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1. ABSTRACT

This paper presents a comparative study of the most used stiffening configurations for the
door opening of a 2 MW wind turbine tower. Seven configurations are compared.

The comparative study is performed using (LBA) and (GMNA) analyses on the perfect
shell for the evaluation of the limit load for the entire tower. The design method used is
through "Global numerical analysis" ([3] §8.6).

The analyses are performed on an overall model having dense 2D and 3D FE mesh, that
describes the whole tower with all its structural details included (Door opening &
stiffenings, connection flanges, foundation, anchoring details), as well as with the use of
local FE models describing only the part of the tower at the door opening, in which the
tower section forces are calculated using a simpler linear model.

As resulted from the paper, the most efficient stiffening method is the use of a very thick
ring around the door opening, while the stiffeners to the tower shell around the door are not
providing satisfactory results. The use of local models is satisfactory (93-95%)
approaching the stress state at this area in comparison to the overall model.
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2. INTRODUCTION

The prototype tower examined corresponds to a 2 MW wind turbine. The height of the
tower is 76.15 m, and the total height of the wind turbine including the rotor and the blades
is 123 m. The shell diameter at the base is 4.30 m and the diameter at the tower top is 3.0
m. Shell thicknesses vary from 30 mm at the bottom to 12 mm at the top. The tower is
divided into three parts connected together by bolted flanges. The steel quality is S355 and
the fabrication Class is B. It is worthy to note that the steel tower is embedded to the
reinforced concrete foundation. For the analysis, a full FE model (Fig. 1) has been
developed for the tower and the foundation with all the structure details included (flange
connections, door opening, anchoring detail etc.). A linear model has been also developed
for the cross-checking of the results of the aforementioned advanced FE model. Then, a
variety of stiffening configurations has been applied to the door opening.

Fig. 1: FE model and detail at base position

The door opening induces a significant dissipation of the shell stresses and at the same
time an inevitable magnification of their magnitude, for the meridional (o,,) component. It
must be noted that the later is the critical stress at the vicinity of the door opening [9]. The
ultimate limit states under examination in the present text are the plastic limit state [LS1]
and the buckling limit state [LS3]. The main objective of stiffening the area around the
door is to:

- Control the local stresses, in order to prevent the excessive loading of the relevant
shell courses.

- Provide adequate lateral support to the shell and establish thus adequate resistance
against local buckling.

3. STIFFENING CONFIGURATIONS

Seven stiffening configurations around the opening have been tested (Fig. 2 & Table 1).
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Fig. 2: Stiffening configurations

Type [a] [b] [c] [d] [e] [f] I[g]
Ring thickness (mm) 70 30 60 30 30 30 70

Stiffeners vertical to the ring (mm) 30 30 30 30

Rings to the shell below & above the door (mm) 30 30
Vertical stiffeners at both sides of the door (mm) 30 30 30

Table 1: Stiffening configurations

4. ANALYSIS AND DESIGN

A Linear Buckling Analysis (LBA) and an analysis for the Plastic Limit Load of the tower
has been performed to all cases. In the LBA, the first 10 eigenvalues appear in various
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Fig.3: Eigenmodes: Positive 1-5,7,10 & Negative 6,9 (neglected)
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positions in the top part of the tower, where the shell thicknesses are smaller (Fig. 3). From
the LBA results, one may conclude that the tower is about to reach its Ultimate Load
through buckling in one of those positions. But this type of analysis assuming the tower as
linear elastic is not taking into account that simultaneous plasticization may trigger shell
buckling in another position.

Fig. 4: Types [a],[b],[c]

Plastic Limit Load analysis is performed by increasing the wind load step by step until the
total failure of the structure. This can be checked by monitoring the rotation or
displacement at various critical checkpoints. In this analysis, in all cases, the tower
reaches its ultimate load through local buckling at the position of the door, which happens
because of the local plasticization and the drastic reduction of the Elasticity modulus in this
area. Table 2 presents a comparison of the global limit factors for all cases, and the
corresponding resistance ratios for the tower.

Fig. 5: Types [d],[e],[f]

Determining the analysis results, all types of stiffening arrangements examined seem to be
satisfactory and are adequate in preventing the buckling of the shell around the door
opening. A rigid ring around the door opening is always mandatory, even if additional

Fig. 6: Type [g]



stiffening plates are installed. Horizontal stiffeners around the door have not significant
impact to the resistance of the opening. Vertical stiffeners are more effective, since they
undertake the meridional stresses. On the other hand, in all cases where a thin ring is put
around the door regardless of the type of stiffeners that are put to the shell, the ring is
running plasticized, even before step by step analysis reaches the extreme wind (G+1.50W)
combination value. The governing stress in all cases is the meridional (c,,) and the vertical
segment of the ring accumulates the major part of the stresses that otherwise would pass
through the opening area (Figs. 4-6).

Type TRk I'ra
[a] 2.05 1.45
[b] 1.95 1.38
[e] 2.05 1.45
[d] 1.95 1.38
[e] 2.00 1.42
[f] 1.95 1.38
2] 2.10 1.49

Table 2: Comparison of the various stiffening configurations

5. ANALYSIS WITH THE AIDE OF PARTIAL FE MODELS

Two additional models have been developed, incorporating the lower part of the overall
model, the scope of which is the check of the accuracy of the analyses, when the
calculations are performed by hand or by the use of a linear model. These models are:

e [A]: The model comprises the first two bottom courses, and the foundation.

e [B]: The model comprises the first two bottom courses, clamped to the base. The
foundation is not implemented.

Fig. 3: Partial models [A] and [B]



This procedures require less modeling and computational effort. But as the section forces
(M,M,,V,,V, and N) derived by hand calculation or from the linear model, are applied to
the top, along the free boundary circumference, with the following assumptions:

- The influence of the circumferential stresses to the shell, induced by the specific
wind load distribution on the tower stem has been ignored [9].

- In linear model calculations, the Euler-Bernoulli assumption is directly adopted.
With the objective of realizing this assumption to the partial FE model, all the
nodes of the force application level are connected to each other by means of special
rigid links. At the same time, the implementation of this technique allows the
smooth transfer of the sectional forces to the shell.

As evidenced by the analyses results in Table 3, the convergence between the stress state
of the global and the partial models can be considered satisfactory in general, the Von
Mises stresses derived from the partial models being no more than 7% lower.

VM stresses (MPa)
Model Shell Ring
Global 340 348
Partial [A] 331 334
Partial [B] 320 325

Table 3: Stress comparison for the partial models (Extreme wind comb.)

6. CONCLUSIONS

In all types of stiffening arrangements that have been tested, the ultimate load for the tower
is located at the vicinity of the door opening.

As results from the above analyses, the presence of a rigid ring around the door provides
the best reinforcement to the opening, in contradiction to the other types of stiffeners, the
contribution of which is comparatively less effective.

Stiffening by means of horizontal stiffeners around the door has not significant impact to
the resistance of the opening. Vertical stiffeners are more effective, since they efficiently
undertake the meridional stresses. Even to the door ring, it is the vertical segment which is
fully stressed.

For the specific tower, the use of a linear model or a hand-calculation approach, along with
an additional FE model for the door detailing, results to a 5% + 7% decreased stress state,
compared to the one corresponding to the more accurate full model.
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IHEPIAHYH

Ymv  mopovca  gpyacio,  yivetor  GUYKPLTIKY  Olepedivnon TV GuYVOTEPQ
YPNOUOTOOVUEVDV  JTAEE®V  eVIOYVoE®S YOpw omd v avBpomobupida mHpyov
avepoyevvntpog 2 MW Oyouvg 76.15 pétpov, kol e EXppong TOVG GTNV OVTOYY| TOV.
Yvykpivovron entd dwtdelg evioyvoems. H onuepwvn cvuvBmg epoppoldpevn mpoktikn
glvatl n ¥pNoN TOMKAOV HOVIEA®V TEMEPACUEVOV GTOLEIDV, HE Ypapukn oviivorn (LA)
Ko "Zyedtaopo pécm tacemv" (EN1993-1-6 mop 8.5).

Ymv gpyocio avth, TPOYUATOTOlEITAL CLYKPLTIKY HeEAET) pe avaAdvoelg (LBA) kot
(GMNA) ywo v amotiumon g 0plokng avIoxng ToL TUPYOL Kol TOV GYEICUO TOV LE
xpnon "Kaboiumng apBuntikng avaivong" (EN 1993 1-6 map. 8.6).

Ot avOADGELS TPAYLOTOTOLOVVTAL GE GUVOAMKO LOVTEAOD LE TUKVO SIKTLO EMPAVELNKDV KO
YOPIKOV TETEPACUEVOV GTOLYEIDV, TOV TEPIAAUPAVEL TOV TOPYO pE OAES TIG SOMIKEG TOL
Aemtopépeteg (AvOpmmobupido pe v evioyvon g, eAGvilec ovvoeomng, Oepeiinwon,
dlTaén aykvpwong), KoOMC Kol PE TOTIKA LOVTEAN TOV TEPIAAUPAVOLY LOVOV TO TUMHOL
TOV TOPYOL 61N B€om g avBpwToBupidag, oTa omoia M LETAPOPA TOV EVIATIKOV peyedmV
yiveTon amd amhovGTEPO GUVOAIKO LOVTEAO TOV TVPYOV.

ATO T AMOTEAEGLLOTO, TNG EPYACIOG TPOKVTTEL TG 1) TLO EVOESEIYUEVT HEBODOG EVicyLONG
elvar M TomoBEéTmon evdg SayTuAdloy pe TOAD pEYGAO whxog  yop® oamd TNV
avOpwmobupida, evd o1 evioyOoelc ToL KEADQOLG e stiffeners doev mpooeépovv
KavomomTikd amoteléopata. Emiong, m ypnion tomik®v poviéAwv mpooeyyilel pe
wavoromtikn axpifera (93-95%) v evratikn Katdotaon ot 0éon g avOpwmobupidag
0€ GUYKPIOT LLE TO GUVOAIKO HOVTELO.
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