWOV, 1 EPYOCIO ETIKEVIPMOVETOL GTNV
avamtuEn aSlOmoTOV aplOUNTIKOV TPOCOUOIOUATOV MoTE Vo TPoPAepOel pe axpifela 1
amokpion tov @opéa. H peBodoroyior avdmtuéng tov aplBuntikod TPOCOUOIDHIOTOC
TEPIAAUPAVEL TN SLEVEPYELNL CLYKPITIKNG OVAALONG OPOUNTIKOV TPOCOUOIOUATOV LE TN
YPNON TEMEPUACUEVAOV GTOLYEIDOV KEAVPAOV Kol GTOLXEI®MV 0K0V. XTO TAIGLO TNG TOPOVGOS
epyaciog, yivetar Epopuroyn TG avIAVoNG TEMEPAGUEVOV CTOIYEIMV Kol KATAOEIKVIETOL O
EVEPYETIKOG POAOG TNG EVIOYLONG HE E0MTEPIKOVG OOKTLAIOUG OTN GUVOAIKN OOMIKT
GUUTEPLPOPE TOV TUPYMV.
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