Article

Structural Behavior of Large-Diameter Cylindrical Shell with
Stiffened Opening

Sung-Yong Kang 10, Deokhee Won 2(9, Jong-Sup Park 3{%, Young-Jong Kang !

check for

updates
Citation: Kang, S-Y.; Won, D.; Park,
J.-S.; Kang, Y.-J.; Kim, S. Structural
Behavior of Large-Diameter
Cylindrical Shell with Stiffened
Opening. Metals 2021, 11, 1413.
https://doi.org/10.3390/
met11091413

Academic Editors: Filippo Berto and

Cristiano Fragassa

Received: 14 July 2021
Accepted: 3 September 2021
Published: 7 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Seungjun Kim 1*

School of Civil, Environmental and Architectural Engineering, Korea University, Seoul 02841, Korea;
jokeksy@korea.ac kr (S.-Y.K.); yjkang@korea.ac.kr (Y.-].K.)

Maritime ICT R&D Center, Korea Institute of Ocean Science and Technology, Busan 49111, Korea;
thekeyone@kiost.ac.kr

Department of Civil Engineering, Sangmyung University, Cheonan 31066, Korea; jonpark@smu.ac.kr
*  Correspondence: rocksmell@korea.ac.kr; Tel.: +82-2-3290-4868

Abstract: In recent years, there has been a growing demand for renewable energy that is free of power
generation by products to address the global climate and resource limitation crises. Wind power
generation is maximizing efficiency through constant research and development, and as the use of
large capacity turbines increases, the scale of supporting structure also increases. The structural
maintenance of hollow towers, the supporting structure of wind turbines, requires the installation
of an opening through which workers can access the tower to check corrosion, cracks, and damage
to the tower body. However, these access points can affect the buckling strength of the tower
structures due to section loss. In this study, the effects of the opening on the structural stability
and ultimate strength of a large diameter cylindrical shell, which could be used as a wind turbine
supporting tower structure, were studied through elastic buckling and nonlinear analyses. Based
on the analytical results, the effects of the thickness of a collar stiffener around the opening on the
structure’s ultimate strength were investigated. The results were compared to the design criteria,
and through regression analysis, an effective equation to determine the collar stiffener’s thickness
for large diameter cylindrical shells was proposed based on an opening that satisfied the design
strength criteria.

Keywords: wind turbine tower; megastructure; maintenance opening; collar stiffener; large diameter
cylindrical shell; linear buckling analysis; geometric and material nonlinear analysis; optimal design

1. Introduction

The continued use of fossil fuels has exacerbated the global warming crisis, making
the development of alternative energy applications using natural energy an important new
undertaking for humanity—consequently, research on various alternative energy resources
is being actively conducted in various regions such as Europe and the United States. The
result is the potential use of alternative energy from sustainable, clean resources such as
biomass, hydropower, geothermal, solar, and wind resources. These resources are classified
as renewable energy without generation byproducts, and their use has been recommended
at a global level in recent years. Among them, wind energy has been developed and
delivered in earnest in European countries such as Denmark and Germany since the
early 1990s, having the advantages of high-power generation efficiency and independent
energy production in any areas where the wind-direction conditions can be met (open, hill,
coast etc.).

Consequently, since the 2010s, the demand for tower support structures has been
increasing with the development of large-scale wind turbines of 5 MW or more that
maximize power generation efficiency and increase power generation capacity [1]. As
shown in Figure 1, as wind turbine capacity increases, the supporting structure dimensions
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also increase. Research has shown that the diameters of tower bases supporting turbines of
2 MW or more range from a minimum of 4 m to more than 10 m [2-7].
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Figure 1. Comparison of resources by turbine capacity and tower base diameter, adapted from
refs [2-7].

In general, maintenance is essential to support the continuous operation of wind
power generators and power generational efficiency—in particular, because the lifespan of
wind turbines is known to be more than 20 yr—so tower structural maintenance should be
conducted regularly. Any defect that could affect the structural health and safety—such as
corrosion, cracks, and tower damage—should be detected through consistent monitoring
and inspection. Therefore, it is essential to install an access point to the tower for the
maintenance of parts, power cables, and other devices inside the wind turbine, as shown
in Figure 2.

(b)

Figure 2. Wind tower segments: (a) installed openings; (b) the tower interior.

The access point installed in a tower—itself a cylindrical shell—is an opening made
in the thin tower shell, which creates several structural problems. Various studies on
these structural defects have been conducted. Guz et al. [8], Zirka et al. [9], Golling [10],
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and Reyno et al. [11] conducted stress concentration tests of cylindrical shells consid-
ering the opening. Tennyson [12], Starnes [13], Jullien et al. [14], Shariati et al. [15,16],
Ghazijahani et al. [17], and Alsalah et al. [18] analyzed the effect on the opening of a cylin-
drical shell under axial load but did not deal with the effect of reinforcement using a
surrounding stiffener.

Regarding reinforcement around the opening, Hilburger et al. [19] identified the
behavior based on the thickness of the opening stiffener and Reyno [20] studied the effect
of the stiffener geometry, proposing a reinforcement design formula for an open installation
angle of 20° or more. Cho [21] and Santos et al. [22] analyzed the effect of ultimate strength
and reinforcement on a large-diameter cylindrical shell with an opening installation angle
of 20° or less through finite element analysis, modifying the strength reduction factor of
the design criteria. However, even when the installation angle is less than 20°, the strength
reduction factor has already been provided for in the design standard. Moreover, if the
opening design satisfies the limits provided for by the design standards, the influence of
the cross-sectional loss of a cylindrical shell with an opening of the same size has been
shown to decrease as the diameter increases.

In this study, the effects of the opening on the structural stability and ultimate strength
of a large-diameter cylindrical shell that could be used for a wind turbine supporting tower
structure were studied through elastic buckling and nonlinear analyses. Based on the
analytical results, the effects of the thickness of a collar stiffener around the opening on the
ultimate strength were investigated. The results were compared with the design criteria,
and through regression analysis, an effective equation to determine the collar stiffener
thickness for a large-diameter cylindrical shell was proposed, considering an opening that
satisfied design strength standards.

2. Current Design Standard for a Cylindrical Shell with Opening

For a cylindrical shell, Timoshenko and James M. Gere [23] proposed an equation to
evaluate the elastic buckling strength (o) by solving the differential equation of an infinite
length cylindrical shell subjected to an axial force, as expressed in Equation (1).

Et
O = AT M

where E is the modulus of elasticity, ¢ is the shell thickness, r is the shell radius, and v is
Poisson’s ratio.

The EN1993-1-6 standard [24] proposes an elastic buckling strength equation as shown
in Equation (2), based on the strength of the cylindrical shell provided by the design criteria.
Variables along the shell length are considered w, with length types being divided into
short, medium, and long, as shown in Table 1.

Table 1. Classification of cylinders and factor by length type [24].

Condition Factor Cy Type of Cylinder
w(=4) <17 Cy =136 183 4 207 Short
1.7 <w <055 Cy=1.0 Medium
w > 05! Cr = max{1+ 22 [1-20!];06} Long
t
Ox,Rer = O.605ECX; )

where E is the modulus of elasticity, ¢ is the shell thickness, r is the shell radius, and Cy is
the length factor.
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DNV-RP-C202 [25] also provides the elastic buckling strength (fr) of the unstiffened
cylindrical shell as shown in Equation (3).

n?E £\
= Ci —
fe 12(1—12) <l) ®)
where E is modulus of elasticity, f is thickness of shell, r is radius of shell, v is Poisson’s
ratio, and C is the reduced buckling coefficient.
In the recommended practice document, DNVGL-ST-0126 [26], the design buckling

stress (0ys,rq) is proposed by applying the strength reduction factor (C;) as shown in
Equation (4) for a cylindrical shell with an opening, as shown in Figure 3.

n, or 0y
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t
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_____  E—
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Figure 3. Circumferentially edge-stiffened openings [26]: (a) overview; (b) plan view.

Oys,Rd = C10% Rdpc 4)

where 0y R4, is the axial design buckling stress calculated based on the EN1993-1-6 stan-
dard [24] and C; is the strength reduction factor calculated using Equation (5) and the

coefficients of Table 2. .

Ci=1—B(3) 5)

Table 2. Coefficients A and B; for reduction factor C; [26].

. S$235 S355
Opening Angle A B Ay B,
6 <20° 1.00 0.0019 0.95 0.0021
0 =30° 0.90 0.0019 0.85 0.0021
0 = 60° 0.75 0.0022 0.70 0.0024

(1) 6 = opening angle of the shell along the girth. (2) Intermediate values may be interpolated linearly. Extrapola-
tion is not permissible.

To apply the strength reduction factor for an opening design to the design strength of
a cylindrical shell without an opening, all the following conditions must be met:

The ratio of tower thickness to tower radius (r/t) must not be more than 160.

The angle (6) occupied by the width of the shell opening must be 60° or less.

The ratio of opening width to opening height (h; /b;) must be three or less.

A stiffener of specific cross-section should be installed on the centerline of the center
surface of the wall.
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e  The cross-sectional area of the reinforcement to be installed must be at least 1/3 of the
area of the wall lost due to the installation of the opening.

e  The cross-section of the stiffener must satisfy the limit value (c/t) of the EN1993-1-1
standard [27].

Figure 4 shows changes in the strength reduction coefficient (C) based on the opening
(0) installation angle of a cylindrical shell using S355 steel for differing shell thicknesses
(). The shape and dimension of the opening used in the calculation that satisfies the limit
range of the design criteria were selected for the collar stiffener opening used in wind
power towers.

1.00

@16 mm -O-18 mm -©-20 mm -@-22 mm -@-24 mm -©-26 mm -@-28 mm

0.90 f--mmmmmmmmde e ‘ """" @30 mm -@-32mm -@-34mm -@36 mm -@38 mm -©-40 mm

0.80

Reduction Factor C,

Opening Angle § (Degree)

Figure 4. Trend of the strength reduction factor (C;) based on the opening angle (9).

As the angle of installation of the cylindrical shell opening decreases, the reduction
factor increases linearly. However, when the angle is less than 20°, the reduction factor
gradually decreases. Consequently, in the design standard, when the angle of installation
of the cylindrical shell opening is 20° or less, the influence of the section loss is considered
to be small. Based on this, a large tower with a small opening angle should have a different
collar stiffener design. However, the design standard does not deal with stiffener thickness.

3. Analysis Method for Investigating the Structural Stability and Ultimate Behavior of
a Cylindrical Shell with Opening

For thin-walled structures with large radius-to-thickness ratios, such as cylindrical
shells, it is important to examine the safety of compressive forces due to axial forces and
bending moments [28]. For cylindrical shells with openings, the strength is reduced due to
stress concentration and loss of section, so accurate analysis of the structure and review of
the design strength is essential. Consequently, the structural analysis application ABAQUS
(2020) and the finite element analysis guide provided by the design standards [24,25,27,29]
were used. Through this, the model was selected to minimize errors by length by compar-
ing the eigenvalue analysis results according to the shell length of the numerical analysis
model with the elastic buckling strength provided by the design standards and theoretical
Equations (1)-(3). Based on these results, an analysis considering the opening was per-
formed, and the effect of the thickness of the reinforcement on the elastic buckling strength
of the opening was investigated compared with the cylindrical shell without an open-
ing. Finally, the results of LBA and GMNA of the selected variable analysis model were
compared with the design Equations (4) and (5) considering the opening effect provided
by DNV-GL-ST-0126.
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3.1. Material Property

Typical properties used in wind towers are provided by the EN1993-1-10 standard [29].
Based on the grade of steel, 5235 is used for normal strength steel (NS) and S355 is used for
high strength steel (HS). Since the HS grade is suitable for large-diameter cylindrical shells
with large r/t ratios, S355 steel was used in this study, as shown in Table 3 and Figure 5. A
bi-linear material model was applied in the analysis to reflect the material nonlinearity.

Table 3. Material properties for S355 [30].

Thickness (mm) t<16 16<t<40 40<t<63
Elastic modulus [E, MPa] 210,000 210,000 210,000
First yield stress [0y;,41, MPa] 355 345 335
Second yield stress [‘Tyield2/ MPa] 3584 348.4 3384
Ultimate stress [0,,;;, MPa] 470 470 450
First yield strain [¢), 1411 0.004 0.004 0.004
Second yield strain [e,,_yield2] 0.02 0.02 0.02
Ultimate strain [e, ] 0.15 0.15 0.15
500 -
450 A
400 -
350 -
e
<
A& 300 -
=
6 250 ) i Oyield2 .
N’ i i
2 900 - | Oyieisz = 348.4MPa
I | T e
b=
o 150 4
100 A
50 A
0 . t — .
0 0.05 0.1 0.15

Strain (€)
Figure 5. Stress-strain curve (S355 Steel, 16 < t < 40).

3.2. Parametric Modeling

To implement an accurate finite element analysis model, the theoretical strength of
a cylindrical shell without an opening was compared with the ABAQUS analysis results.
The model for error verification was a cylindrical shell of diameter 4 m (r/t = 50) to 12 m
(r/t = 150) and thickness 40 mm. The length of the cylinder was set to a range from 4 to
12 m in consideration of the installation height of the opening, the model satisfying all the
design standard restrictions.

The boundary conditions of the analysis model were applied, as shown in Table 4,
and reference points were constructed at the top (RP1) and bottom (RP2) and connected
to the rigid body (via interaction option-pins). Step-buckle analysis was conducted using
ABAQUS. Through the analysis, the 1st order buckling mode of the cylindrical shell models,
which is the governing buckling mode, was obtained. Figure 6 shows the 1st order buckling
mode’s shape and the effect of the length of the models on the 1st order buckling strength.
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Table 4. Boundary conditions.

Top (RP1) Bottom (RP2)
Dlre'ctlon/. Displacement Rotation Dlre.ctlon/' Displacement Rotation
Rotation axis Rotation axis
Longitudinal Restricted Free Longitudinal Restricted Restricted
Lateral-1 Free Free Lateral-1 Restricted Restricted
Lateral-2 Restricted Free Lateral-2 Restricted Restricted

——

@]

l_l I e CE oY

Maximum error
1 less than 1.16%
0.8 4
Q
&
5 ]
L 06
2 B
=
]
© ]
0.4 A
o3 —O0—1/t=50  —O—rk=75
] —0—1/t=100 —0—1/t=125
] —@—1/t=150  eeeeee Theory
4 S 6 7 8 9 10 11 12
Length (m)

Figure 6. Comparison of eigenvalue results and theoretical strength (1st order mode).

Table 5 shows the results in the first order buckling mode, the maximum error of
which was 1.82% when 7/t = 50 and L = 12 m. To minimize the maximum error along the
length to within 1.16%, the length of the cylindrical shell was limited to 9 m or less.

Table 5. Comparison of elastic buckling stress (L = 9).

» FEM Equation (1) Equations (2) and (3)

(1st Mode, MPa) Ocr o Ox,Rc o

(MPa) Error (%) (MPa) Error (%)

50 2512.36 2541.96 1.16% 2541.00 1.13%
75 1686.18 1694.64 0.50% 1694.00 0.46%
100 1266.10 1270.98 0.38% 1270.50 0.35%
125 1014.46 1016.78 0.23% 1016.40 0.19%
150 845.94 847.32 0.16% 847.00 0.13%

For finite element analysis modeling of the cylindrical shell considering the opening,
the same modeling method as the previous analysis result was applied, the analysis
variables considering the opening based on the diameter being set as shown in Table 6.

The diameter of the cylindrical shell used for modeling was 4-12 m, the resources of
the tower supporting the turbine investigated in Figure 1 being used. The thickness of the
shell was selected to be 40 mm, the maximum value within the thickness range of 5355
steel (16 < t < 40). The dimensions of the collar stiffener and the opening are shown in
Figure 7. The hy /by ratio is 2.83 and the width of the stiffener varies from 100mm to 300mm.
The inner width of the opening is 700 mm, and the opening angle of the shell along the
girth varies from 8° to 26° depending on the cylindrical shell diameter. The dimensions
of the openings used in this study were modeled to meet the design criteria presented by
EN1993-1-1 standard.
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Table 6. Comparison of elastic buckling stress (L =9).

ot Diameter Opening Angle Length  Thickness Collar Stiffener Thickness Analysis
(D, m) (5, Degree) (m) (t, mm) (ts, mm) Type
50 4 26
75 6 17
100 8 12 9 40 40~240 Glll/]fg A
125 10 10
150 12 8
t— 450—
o_1-350
|
S| N |
¢ T s
| o
OPENIN ; 1
~ | -t
COLLAR ' /
STIFFENER I
w0+ 84
BOTTOM FLANGE |

Figure 7. Collar stiffener and opening dimensions (unit: mm).

Figure 8a shows the structural analysis model used in this study. It was sketched in a
form similar to the drawing to reflect the effect of the opening as accurately as possible.
Figure 8b shows the mesh for finite element analysis, the mesh being divided based on
the curvature of the periphery of the opening. Figure 8c shows the boundary conditions
and loads used in the analysis, with the critical load obtained from the eigenvalue analysis
being applied to the GMNA load.

Top (RP1)

NP

Longitudinal

Lateral-2

Lateral-1 Bottom (RP2)

(a) (b) (c)

Figure 8. Modeling of a cylindrical shell with openings: (a) parts sketch; (b) application of the mesh;
(c) loading and boundary conditions.
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4. Discussion: Analytical Investigation of the Structural Behavior and Proposed
Equation for Collar Stiffener Thickness Design

4.1. The Effects of a Collar Stiffener around the Opening on the Elastic Buckling Strength of a
Cylindrical Shell with Opening

LBA considering the opening was conducted by changing the thickness of the collar
stiffener around the opening based on the /1 ratio, after which the elastic analysis results of
the circular cylindrical shell were compared with those of the cylindrical shell considering
the opening.

Table 7 is shown as a graph in Figure 9, and the results of the LBA can be summarized

as follows:

Table 7. Comparison of linear buckling analysis results by parameter.

rlt 50 70 100 125 150
40 0.26 0.30 0.34 0.38 041
60 0.32 0.38 043 047 051
80 0.41 0.48 0.53 0.57 0.60
Coll 100 0.50 0.57 0.62 0.66 0.69
p f‘;. ar 120 0.60 0.66 0.71 0.74 0.77
Ratio to without opening shell strength ’fhl le(ner 140 0.68 0.74 0.79 0.82 0.85
(t ICI;:SS 160 0.76 0.82 0.86 0.90 0.93
57 180 0.83 0.89 0.94 0.97 0.98
200 0.90 0.96 0.99 1.00 1.00
220 0.97 1.00 1.00 1.00 1.00
240 1.00 1.00 1.00 1.00 1.00
Without opening shell stress 251236 168618 126610 101446 84594
(0¢r,rEM, MPa)
T T LTI IT - >
o) @
o @
on
£ os od
: e~
E 0.6 o P
<] i
© %)
\oe o
£ o
q:;- 04 o
; @
B2
E 0.2 —@—r1/t=50 O—-1/t=175
= —@—r/t=100 —@-r/t=125
- —@—r/t=150 e without opeing shell
0 + T T T T T T T T T
60 80 100 120 140 160 180 200 220 240

Thickness of the opening stiffener (mm)

Figure 9. Comparison of linear buckling analysis results based on collar stiffener thickness.

(1) When t; =40 mm (t = 40 mm, unstiffened opening), the effect of the opening on the
elastic buckling strength was smaller as #/t increased.

(2)  If the thickness of the collar stiffener continuously increased at all /¢ ratios, it ap-
proached the elastic buckling strength of a cylindrical shell with no cross-sectional
loss over a certain thickness.

(3) Atall r/t ratios, the reinforcement effect based on the thickness of the collar stiffener

exhibited a similar slope.
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4.2. Ultimate Behavior of the Stiffened Cylindrical Shells with Opening Investigated Using
Geometric and Material Nonlinear Analysis

To investigate the ultimate behavioral characteristics of the large-diameter cylindrical
shell with opening, the nonlinear analysis GMNA, considering the main geometric and
material nonlinearities such as the inelastic and large displacement and deformation effects,
was carried out. To validate the numerical model and nonlinear analysis method performed
in this study, the cylindrical shells without opening were analyzed by GMNA and the
ultimate stresses evaluated were directly compared to the stress calculated by Equation
(4) presented by DNVGL-ST-0126. As shown in Table 8, the differences between GMNA
results and the stress calculated by Equation (4) for the cylindrical shells without opening
were less than 5%, so it is concluded that the nonlinear analysis method is acceptable.

Table 8. Comparison of geometric and material nonlinear analysis results by parameter.

rlt 50 70 100 125 150
40 0.70 0.67 0.65 0.63 0.62
60 0.75 0.74 0.73 0.71 0.71
80 0.81 0.80 0.79 0.78 0.78
100 0.85 0.85 0.84 0.83 0.83
Collar 120 0.88 0.88 0.87 0.87 0.87
. . . . stiffener 140 0.91 0.91 0.91 0.89 0.90
Ratio to without opening shell design strength thickness 160 0.93 0.93 0.92 0.93 0.93
(ts, mm) 180 0.95 0.95 0.95 0.94 0.95
200 0.97 0.96 0.96 0.96 0.96
220 0.98 0.97 0.97 0.96 0.96
240 0.98 0.97 0.96 0.95 0.95
w/o 0.98 0.97 0.96 0.96 0.95
opening

Without opening shell design stress
(Ux.Rdr MPa)

280.51 262.86 247.18 232.73 219.12

Like the LBA results, the GMNA results were compared with the design strength of the
cylindrical shell without opening and the finite element analysis results of the cylindrical
shell considering the opening.

Table 8 is shown as a graph in Figure 10, and the GMNA results can be summarized
as follows:

(1) The larger the r/t ratio, the greater the reinforcement effect based on the thickness of
the stiffener, but when f; = 180 mm, the design strength for all 7/t ratios converges to
one point.

(2) Comparing the analysis results with the design strength (C;-0, r4) applied with a
strength reduction factor based on r /¢, the larger the r/t ratio, the smaller the required
design thickness of the stiffener. In other words, the effect of section loss due to the
installation of openings is reduced.

(3) To optimize the design of the collar stiffener for large-diameter cylindrical shells
accounting for the opening, the reinforcement thickness should be applied differently
based on the /¢ ratio.

4.3. Proposed Equation for Collar Stiffener Thickness Design

As shown in the finite element analysis results, it was confirmed that as the diameter
of the cylindrical shell increased, the effect on elasticity and design strength due to the
loss of the section due to the installation of the opening decreased. To understand the
design strength trend based on the installation angle of the cylindrical shell considering the
opening, the results of analyzing the thickness of the reinforcement around the opening as
a variable are shown in Figure 11.
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Y x,Rd,FEM/ Oy Rd

04 1 ~@-1/t=50 o-1t=75
—@—1/t=100 —@—r1/t=125
—@—1/t=150 e w/0 opening
LR & " 0 1/t = 50 with opening r/t =75 with opening
------- r/t =100 with opening -+ r/t = 125 with opening
------- 1/t = 150 with opening
’ 40 6I0 8'0 l(')O 150 1-;0 lC'»O léO 2(‘)0 2&0 240

Thickness of the opening stiffener (mm)

Figure 10. Comparison of geometric and material nonlinear analysis results based on collar stiff-
ener thickness.

1.00
0.90
0.80
0.70
0.60

0.50
1Y) i Sm——

C.o ,Rd/ Oy Rd

B e,

030 f---- dreenees

0.20 e T e AEREERRS
-@-Design O S40 < S60 A S80
0.10 X S100 S120 = S140 @ 8160 f--------

+ S180 @ S200 ¢ 8220 @ S240

0.00

35 32 29 26 23 20 17 14 11 8
Opening Angle & (Degree)

Figure 11. Comparison of analysis results based on design strength and opening angle.

If the opening installation angle was more than 20°, the design strength decreased
linearly considering the strength reduction factor provided by the design criteria. However,
if the installation angle of the opening was less than 20°, the design strength accounting for
the strength reduction factor sharply decreased, making it necessary to reflect this effect in
the design of the stiffener thickness around the opening.

An economical design can be derived by optimizing the design of the peripheral
stiffener thickness of a large-diameter cylindrical shell. Consequently, Equation (6) for the
optimal design of a collar stiffener for large-diameter cylindrical shells was derived through
power regression (R"2 = 0.9994) based on the design equation presented by DNVGL-ST-0126
with the finite element analysis results as follows:

ts,mz'n = 3-75t(cl)2'8 (‘S < 200) (6)
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where ¢ is the shell thickness and C; is the strength reduction factor provided by DNVGL-
ST-0126 [26]. The proposed formula considers the /¢ ratio and ¢ within the target thickness
and the strength reduction factor of a large-diameter cylindrical shell, making it possible
to calculate the minimum collar stiffener thickness that meets the limits specified by the
design standards.

5. Conclusions

In this study, the strength of a large-diameter cylindrical shell supporting a wind
generator considering the opening was compared with the design strength provided by
results that use the finite element analysis application ABAQUS and the design standard.
Moreover, using the strength reduction factor provided by DNVGL-ST-0126 [26], a formula
for calculating the thickness of a collar stiffener for a large-diameter cylindrical shell with
an opening installation angle of 20° or less was proposed. Based on these results, the
following conclusions were drawn.

1. The eigenvalue analysis results of a cylindrical shell were compared with the elastic
strength provided by the theory and design standards, and a parametric model with
a maximum error of 1.16% was established.

2. Asaresult of the LBA of a cylindrical shell considering the opening, the effect on the
elastic buckling strength by the opening was small as r/t increased. In the variable
model for all #/¢ ratios, the elastic buckling strength of the cylindrical shell converged
to a certain thickness as the collar stiffener thickness increased.

3. Asaresult of the GMNA of the cylindrical shell considering the opening, the effect
of reinforcing the collar stiffener increased as r/t increased, tending to converge
when the thickness reached 180 mm. Comparing the analysis results with the design
buckling strength to which the strength reduction factor was applied, the larger the
r/t ratio, the smaller the required design thickness of the stiffener, indicating that
the cross-sectional loss effect due to the opening being installed in a large-diameter
cylindrical shell was reduced.

4. The design could thus be optimized by reducing the thickness of the collar stiffener
based on the 7/t ratio when the opening installation angle was 20° or less. A formula
for calculating the minimum collar stiffener thickness was proposed using the finite
element analysis results and regression analysis of the design buckling strength.

5. The proposed collar stiffener thickness calculation formula could only be used within
the limits of the design standard. Therefore, if a follow-up experimental study
considers the defects caused by fabrication imperfections (Q, Class A, B, C) and
the cylindrical shell strength is verified and supplemented, the proposed formula
could be applied to various designs of cylindrical shell structures with openings.

6.  In this study, the structural behaviors of the large-diameter cylindrical shell with stiff-
ened opening subjected to the uniformly applied compressive force were investigated.
However, the non-uniformed compressive force could be applied to the section of the
wind turbine tower due to the characteristics of the structures and various loading
conditions. Therefore, further study of the investigation of the structural behaviors of
the cylindrical shell with an opening under the non-uniformly applied forces should
be carried out.
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