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Abstract: Ocean thermal energy conversion (OTEC) is a
floating platform that generates electricity from seawater
heat. The cold water pipe (CWP) used in OTEC has a length
of 1,000m and a diameter of 10 m, making it susceptible to
bending loads from ocean currents. To find suitable geo-
metry and material for the CWP, the finite element method
was used to model the real-world geometry. In the D/t var-
iation, lower ratios (increased thickness) result in higher
critical moments, maximum stress, strain, and displace-
ment. D/t 50 was chosen for the CWP. In the L/D variation,
the critical moment’s impact on L/D ratio was minimal,
while reducing L/D (shorter pipe) increased strain, and
larger L/D geometries had higher displacements. L/D 10
was selected as it balanced critical moments and reduced
the number of stiffeners needed. For diameter size varia-
tion, larger diameters increased critical moment and strain,
but smaller diameters (larger L/D ratios) also showed high
strain due to necking at two points. A diameter of 12m was
chosen for its exceptionally high critical moment. Steel was
selected as the suitable material due to its higher critical
moment and maximum stress, despite its higher weight
and lower maximum strain than composites. Capital shape
imperfections had a minimal effect on the CWP’s structure
as they were localized.

Keywords: CWP OTEC, buckling propagation, material selec-
tion, bending load, finite element method

1 Introduction

Since the industrial revolution in England in 1760, techno-
logical developments have accelerated. However, the indus-
trial revolution led to a large production of greenhouse gases.
These greenhouse gases cause global warming. Since the
industrial revolution [1], global temperatures have increased
by 1°C [2]. The most significant global warming factor is in the
energy sector. The energy sector produced 36.44 Giga tons of
CO2 gas equivalent in 2017. Compared to the total CO2 emis-
sions that year, the energy sector contributed to 71.5% [3]. The
energy sources that produce the most significant carbon
emissions are petroleum (46% of the total carbon production
in the energy sector), natural gas (34% of the total carbon
production in the energy sector), and coal (21% of the total
carbon production in the energy sector) [4].

Meanwhile, carbon emissions that result from new
forms of renewable energy, such as solar, wind, water,
and tidal [5–12], are very small [13]. Therefore, there is a
need for a transition from fossil to renewable energy so
that global warming does not increase. At present, renew-
able energy in Indonesia is dominated by water energy
(19,454 GW), geothermal energy (15,563 GW), and organic
fuels (13,562 GW) [14]. Solar energy is also starting to dom-
inate with several research studies involving photovoltaic
thermal [15] systems using nanoparticles as the working
fluid [16,17], and nanofluid that can absorb more heat, so
the photovoltaic panel can be more efficient [18]. Mean-
while, energy originating from the sea is still rarely used
(such as ocean wave energy). This is unfortunate because
Indonesia is a country dominated by the sea. In research
conducted by Alifdini et al., it is known that more than 50%
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of the sea waves in South Kuta can be used to generate
generators with a capacity of 16.83 MW [19]. This indicates
that Indonesia has quite a lot of ocean wave energy poten-
tial. Besides ocean wave energy, Indonesia’s large oceans
also have other renewable energy potentials, namely,
ocean thermal energy. The potential for marine thermal
energy in Indonesia is quite good. This is because Indo-
nesia has a tropical climate, so the sea temperature in
Indonesia does not depend on a particular season or time
[20]. Because the potential for marine thermal energy in
Indonesia is quite good, this energy should be developed
to reduce fossil energy.

Ocean thermal energy can be extracted using the
ocean thermal energy conversion (OTEC) technology. This
OTEC takes advantage of the difference in the temperature
of the hot sea surface and the cold deep seawater. The
temperature difference must be more significant than
20°C [21]. OTEC is generally placed on a floating platform
like a ship [22]. The thermodynamic cycle in OTEC is the
Rankine cycle using ammonia working fluid. The efficiency
of the Rankine cycle in OTEC is only 6–7% [23]. Cold deep
seawater is pumped to the platform using a cold water pipe
(CWP). CWP on OTEC usually has a diameter of 10 m, is
0.1 m thick, and is 1,000 m long. This is because the cold
water must still be cold when it reaches the platform, so a
larger pipe means reduced heat transfer from the outside
pipe [24]. The distance between the stiffeners on the CWP is
100m [25]. In the CWP, several loads cause failure in the
CWP. The load is a bending load due to seawater currents
and hydrostatic pressure. However, this study will discuss
the CWP when subjected to bending loads because the dis-
tance between the stiffeners at the CWP is large, causing
this pipe to fail quickly due to twisting.

In the studies that have been carried out, research on
CWP focuses on its stability. An example of research con-
ducted by Adiputra and Utsunomiya was regarding the
strength of several materials for CWP OTEC [26]. In addi-
tion, research that examines pipes under bending loads
focuses on their geometry. An example of research con-
ducted by Yudo and Yoshikawa was discussing pipes with
various D/t and L/D ratios at bending loads [27]. Therefore,
this study investigates geometries with large dimensions
and materials capable of withstanding bending loads to
obtain a CWP OTEC design with high bending strength (as
a result, thermodynamics of the pipe is not being analyzed).
Furthermore, this study examines the materials commonly
used in the maritime industry when subjected to bending
loads to determine suitable materials for CWP OTEC.

2 Buckling on structure and
infrastructure

In a structure, failure occurs when it can no longer sustain
the applied load. Failures can take various forms, such as
yielding, fatigue, and buckling [28]. In the context of mate-
rial and structural mechanics, yielding failure happens
when a material undergoes permanent plastic deformation
due to stress exceeding the material’s elastic limit. Fatigue
failure occurs when a material or structure experiences
damage or failure as a result of repeated or cyclic loading
over an extended period [29]. Buckling is a failure where a
structure fails to maintain its position. The focus of this
study is buckling failure (because pure bending makes
this failure). Buckling can occur in all structures that
experience axial compression loads and bending loads
[30]. An example of a pipe experiencing buckling failure
can be seen in Figure 1. Figure 1 shows the pipe’s buckling
failure due to axial compression loads. This buckling
failure does not only occur in the pipe structure. Other
structures, such as cemented I-beam structures, can also
experience this failure. Figure 2 is an I-beam structure
that is given cement, which has failed buckling due to
bending loads.

As a result of the buckling in the I-beam (in Figure 2),
the cement that is cast on it breaks due to the brittle nature
of the cement [33]. This failure does not only occur in large
structures. The frame on the car can also experience buck-
ling when exposed to heavy loads. An example of buckling
is shown in Figure 3, in which a wheel coupler formwork
support component is subjected to bending loads.

In Figure 3, it can be seen that the buckling is in the
middle of the specimen. This is because the load given to

Figure 1: Buckling on pipe [31].
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the specimen is in the middle of the specimen. Apart from
compression and bending loads, buckling can also occur
due to external hydrostatic pressure around it [35]. This
failure usually occurs in pipes under the sea/offshore
pipes. An example of a pipe that is buckling due to external
hydrostatic pressure can be seen in Figure 4.

3 Buckling phenomenon analytic
concept

The researchers who investigated buckling phenomenonwere
Tymoshenko and Gere [36], who focused on axial compression
loads. They found that a long pipe’s critical stress on both ends
is suspended, as shown in the following Eq. (1) [36]:
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where σcr is the critical stress, E is Young’s modulus, t is the
thickness of the pipe, r is the pipe’s radius, and v is
Poisson’s ratio.

For a cylindrical pipe with a thin wall subjected to a
bending moment load, the maximum stress equation can
be seen in the following equation [37]:
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where σ is the maximum stress in the axial direction, and
M is the bending moment load.

If it is assumed that a pipe with a thin pipe wall is
loaded with buckle bending when the compression stress
reaches a value where the stress reaches buckling failure,
then the critical moment can be found by combining Eqs.
(1) and (2). If it is assumed that the material used is steel
with a Poisson ratio of 0.3, then the following equation [37]
is obtained:

= =M σ πr t πEr t0.605 ,cr cr
2 2 (3)

In the previous studies that examined circular pipes
under bending loads, such as Chwalla [38] and Brazier [39],
it was found that the results of their research had a range of
values between 0.55 and 1.3 values, which were formulated in
Eq. (3). In the study conducted by Chwalla, the critical
moment formula can be seen in the following equation [38]:

=M πEr t0.378 .cr
2 (4)

Meanwhile, Brazier found that the critical moment
formula can be seen in the following equation [39]:

=M π t0.33 Er .cr
2 (5)

Eq. (3) can reference the value of the critical moment.
However, the actual value of a pipe cannot be calculated
using Eq. (3). This is because the critical moment is greatly
influenced by other parameters, especially the D/t ratio
[37]. Eq. (6) [40] can be used to find the buckling moment
in the plastic area.
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Figure 2: I-beam structure experiencing buckling failure [32].

Figure 3: Buckling on the wheel coupler formwork support [34].
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Where D is the diameter of the pipe and σy is the yield
stress. This equation is broadly acknowledged to be a good
design criterion.

In Eqs. (3)–(6), several factors can affect themagnitude of
the critical moment in a cylindrical structure. Young’s mod-
ulus (E) and yield stress influence the magnitude of the cri-
tical moment in the material forming the structure. At the
same time, the diameter/radius and thickness affect a sys-
tem’s essential moment in the structure’s geometry. There-
fore, the parameters used in this research for CWP OTEC are
material, diameter size, and diameter/thickness ratio (D/t).

Another phenomenon that exists in a pipe that is given
by the bending load is ovality. This phenomenon causes the
surface area of the originally circular pipe to become oval
in shape. A schematic of the oval deformation can be seen
in Figure 1(a). Longitudinally, the pipe will experience cur-
vature, and a schematic of the curvature can be seen in
Figure 1(b).

In Figure 5, the part that comes out of the circle is
called outward buckling, and the part that goes into the
circle is called inward buckling. Ovalization has a non-
linear moment–curvature relationship as its main effect,
represented in the following equation [43]:
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d
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2

2
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where I is the moment of inertia, M is the applied bending
load, and (d2u/dx2) is the curvature [43]. The curvature itself
can also be known by the amount of rotational displacement
divided by the distance between the stiffeners of the struc-
ture. Therefore, the distance between the stiffeners/diameter
(L/D) ratio is also included in the variation in this study.

4 Research milestones

Several studies have been conducted on pipes subjected to
bending loads. Kyriakides et al. [44] wrote about buckling
localization and propagation under bending loads, and
Dimopoulos and Gantes [45] studied buckling in cylindrical
shell wind turbine towers. Ghazijahani and Showkati
[46] investigated cylindrical shells under bending and
external loads. Karampour and Albermani [47] investi-
gated clasp interactions in textured deep underwater
pipelines. In the same year, Yudo and Yoshikawa [48]
investigated the buckling phenomenon for imperfect pipes
under pure bending loads. In addition, in the same year,
Winkler et al. [49] wrote about the fatigue behavior of
high-strength steel mono strands under bending loads.
Li et al. [50] investigated the performance of concrete-
filled double skin steel tube (CFDST) beams using high-

Figure 4: Pipeline failure due to external hydrostatic pressure.

Figure 5: Analytical concept in this study: (a) oval deformation [41] and (b) curvature [42].
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strength steel under bending loads, and in the same
year, Kim et al. [51] wrote about the strength of CFDST
members with shear connectors under bending loads.
Yuan et al. [52] investigated the buckling of bi-material
pipes under bending loads. For updates from each study
conducted, see Table 1.

From the existing research milestones, it can be seen
that research on CWP for OTEC has never been carried out.
This is because the geometry of the CWP is extreme, and
OTEC itself is still not popular. Therefore, this research was
conducted to find suitable geometries and materials for
CWP OTEC.

Table 1: Summarized reference of the milestone study

Year Authors Subject Concluding Remarks

2008 Stelios Kyriakides, Ali Ok, and Edmundo Corona Localization and propagation of
buckling under bending loads
in steel tubes

The relationship between the given moment
load and the pipe curvature that occurs can be
seen [44]

2012 C.A. Dimopoulos and C.J. Gantes Experimental investigation of
wind turbine tower cylindrical
shell buckling

The result of this study is that imperfections
affect the failure of the windmill poles. However,
the holes in the poles do not have a major effect
on the failure of the windmill poles [45]

2013 Tohid Ghanbari Ghazijahani and Hossein Showkati. Experiments on cylindrical
shells under bending loads and
external stresses

In pure bending loads, when the location of the
load application (concentrated load) moves from
the stress zone of the section to the neutral axis,
the behavior of the protrusion of the section
changes to flattening [46]

2015 Hassan Karampour and Faris Albermani Clasp interactions in a textured
deep underwater pipeline

Textured pipes have a better buckling
propagation compared to cylindrical pipes.
However, cylindrical pipes are more sensitive to
imperfections than textured pipes [47]

2015 Hartono Yudo and Takao Yoshikawa The buckling phenomenon for
imperfect pipes under pure
bending

A parameter β = (D/t)(σY/E) can be a parameter
of the yielding effect on the buckling moment. If
β is large, then the pipe will experience elastic
buckling. If it is small, then the pipe will
experience plastic buckling [48]

2015 Jan Winkler, Christos T. Georgakis, and Gregor
Fischer

Fatigue behavior of high-
strength steel mono strands
under bending loads

The research experiment results show that the
interwire movement due to transverse
deformation is highest on the neutral axis of the
mono strand [49]

2019 Ali Binazir, Hassan Karampoura, Adam J. Sadowski,
and B. P. Gilbert

Pure bending loading in a pipe-
in-pipe system

The strength of the pipe system inside the pipe
is influenced by the ratio of the outer pipe
thickness to the inner pipe thickness [53]

2021 Wei Li, Wei-Jie Li, Li-Feng Xu, and Fa-Cheng Wang CFDST beam performance
using high-strength steel under
bending loads

HSS is more brittle at bending loads than
ordinary steel when used as a sandwich material
wall [50]

2021 Seung-Eock Kim, George Papazafeiropoulos, Viet-
Hung Truong, Phu-Cuong Nguyen, Zhengyi Kong,
Nguyen-Thˆe Duong, Van-Trung Pham, and Quang-
Viet Vu

Strength of CFDST members
with shear connectors under
bending loads

The ratio of outside diameter to inside diameter,
outer diameter to outside thickness, inside
diameter to inside thickness, and outside
thickness to inside thickness affects the bending
strength of the material [51]

2022 Lin Yuan, Jiasheng Zhou, Haowei Liu, and Nian-
Zhong Chen

Buckling of the bi-material pipe
under bending loads

The range where buckling occurs can be
checked. Checking this range by looking at the
minor buckling that arises due to the bending
load [52]

Assessment of the OTEC cold water pipe design  5



5 Methodology

The method used in this study was the finite element
method (FEM). The FEM is a numerical technique that
models a structure by dividing it into small elements
(mesh). After meshing, interactions were defined at certain
points (nodes) between these elements. Then, calculations
were made at each node using predetermined mathema-
tical equations [54]. This method was used in this study
because it helped to reduce the costs required for the
research. Moreover, using this method allowed for the
use of numerous variations in the analysis [55].

5.1 Numerical validation

The validation carried out for this study was by replicating
the research conducted by Yadav and Gerasimidis [56]
regarding the instability of the cylindrical shell under
bending loads. In the research conducted by Yadav and
Gerasimidis, a cantilever pipe was subjected to a bending
load at its end. This issue is similar to the problem present
in CWP OTEC, where CWP OTEC is a cantilever pipe with a
free end, resulting in a bending load. Furthermore, the
research conducted by Yadav and Gerasimidis already
has complete information, making it easy to replicate.

The geometry used by Yadav and Gerasimidis is a
cylindrical shell with a distance between stiffeners of
20 m, a radius of 4 m, a radius/thickness ratio (R/t) of 60,

and a modal shape imperfection with a magnitude of 0.1.
The geometry of the validation carried out can be seen in
Figure 6.

The material used was medium carbon steel with a yield
stress of 355MPa, Young’s modulus of 210 GPa, and Poisson’s
ratio of 0.3. For material input, Yadav and Gerasimidis 2019
used the Ramberg–Osgood plasticity model. For the equation
of plasticity, Ramberg–Osgood can be seen in the following
equation [44]:
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σ
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7
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y
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(8)

The boundary conditions used also followed a study
conducted by Yadav and Gerasimidis [56]. Fixed ends are
made on one side of the pipe, so U1 = U2 = U3 = UR1 = UR2 =
UR3 = 0. Meanwhile, on the other hand, it is a given
moment load. The given moment is a rotational displace-
ment using θ. The boundary conditions for the validation
carried out can be seen in Figure 7.

Validation was carried out using ABAQUS software
using the static risk method. The result of the moment
load will be normalized by =M D tσy

2 , and the curvature

will be normalized with = t

D
2 , where D is the pipe diameter,

t is the pipe thickness, and the yield strength. The results
of the numerical validation can be seen in Table 2 and
Figure 8.

From the results obtained (in Table 2 and Figure 8), it
can be seen that the difference between the study

Figure 6: Geometry for validation (in mm).

Figure 7: Boundary condition for validation.

6  Prayoga Wira Adie et al.



conducted by Yadav and Gerasimidis in 2019 and the cur-
rent study at critical moments is similar, with only about a
3.5% difference. However, the curvature at the critical
moment has a difference of 15%. This is due to the differ-
ences in the input material, especially when it reaches its
yield strength. In this study, the ductility criteria used were
the same as those used in bilinear materials, where the
boundary between elastic and plastic behavior forms a

single point. On the other hand, in the study conducted by
Yadav and Gerasimidis, the ductility criteria used involved
the actual stress–strain curve, and thus, they did not form a
single point at the boundary between elastic and plastic
behavior. This is due to the limitation in the ABAQUS CAE
software, which does not allow the direct input of the actual
stress–strain curve at the yield strength.

5.2 Mesh convergence study

The mesh convergence study was conducted using a model
replicated from a study conducted by Yadav and Gerasimidis
[56]. The geometry, materials, and boundary conditions were
identical to those in the previous validation. The elements
used for this research were shell elements. This is because
the geometry used for this research was a cylindrical shell,
and using shell elements can optimize the numerical calcula-
tions performed. For the mesh convergence study, ABAQUS
software used the linear buckle method to make the results
obtainedmore linear. The variedmesh started from themesh
with the largest size of 200mm and the smallest size obtained
when it was converged. The results of the conducted mesh
convergence study can be seen in Figure 9.

Figure 9 shows that the greater the number of ele-
ments used, the more convergent the results obtained.
When the number of elements was added, the critical
moment obtained differed from the number of fewer ele-
ments. Figure 9 adds a straight line to the graph to see
where the convergence occurred. From the figure, it can
be seen that a mesh size of 55 mm was a good mesh size to
use. It was shown that with the 55 mm mesh size, the cri-
tical moment results obtained were similar to the smaller

Table 2: Validation result

Reference Normalized
moment

Normalized
curvature

Yadav and
Gerasimidis [56]

0.952 0.88

Present study 0.985 1.01
Difference (%) 3.5 15

Figure 8: Moment-curvature curve, and thus validation result.

Figure 9: Results from a mesh convergence study.
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mesh size. In addition, a larger mesh size can also reduce
the number of elements used in numerical calculations so
that it was more efficient in numerical calculations.

5.3 Numerical modeling

The numerical modeling for CWP OTEC used in this study
was to model it on a cylindrical shell. This was used so that
the numerical calculations were not too complicated and
that the numerical calculations can be efficient. This geo-
metry can also effectively represent CWP OTEC because
CWP OTEC is a thin-walled cylindrical pipe. The shape of
the geometry used in this study can be seen in Figure 10, in
which the diameter (D), thickness (t), and distance between
stiffeners (L) valued for each variation vary, depending on
the variation used. The variations used can be seen in the
following section.

The material properties input into ABAQUS CAE included
Poisson’s ratio, Young’smodulus, yield stress, and plasticity prop-
erties in the material model used. These properties are influen-
tial in calculating the critical moment of a cylindrical shell pipe
subjected to bending loads, as described in Eqs. (3) and (6).

5.4 Geometry variation

There were four geometric variations used in this study.
The first variation was the diameter/thickness ratio (D/t),
then the distance between stiffeners/diameter ratio (L/D),
the variation in the size of the diameter used, and the
imperfection variation. In the geometric variations, the
material used was the same for each variation, namely,
carbon steel with moderate plasticity Ramberg–Osgood
whose similarities can be seen in Eq. (8) [44].

5.4.1 D/t variation

The variation of D/twas studied due to the thin thickness of
CWP OTEC. Additionally, the D/t ratio of the cylindrical shell

structure affected the magnitude of its critical moment. For
the D/t variation, a fixed diameter and a fixed distance
between stiffeners were used, but for a different thickness.
The variation of D/t used can be seen in Table 3.

5.4.2 L/D variation

The variation of L/D was used in this research because this
variation affected the number of stiffeners to be used in
CWP OTEC. Thus, in this variation, we seeked options with
good structural strength and more efficient use of stif-
feners. For the L/D variation, the diameter and thickness
used were the same, but the distance between the stif-
feners of the pipe to be simulated was different. The varia-
tion of L/D used can be seen in Table 4.

5.4.3 Diameter size variation

Due to manufacturing limitations in CWP OTEC caused by its
large size, we attempted to reduce the diameter to investigate
the effects. However, reducing the diameter increased the

Figure 10: Geometry modeling.

Table 3: D/t variation

Code D/t L/D D (mm) t (mm) L (mm)

A-1 100 11.11 9,000 90 100,000
A-2 150 11.11 9,000 60 100,000
A-3 200 11.11 9,000 45 100,000
A-4 250 11.11 9,000 36 100,000
A-5 300 11.11 9,000 30 100,000

Table 4: L/D variation

Code D/t L/D D (mm) t (mm) L (mm)

B-1 100 2.5 10,000 100 25,000
B-2 100 5 10,000 100 50,000
B-3 100 7.5 10,000 100 75,000
B-4 100 10 10,000 100 100,000
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number of CWPs used in OTEC. Variations in diameter, the
distance between stiffeners, and the D/t ratio were the same,
so the difference was in the diameter and thickness used. The
variations in the diameter used can be seen in Table 5.

5.4.4 Imperfection variation

The last geometric variation was the imperfection variation.
In this variation, this study investigated how imperfections
affected the structural strength of CWP OTEC. The imperfec-
tion usedwas amodal shape imperfection, where the imper-
fection value was obtained by multiplying the results from
the eigenvalue analysis with the specified magnitude value.
For imperfection, variations can be seen in Table 6.

5.4.5 Material variation

The material used in this study needed to be varied to find
a good material for CWP OTEC. The selected material had

to resist bending loads so that failure was not easy. Therefore,
steel, aluminum, and two types of fiber-reinforced plastic
(FRP [57]) were used in this study. The materials were chosen
because they were corrosion-resistant. Therefore, they can
be applied to CWP OTEC due to the corrosive nature of the
CWP OTEC environment. High-density polyethene (HDPE) is
also a material that can be used for CWP OTEC. However,
HDPE material cannot be used on pipe sizes above 1.6m
in diameter. For materials that had a significant weight, a
floater was provided. In material variations, the variable geo-
metry was all fixed. The materials used in this study can be
seen in Table 7.

In this study, several materials used Ramberg–Osgood’s
plasticity. For iron, the Ramberg–Osgood equation from Eq.
(8) was used with an n-value of 9 [44]. In composites, the
Ramberg–Osgood equation used was the Ramberg–Osgood
equation for FRP, which can be seen in the following Eq.
(9) [61]:

⎟⎜
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⎛
⎝ + ⎛

⎝
⎞
⎠

⎞
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σ

E ε

1

,

E ε

σ

n n

0

1/

0

0

(9)

where σ is the stress, E0 is the initial modulus, σ0 is the
asymptotic stress level, and ε is the strain. For CFRP mate-
rial, the E0 value is 138 GPa, σ value is 100 GPa0 , and n is 10.
Meanwhile, for GFRP, the E0 value is 45.6 GPa, σ is 100 GPa0 ,
and n is 10 [62].

5.5 Geometry/material selection

The selection of geometry/material for CWP OTEC was
based on various factors, including critical moment, max-
imum stress, maximum strain, maximum displacement,
and other relevant parameters that differed for each var-
iation. High critical moments were chosen from each var-
iation to ensure that CWP OTEC can withstand significant
bending. The consideration of maximum stress and strain was
also crucial in the selection of geometry/material to ensure
that they can endure high stress and strain. Additionally, the
largest displacement was preferred so that the pipe structure
can undergo substantial displacement before failure occurred.

Table 5: Diameter variation

Code D/t L/D D (mm) t (mm) L (mm)

C-1 100 33.33 3,000 30 100,000
C-2 100 16.67 6,000 60 100,000
C-3 100 11.11 9,000 90 100,000
C-4 100 8.33 12,000 120 100,000

Table 6: Imperfection variation

Code Imperfection (W0/t) D (mm) t (mm) L (mm)

E-1 0.05 9,000 90 100,000
E-2 0.1 9,000 90 100,000
E-3 0.15 9,000 90 100,000
E-4 0.2 9,000 90 100,000
E-5 0.25 9,000 90 100,000
E-6 0.5 9,000 90 100,000
E-7 0.75 9,000 90 100,000
E-8 1 9,000 90 100,000

Table 7: Material variation

Code Material Modulus Young (GPa) Yield strength (MPa) Density (kg/m3) Plasticity D (mm) t (mm) L (mm)

D-1 Steel [44] 210 455 7,840 Ramberg–Osgood 9,000 90 100,000
D-2 Al 6061T6 [58] 68.9 276 2,700 Bilinear 9,000 90 100,000
D-4 CFRP [59] 130 1,756 1,800 Ramberg–Osgood 9,000 90 100,000
D-5 GFRP [60] 45.6 1,280 2,500 Ramberg–Osgood 9,000 90 100,000
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In addition to the aforementioned factors, the selection
of material/geometry is also based on the characteristics of
each variation. For the D/t variation, the geometry’s volume
is considered as it can affect the total weight of the structure.
In the L/D variation, the required number of stiffeners is
also determined since a smaller distance between stiffeners
results in a greater total number of stiffeners used. When
considering material variations, the material’s density is
also considered when selecting materials for CWP OTEC.
This is because density also influences the total weight of
the CWP OTEC structure.

6 Results and discussion

The results and discussion section analyzes the effects of
the applied variations on a pipe structure subjected to
bending loads. The parameters under observation include
critical moment, maximum stress, maximum strain, and
maximum displacement for each variation. Subsequently,
conclusions regarding the appropriate geometry/material
for CWP OTEC will be drawn based on the considerations
explained in the methodology.

6.1 D/t variation

The results of this variation were compared in the form of
a moment versus curvature graph, which can be seen in

Figure 11. The graph shown in Figure 11 shows that as the
thickness increased (or the D/t ratio decreases), the critical
moment also increased. This was because the moment of
inertia of the geometry with a larger thickness was higher,
allowing it to withstand higher bending stresses. The for-
mula for the area moment of inertia for a hollow cylinder
can be seen in Eq. (10) [63].

( )= −I

π

D d

64
,4 4 (10)

where I is the area moment of inertia, D is the outside
diameter of the cylinder, and d is the inside diameter of
the cylinder. The graph in Figure 11 shows that the plastic
deformation region in geometries with higher thickness
was larger compared to geometries with lower thickness.
This was because increasing the thickness of a structure
can enlarge the area capable of undergoing plastic defor-
mation. But apart from the moment–curvature graph, in
the geometry selection, it was also necessary to know the
contours of the specimen to find out where the failure
occurred. The stress contour can be seen in Figure 12, the
strain contour in Figure 13, and the displacement contour
in Figure 14.

In Figure 12(a), it shows the stress contours of geo-
metry A-1 when elastic (moment of 2.72 × 1010 Nmm), after
yielding (moment of 2.57 × 1012 Nmm), and at the critical
moment (moment of 2.68 × 1012 Nmm). In Figure 12(b), it dis-
plays the stress contours of geometry A-3 when elastic (moment
of 1.36 × 1010 Nmm), during plastic deformation (moment of
1.07 × 1012 Nmm), and at the critical moment (moment of
1.07 × 1012 Nmm). Lastly, in Figure 12(c), it depicts the stress

Figure 11: Moment–curvature graph for D/t variation.
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Figure 12: Stress contours: (a) A-1, (b) A-3, and (c) A-5.

Figure 13: Strain contours: (a) A-1, (b) A-3, and (c) A-5.
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contours of geometry A-5 when elastic (moment of 9.05 × 109

Nmm), during plastic deformation (moment of 5.27 ×

1011 Nmm), and at its critical moment (moment of
6.25 × 1011 Nmm).

By observing the critical stresses (in Figure 12), it can
be noted that the larger the thickness (the smaller the D/t
ratio), the higher the critical stress. This was also due to the
larger moment of inertia of geometries with greater thick-
ness, allowing them to withstand higher bending stresses
(as in Eq. (10)). Figure 12(a)–(c) shows that the maximum
stress at the top of the pipe moved toward the pipe’s ends,
while at the bottom, it moved toward the center. This was
because of the nature of bending stress, where one part of
the object experienced tensile stress while the opposing
part experienced compressive stress.

In the strain contours (Figure 13), it can be observed
that the larger the thickness, the higher the strain that
appears. This was because strain and stress were directly
related, where higher stress led to higher strain. The loca-
tions where strain occurred were also the same as where
stress occurred. For example, in Figure 12(c), the maximum
stress occurred at the ends of the pipe (when viewed from
the top), and if compared to the strain that occurred (in
Figure 13(c)), the maximum strain was also at the ends of
the pipe.

In the displacement contours (Figure 14), it can be
observed that increasing the thickness will result in larger
displacements. This was because displacement is also
related to strain. When larger strain occurred, it would
lead to larger displacements. For example, in Figure 12, it
is evident that the geometry with the largest strain was
geometry A-1. In Figure 13, the geometry with the largest
displacement was also geometry A-1.

Apart from the aforementioned parameters, it was
also necessary to know the weight of each geometry.
This was an important consideration because OTEC was
a hanging platform whose stability depends on the CWP.
Therefore, Table 8 is the volume of geometry A-1 to A-5 to
be used as a comparison of the weight of each geometry.

Figure 14: Displacement contours: (a) A-1, (b) A-3, and (c) A-5.

Table 8: Volume for D/t variable

Code Volume (mm3)

A-1 506.14 × 109

A-2 338.16 × 109

A-3 253.83 × 109

A-4 203.17 × 109

A-5 169.36 × 109
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If all specimens were assumed to use the same mate-
rial, then the best geometry for CWP OTEC was geometry
A-5. This was because A-5 was lightweight, so it was good
for CWP OTEC (can be calculated from its density). From
the parameters that had been described, it can be con-
cluded that a good geometry to use for CWP OTEC was
geometry A-1. This was because geometry A-1 exhibited a
significant critical moment, maximum stress, maximum
strain, and maximum displacement compared to other geo-
metries. However, this geometry also had a higher weight
when compared to the other geometries.

6.2 L/D variation

The simulation results of the L/D variation can be seen in
the moment–curvature graph in Figure 15. Figure 15 shows
that the distance between stiffeners/diameter ratio had no
significant effect on the magnitude of the critical moment of
the structure. This was because the formula for the critical
moment itself did not mention the distance between the
stiffeners parameters to affect the magnitude of the critical
moment (see Eqs. (3)–(5)). However, the plastic deformation
region of the pipe with a shorter size was larger compared
to that of the pipe with a longer size. This finding is also
consistent with the discovery made by Yudo and Yoshikawa
[27]. The contours can be seen in Figures 16–18.

Figure 16(a) shows the stress contours for B-1 geometry
at the elastic stage (moment of 5.04 × 1010 Nmm), when
entering plastic deformation (moment of 3.60 × 1012 Nmm),
and at its critical moment (moment of 3.84 × 1012 Nmm).
Figure 16(b) and (c) displays the stress propagation images

identical to Figure 16(a). Geometry B-3 has a critical moment
of 3.72 × 1012 Nmm, while geometry B-4 has a critical
moment of 3.66 × 1012 Nmm.

In Figure 16, it can be observed that the variation in
L/D ratio did not significantly affect the critical stress of the
structure. This was because the length did not influence the
bending stress of the structure; what affects the bending
stress was the cross-section of the structure. However, the
stress contours differed for each L/D variation. Looking at
Figure 16, it can be noted that shorter pipes had a wider
spread of maximum stress on the structure. This was because
in shorter pipes, failure occurred earlier before themaximum
stress moved to the pipe’s ends (in the tensile stress region) or
toward the middle of the pipe (in the compressive stress
region).

In Figure 17, it can be observed that the shorter the
pipe, the higher the maximum strain in the pipe structure.
This was because a shorter pipe resulted in a shorter dis-
tance between the boundary conditions and the applied
load (boundary conditions can be seen in Figure 7). The
close distance between the boundary conditions and the
applied load caused pipes with a smaller L/D ratio to have
higher maximum strain.

Figure 18 shows the displacement contours for various
L/D ratios. From Figure 18, it can be observed that the
longer the pipe, the larger the displacement that occurred.
This was because the deflection became greater when a
pipe structure was longer.

Apart from the aforementioned parameters, knowing
the number of stiffeners used for each geometry was neces-
sary. This needed to be considered because the total dis-
tance between stiffeners of the OTEC CWP could reach

Figure 15: Moment–curvature graph for L/D variation.
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Figure 17: Strain contours: (a) B-1, (b) B-3, and (c) B-4.

Figure 16: Stress contours: (a) B-1, (b) B-3, and (c) B-4.
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1000m [22]. A list of the stiffeners required for each geo-
metry can be seen in Table 9.

In Table 9, it can be seen that the greater the L/D ratio,
the less stiffener was used. This shows that the B-4 geo-
metry was a suitable geometry for CWP OTEC. With less
stiffener used, costs incurred can be less. From the para-
meters previously described, it can be seen that the B-4
geometry was the best geometry for CWP OTEC. This was
indicated by the difference in critical moment strength,
which was not much different from the B-1 geometry,
had a good maximum strain, and had a small number of
stiffeners.

6.3 Diameter size variation

The results of the simulation of the diameter size variable
can be seen in Figure 19, which is the moment–curvature
graph for this variable. From the moment–curvature graph
in Figure 15, it can be seen that a small diameter also had a
small critical moment. Meanwhile, a large diameter had a
high critical moment. This was due to the approaches
to the critical moment formula in Eqs. (3)–(5), where the
critical moment would also be higher when the pipe

diameter was enlarged. From the moment–curvature graph
in Figure 15, it can also be seen that the smaller the dia-
meter, the larger the plastic area.

Figure 20(a) shows the stress contours for geometry C-1
when it was still in the elastic region (moment of 8.55 × 1010

Nmm), when it entered the plastic region (moment of 9.65 ×
1010 Nmm), and at its critical moment (moment of 9.73 ×

1010 Nmm). Figure 20(b) and (c) displays the same stress
contour changes for geometries C-2 and C-4. Geometry C-2
had a critical moment of 7.91 × 1011 Nmm, while C-4 had a
critical moment of 2.68 × 1012 Nmm.

Figure 20 shows that the maximum stress of each geo-
metry was the same. This was because each geometry’s
cross-section’s shape was the same (D/t ratio). Despite
having different diameter sizes, the critical moments of

Figure 18: Displacement contours: (a) B-1, (b) B-3, and (c) B-4.

Table 9: Amount of stiffener required

Code Stiffener number

B-1 40
B-2 20
B-3 14
B-4 10
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each geometry were also different. This resulted in the
same maximum stress for each geometry, but the sizes of
the geometries were different.

In Figure 21, it can be observed that the maximum
strain of the pipe structure increased as the pipe diameter
was enlarged. However, even in the pipe with a 3 m dia-
meter, it exhibited high maximum strain (in Figure 21(a)).
This was because high L/D ratios tended to experience

necking, and the necking position was not at the center
of the pipe. This results in necking occurred at two loca-
tions, leading to high maximum strain. The reason for
necking occurred at two locations was due to the uneven
load distribution along the pipe.

Figure 22 shows the displacement contours for various
pipe diameter variations. It can be observed that the
smaller the pipe diameter, the higher the displacement.

Figure 19: Moment–curvature graph for diameter size variation.

Figure 20: Stress contours: (a) C-1, (b) C-2, and (c) C-4.
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Figure 21: Strain contours: (a) C-1, (b) C-3, and (c) C-4.

Figure 22: Displacement contours: (a) C-1, (b) C-3, and (c) C-4.
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This was because as the L/D ratio increased, the displace-
ment also increased.

When observing the moment–curvature graph, geo-
metry C-4 had the highest critical moment compared to
other geometries. However, the maximum displacement of
this geometry was smaller compared to that of geometry C-1.
For the selection of CWP OTEC geometry, geometry C-4 qA
was chosen because the most crucial aspect of bending load
Qa was its resistance to bending. Meanwhile, the maximum
displacement was not as critical in its bending resistance.

6.4 Material variation

Figure 23 results from a simulation on various materials
presented as a moment–curvature graph. Figure 23 shows
that the material with the highest critical moment was
material D-1 (steel material), followed by material D-2
and material D-3. The material belonging to the composite
material had a low critical moment. The contours used can
be seen in Figures 24–26.

In Figure 23, it can be observed that compositematerials
had low moment resistance despite having high Young’s
modulus and tensile strength. This was because the high
tensile strength and Young’s modulus resulted in significant
strain. This significant strain caused the moment–curvature
curve of the composite material to be elongated in its cur-
vature (strain) region.

Figure 24(a) shows the stress contours for material D-1
when it was in the elastic region (moment of 2.72 × 1010

Nmm), when it entered the plastic region (moment of 2.61 ×
1012 Nmm), and at its critical moment (moment of 2.68 ×

1012 Nmm). Figure 24(b) and (c) displays the same stress
contour changes for materials D-2 and D-4. The critical
moment for D-2 is 1.57 × 1012 Nmm, while D-4 had a critical
moment of 1.13 × 1011 Nmm.

In the stress contours (Figure 24), it was evident that
the highest stress was generated bymaterial D-1 (Figure 24(a)),
while the composite material exhibited lower maximum
stress (Figure 24(b)). This was because the composite’s
strain deformation behavior was more elongated than
steel, resulting in a lower maximum stress than steel.
This characteristic was also observed in the moment–
curvature graph in Figure 23.

In the strain contours (Figure 25), it can be observed
that the strain for the composite material was higher com-
pared to the strain in the metallic material. This was still
related to the moment–curvature graph in Figure 23. In
Figure 23, the curvature that occurred in the composite
material was larger than in the metallic material. This
was the reason why the maximum strain in the composite
material was higher than in the metallic material.

In the displacement contours (Figure 26), it can be
observed that the largest displacement occurred in the
composite material as well. This was because of the signifi-
cant maximum strain in the composite material (Figure 25).
Since a large maximum strain led to a substantial deflection

Figure 23: Moment–curvature graph for material variation.
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Figure 25: Strain contours: (a) D-1, (b) D-3, and (c) D-5.

Figure 24: Stress contours: (a) D-1, (b) D-2, and (c) D-4.
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when the initial geometries were the same, the composite
material exhibited the highest displacement.

In addition to the parameters discussed earlier, exam-
ining the materials’ density was necessary. The density of a
material affected the weight of the structure to be made.
The weight would affect the balance of the OTEC floating
design that will be made. Table 10 shows the materials and
their density.

Suppose the geometry of the material used was assumed
to be the same. In that case, the comparison of the weight of
the material can be made by comparing the density of the
material. It can be seen in Table 10 that the lowest material
density was D-4 material, so D-4 material was the lightest in
the variety of materials used. This showed that D-4 material

was the best material for CWP OTEC in terms of the weight of
the material used. From the previous explanations, it can be
concluded that D-1 material was the best material to use for
CWPOTEC. This was because the D-1 material had a very high
critical moment point compared to other materials and had
highmaximum stress. However, this material had a relatively
high weight and lower maximum strain compared to compo-
site materials.

6.5 Imperfection variation

In the imperfection variation, the results of the simulations
that had been carried out can be seen in the moment–cur-
vature graph in Figure 27. The moment–curvature graph in
Figure 27 shows that the modal shape imperfection did not
affect the structure’s strength even though the imperfec-
tion’s size was one times the thickness of the pipe. This was
because, in modal-shaped imperfections, the magnitude of
the imperfections was very small and local in nature (only
a small depression in the middle of the pipe). This type of
imperfection would become a big problem if the multipli-
cation factor was large.

Table 10: Materials and their density properties

Code Density (kg/m3)

D-1 7,840
D-2 2,700
D-3 1,800
D-4 2,500

Figure 26: Displacement contours: (a) D-1, (b) D-3, and (c) D-5.

20  Prayoga Wira Adie et al.



7 Conclusions

This work has successfully conducted a parametric study
of CWP from OTEC installation. The finite element
approach was used to calculate several designated sce-
narios, and the methodology in this work was validated
based on pioneer work in thin steel cylindrical shells under
bending. From the simulations completed, it can be con-
cluded that:
1. In the variation of geometry D/t, as the D/t ratio decreased

(increasing thickness), the critical moment, maximum
stress, maximum strain, and maximum displacement
also increased. This led to the selection of D/t geometry
as 100 for the CWP OTEC.

2. In the variation of geometry L/D, the magnitude of the
critical moment did not significantly affect the L/D ratio,
resulting in only minor changes in maximum stress for
each variation. However, reducing the L/D ratio (shorter
pipe) increased the generated strain. On the other hand,
the displacement was higher for larger L/D geometries.
In this variation, an L/D value of 10 was chosen. This
decision was made because this geometry exhibited a
critical moment that was not significantly different from
other geometries while reducing the required stiffeners.

3. In the variation of diameter size, it was observed that
the critical moment increased with larger diameter
sizes. Additionally, larger diameter sizes increased the
strain due to reducing the L/D ratio. However, the strain
was also high for small diameters (larger L/D ratios)
because necking occurred at two points. For the dia-
meter size variation, a diameter of 12 m was chosen as

it exhibited an exceptionally high critical moment com-
pared to smaller sizes.

4. The suitable material to use when making CWP OTEC
was steel material. This was because this material had a
higher critical moment and maximum stress than other
materials. However, this material had a relatively high
weight and lower maximum strain than composite
materials.

5. The size of the capital shape imperfection did not affect
the structure of the OTEC CWP because this type of
imperfection was only local.

Recommendations for subsequent research are to con-
sider the costs in the manufacture and installation of CWP
OTEC so that they can find out the geometry and materials
that are more cost-efficient. In addition, it is also necessary
to research combined loading between bending loading
and external pressure so that the results obtained are
more accurate (because CWP OTEC is under hydrostatic
pressure). In addition, the future research might incorpo-
rate a heat transfer analysis in the geometry and materials
used in CWP OTEC. This is due to the fact that the cold
water from the deep sea must remain at a low temperature
when it reaches the OTEC platform.
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