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a b s t r a c t 

Ocean thermal energy conversion (OTEC) is a process of generating electricity by exploiting the tem- 

perature difference between warm surface seawater and cold deep seawater. Due to the high static and 

dynamic pressures that are caused by seawater circulation, the stiffened panel that constitutes a seawater 

tank may undergo a reduction in ultimate strength. The current paper investigates the design of stiffen- 

ing systems for OTEC seawater tanks by examining the effects of stiffening parameters such as stiffener 

sizes and span-over-bay ratio for the applied combined loadings of lateral and transverse pressure by 

fluid motion and axial compression due to global bending moment. The ultimate strength calculation 

was conducted by using the non-linear finite element method via the commercial software known as 

ABAQUS. The stress and deformation distribution due to pressure loads was computed in the first step 

and then brought to the second step, in which the axial compression was applied. The effects of pres- 

sure on the ultimate strength of the stiffener were investigated for representative stiffened panels, and 

the significance of the stiffener parameters was assessed by using the sensitivity analysis method. As a 

result, the ultimate strength was reduced by approximately 1.5% for the span-over-bay ratio of 3 and by 

7% for the span-over-bay ratio of 6. 

© 2023 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and 

Applied Mechanics. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

i

w

b

a

b

b

7

A

t

[

h

n

b

(

H

o

e

s

c

t

t

c

f

s

t

c

t  

h

2

C

Concerns about the importance of green energy have grown 

n recent decades, as the threats of global warming have become 

idespread. Wet areas are becoming wetter, and dry areas are 

ecoming drier [1] . Droughts are threatening crops and causing 

 freshwater deficit problem. Unexpected floods are devastating 

uildings and infrastructure. Not only has climate change provoked 

oth a global environmental transformation and financial crisis [2–

] , but it also threatens people’s sovereignty and livelihood [8] . 

ttempts to reduce carbon emissions have been made all over 

he world. Global commitment to the cause has also been ratified 

9] . Nonetheless, considering the impacts of global warming which 

ave already arisen, these effort s must be progressed more sig- 

ificantly. All alternatives, including the rapid conversion of fossil- 

ased energy to renewable energy [10–14] , should be considered. 
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owever, despite its enormous potential and benefits, the technol- 

gy for specific renewable energy resources such as ocean thermal 

nergy conversion (OTEC) is not mature enough for commercial- 

cale usage [ 15 , 16 ]. In response to the aforementioned issue, the 

urrent paper seeks to improve the technical readiness of OTEC 

echnology. 

OTEC is a method of harvesting solar energy that is stored in 

he ocean. The system uses the temperature difference between 

old deep seawater and warm surface seawater to form and re- 

orm the phases of the working fluid [17] . Several models of OTEC 

ystems have been developed to increase the efficiency of the sys- 

ems; the well-known models among them are the open cycle, 

losed cycle, and hybrid systems. A comprehensive review of this 

opic can be found in Ref. [18] . In brief, the open cycle system uti-

izes warm seawater directly to produce electricity; the closed cy- 

le system transfers the heat energy of the warm seawater to the 

orking fluid with a low boiling temperature. However, the hybrid 

ystem combines the principal mechanisms of the open and closed 

ycle. Because of its safety, cost-effectiveness, and efficiency, the 
ty of Theoretical and Applied Mechanics. This is an open access article under the 
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Nomenclature 

A net sectional area of the stiffened panel, cm 

2 

A p net sectional area of the attached plating, cm 

2 

A pE effective area of the plate, cm 

2 

A s net sectional area of the stiffener, cm 

2 

a ordinary stiffener spacing, m 

B 0 maximum amplitude of initial imperfection for col- 

umn and torsional buckling mode 

b distance of the transverse stiffener, m 

b E effective width of the stiffener, mm 

b f width of the flange, mm 

E Young’s modulus, MPa 

h w 

net web height, mm 

h we effective height of the stiffener, mm 

I Second moment inertia of area, m 

4 

L F EM 

length of the FEM model of the stiffened panel 

R eHp minimum yield stress, N/mm 

2 , of the plate 

R eHs minimum yield stress, N/mm 

2 , of the stiffener 

t f thickness of the flange, mm 

t w 

thickness of the web, mm 

W 0 maximum amplitude of the initial imperfection for 

local buckling mode 

βE effective plate slenderness 

βp plate slenderness 

σC1 , 2 critical stress, N/mm 

2 for each respective buckling 

mode, MPa 

σCR 1 ultimate strength of the stiffened panel under col- 

umn buckling, MPa 

σCR 2 ultimate strength of the stiffened panel under tor- 

sional buckling, MPa 

σCR 3 ultimate strength of the stiffened panel under web 

local buckling, MPa 

σY yield strength of the material, MPa 

� edge function 
Fig. 1. Schematic of OTE

2 
losed cycle system is preferred and has become primarily a case 

tudy of previous studies [19–21] . 

Fig. 1 depicts the schematic of the closed OTEC system. In this 

ase, the working fluid is ammonia. First, ammonia is pumped into 

he evaporator to change the phase of the ammonia from liquid to 

as by using heat from warm surface seawater. The vaporized am- 

onia is then used to rotate the turbine and generate electricity. 

he low-pressure ammonia is then delivered to the condenser to 

e converted to the liquid phase by using cold deep seawater. To 

epeat the cycle continuously, the liquid ammonia is pumped back 

nto the evaporator [ 17 , 22 ]. 

The value of OTEC exploration is undeniable. Not only does the 

TEC system generate electricity, but it also provides additional 

enefits such as water desalination for freshwater supply, the cul- 

ivation of marine organisms by utilizing nutrient-rich deep seawa- 

er, and an air-conditioning system [23] . The resource of OTEC en- 

rgy is stable, free, and abundantly available and can be harvested 

hroughout the year. When the additional benefits are taken into 

ccount and the scale of production is increased, the OTEC indus- 

ries are comparable to those of other renewable energy resources 

24] . Even though the potential of this technology is huge, the ne- 

essity is urgent, and the demand is high, OTEC development is 

ot remarkable when compared to that of other renewable energy 

ources. There are many reasons for this phenomenon, but the root 

f these reasons is the same in that it results from the low effi- 

iency of OTEC. The OTEC system relies solely on the temperature 

ifference between warm surface seawater and cold deep seawater. 

ith a temperature gradient of 20 °C between seawater tempera- 

ures at depths of 50 and 10 0 0 m, the net thermal efficiency is

ess than 5% [25] . Thus, the amount of warm surface seawater and 

old deep seawater required to produce electricity on a commercial 

cale would be very large. Consequently, the design of the pipes to 

ransport the seawater and the tank for storage must be not only 

nnovative but also massive in size. Briefly, the OTEC system is very 

imple and applicable, but the supporting structure still requires 

urther research and development. Several studies have been pub- 

ished on the pipe that is used to transport deep seawater to the 

oard cold-water pipe (CWP). Adiputra and Utsunomiya [26] inves- 

igated the stability of the CWP due to the internal flow. The an- 
C closed system. 
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Fig. 2. OTEC plantship layout from oil tanker conversion (Hisamatsu and Utsunomiya [32] ). 
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Table 1 

Main dimension of OTEC plantship from oil tanker ship conversion (Adiputra 

et al. [22] ). 

Parameter Scantlings Parameter Scantlings 

Length overall (m) 285 Draft (m) 

Breadth (m) 30 Block coefficient 0.84 

Height (m) 30 Seawater velocity (m/s) 

t

s

t

e

o

i

p

o

H

o

O

t

i

t

i

a

m

o

s

e

Fig. 3. Schematic of OTEC closed system. (For interpretation of the references to 
lytical formulation was then expanded in Refs. [ 27 , 28 ] by varying

he prospective CWP and the inclusion of alternative mathemat- 

cal solutions. OTEC CWP Finite Element modeling has also been 

roposed by Ref. [29] to assess the CWP stability in time domain 

nalysis. Hisamatsu and Utsunomiya [30] investigated the coupled 

otion of the CWP and the plantship. A series of experiments on 

 fluid conveying pipe was also carried out in Ref. [31] . 

A review of the literature on the seawater tank yields very few 

esources. The requirements and significance of installing a seawa- 

er tank were highlighted in Refs. [ 17 , 32 ]. Seawater tank size op-

imization has been conducted based on the applied pressure, but 

ts response to the structural integrity has not yet been considered. 

n this paper, the stiffening system of the seawater tank design is 

horoughly analyzed by varying its parameters and assessing their 

nfluence on the ultimate strength of the panel. 

As previously indicated, OTEC technology is still in its infancy. 

lthough a number of pilot projects have been developed success- 

ully, the practicality of OTEC on a larger scale is still unclear. There 

re still many factors that need to be clarified. The key issues are 

ow large of a scale should be used to render this technology prof- 

table and how to lower capital costs [24] . According to economic 

esearch on OTEC, efficiency increases with a greater temperature 

ifference between the deep ocean and the surface layer [ 33 , 34 ].

he cost of electricity will decrease as targeted net-power out- 

ut increases, making this form of technology more competitive 

 20 , 24 ]. Following this, the commercial scale of the OTEC plant be-

omes the target of development [ 22 , 35 , 36 ]. The OTEC plant can be

nstalled either on- or offshore. The on-shore option is preferable 

or pilot projects due to the ease of installation and fabrication. 

urthermore, because the purpose of the pilot project is to conduct 

esearch and development, an offshore plant is more convenient. 

owever, on a commercial scale, as the required deep seawater 

ecomes greater, and the cold-water pipe becomes bigger, the off- 

hore plant presents a better option. Several previously published 

apers or project reports on the plantship design for commercial 

TEC have been mentioned in the introductory section of Adipu- 

ra et al. [22] . The reports were conducted mostly by engineer- 

ng firms and did not provide much detailed information. Adipu- 

ra et al. [22] conceptualized and designed an OTEC plantship by 

sing ship conversion from an oil tanker ship with some consider- 

tion that to some extent, an oil tanker ship has the most similar 

haracteristics to those of an OTEC plantship, such as the existence 

f such tanks to store fluids. The use of ship conversion itself was 

ntended to reduce capital costs. To the best of the author’s knowl- 

dge, no publications on significant improvements to the concep- 

ual design have been developed since then. 

The ship-shape OTEC platform offers advantages in allocating 

he area for the OTEC system equipment and volumetric space for 
c

3 
he fluid tank for the seawater and working fluid. The motion of 

hip-shape offshore structures is also more stable compared with 

hat of other types of offshore structures. For yielding 100 MW net 

lectricity, the results from Adiputra et al. [22] stated that the size 

f the oil tanker ship should be approximately that of the typ- 

cal Suez max oil tanker. The main dimensions of the proposed 

lantship are listed in Table 1 . The proposed general arrangement 

f the plantship was visualized in a three-dimensional format by 

isamatsu and Utsunomiya [32] , as shown in Fig. 2 . 

As seen in Fig. 2 , the characteristics of the OTEC plantship rely 

n a required additional structure to support and maintain the 

TEC cycle. The seawater pipes are required to discharge or deliver 

he seawater to the board and vice versa. Storage tanks include the 

nlet and outlet cold-water tanks, the inlet and outlet warm-water 

anks, and a tank for the working fluid separator and reservoir. 

The function of seawater tanks is to store seawater before it 

s delivered to the heat exchanger. The function of these tanks is 

lso to allow seawater to move freely when the plantship is in 

otion, particularly when it is subjected to heave motion. With- 

ut the tank, the valve would be vulnerable due to excessive pres- 

ure. Fig. 3 shows the conceptual design of OTEC seawater tanks 

xtracted from Fig. 2 . At the bottom, there is a joint connection 
olor in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Velocity distribution inside the seawater tank. (For interpretation of the ref- 

erences to color in this figure legend, the reader is referred to the web version of 

this article.) 
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Fig. 5. Dynamic pressure on the side tank wall [22] . 
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etween the plantship and seawater pipes. The port and starboard 

ides of the tank are the plantship hull. The front and back sides 

re the compartment bulkhead. The top deck is allocated for the 

eat exchanger compartment. The seawater tank and the cold- 

ater pipe are set to be at the midship region to maintain the 

tability of the plantship and avoid extreme trim conditions. 

The seawater comes from the inlet and is then delivered to the 

eat exchanger through the outlet pipe. The incoming debit of sea- 

ater is equal to the debit of seawater transferred to the heat ex- 

hanger, based on mass balance. As the flow is not steady and the 

ow field is random, turbulence takes place inside the seawater 

ank. Fig. 4 , which was produced by using the commercial software 

NSYS interface, shows the sample of the velocity distribution in- 

ide the tank with a velocity of 2 m/s at the inlet. 

As shown in Fig. 4 , the near-wall velocity distribution of seawa- 

er is not equal, and there is an attack angle between the velocity 

irection and the tank walls. These conditions cause dynamic pres- 

ure that acts on the side wall, as shown in Fig. 5 for various sea-

ater transport velocities [22] . Even though seawater transport of 

–3 m/s is preferable considering the energy loss of the pump and 

he system stability, for cautious investigation, a dynamic motion 

f 0.06 MPa resulting from a seawater velocity of 4 m/s is chosen 

n this present paper to account for an undesirable condition. The 

bserved point is around the corner between the side wall and the 
ig. 6. Schematic of longitudinal bending moment and the OTEC seawater tank response

eferred to the web version of this article.) 

4

op deck, as the maximum dynamic pressure was observed there. 

ssuming a distance of 10 m between the observed point and the 

eawater level, the static pressure of 0.1 MPa can be derived. A to- 

al pressure load of 0.16 MPa is obtained. 

As part of the plantship structure, the seawater tank is also sub- 

ected to global loads. Because of its relatively long length, a ship- 

haped floating structure is subjected to a significant longitudi- 

al bending moment. The longitudinal bending moment generally 

efers to the summation of the still-water and the wave-induced 

ending moment. The still-water bending moment is caused by 

he uneven distribution of the plantship weight across the buoy- 

ncy. Moreover, the wave-induced bending moment is caused by 

he wave motion, which makes the buoyancy along the ship dras- 

ically unequal. 

Longitudinal plantship deformation that is caused by longitudi- 

al bending is classified into two conditions. In the hogging condi- 

ion, the deck part of the plantship is subjected to tension, whereas 

he bottom part is subjected to compression, and vice versa in the 

agging condition. Fig. 6 schematically shows the process of the 

lobal bending moment in sagging conditions and its influences on 

he seawater tank structure. When the peak of the wave is located 

n the fore and after part of the plantship, the buoyancy in those 

egions is higher than in the amidship region. Consequently, the 

op part of the seawater tank, which is above the neutral axis of 

he ship, is compressed, whereas the bottom part is tensed. Ac- 
s. (For interpretation of the references to color in this figure legend, the reader is 
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Fig. 7. Extended region of the observed stiffened panel as part of the grillage of the 

seawater tank. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

c

l

t

b

s

t

i

n

s

m

b

T

t

a

t

i

f

i

o

i

fi

l

c

n

a

t

p

c

w

h

T

t

p

d

p

v

i

m

p

w  

t

h

a

o

t

w

Fig. 8. Boundary conditions for FEM analysis. (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this arti- 

cle.) 
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ording to beam theory, the maximum stress that is caused by the 

ongitudinal bending moment is located near the midship, where 

he cold seawater tank is located. Thus, the cold seawater tank 

ears the maximum stress due to bending compared to the other 

eawater tanks. 

In brief, the seawater tank which is installed to maintain a con- 

inuous supply of cold and warm seawater to the heat exchanger 

s subjected to hydrostatic pressure due to ambient fluid and dy- 

amic pressures due to seawater circulation. Because of the pres- 

ure loads, the stiffened panel that constitutes the seawater tank 

ay undergo a reduction in ultimate strength when the global 

ending moment occurs, potentially resulting in structural failure. 

o ensure the structural integrity of the seawater tank, the condi- 

ion of seawater tanks which are subjected to combined pressure 

nd axial compression loads must be considered when designing 

he stiffening system. However, because the OTEC plantship is still 

n early development, there is no specific design code or regulation 

or the stiffening system of such tanks. The current study exam- 

nes the effect of pressure loads (lateral and transverse pressure) 

n the ultimate strength of stiffened panel elements that are used 

n the structure of a seawater tank by conducting the non-linear 

nite element method with two dependent load steps. The scant- 

ings of the stiffened panel model are proposed based on the typi- 

al stiffened panel of the cargo tank in an oil tanker ship. The sig- 

ificance of the stiffening parameter is also assessed by conducting 

 parametric study of the stiffened panel scantling and optimiza- 

ion based on the yield stress reduction in the designed stiffened 

anel. 

Analyzing the full size of the seawater tank is very time- 

onsuming and requires a high computational capacity, especially 

hen it comes to a parametric study in which many parameters 

ave to be varied, and simulation should be performed repeatedly. 

hus, in the present study, instead of analyzing a full-scale tank, 

he effect of the pressure load on the structure of the stiffened 

anels that constitute a seawater tank was analyzed. This proce- 

ure was suitable considering that a seawater tank, as part of a 

lantship, has primary support members such as girders and trans- 

erse webs, which are stiff enough to prevent the overall buckling 

n such a way that only local buckling and yielding of stiffeners 

ay take place. Thus, the effects of pressure load on the stiffened 

anel that constitutes a seawater tank are proportional to the sea- 

ater tank as a whole. Fig. 7 shows the sketch of the grillage of

he wall of the seawater tank. The analyzed stiffened panel was 

atched in the gray region covering the ½+ ½ bay and ½+ ½ span, 

s was also the case in Ref. [37] . The main scantling parameters 

f the stiffened panels, as illustrated in section A–A, include the 

hickness and breadth of the plate, the height and thickness of the 

eb, and the breadth and thickness of the flange. 
5 
The base scantling of the model was adapted from the typi- 

al stiffener size of a cargo hold in an ultra-large crude carrier oil 

anker [38] . This approach was based on the consideration that the 

esigned plantship was converted from such a ship [39] . A stiff- 

ned panel in the cargo hold of tanker ships is also subjected to 

uid pressure, as in the OTEC seawater tank. In the simulation, 

he span-over-bay ratio was assumed to be between 3 and 6. The 

hickness and breadth of the base plate and flange were fixed. The 

late thickness was set to the maximum thickness on the ship hull 

f 25 mm. The breadth of the base plate was set to 800 mm, which

s the length of 1 transverse span. The breadth of the flange, b f ,

as set to 150 mm, which is approximately 1/3 of the web height. 

he web height, h w 

, was varied to 400 mm, 450 mm, and 500 mm

o examine the effect of stiffener inertia on the reduction in ul- 

imate strength. The thickness of the web, t w 

, was set to 11 and

2 mm, whereas the thickness of the flange, t f , was set to 22, 25,

nd 28 mm, respectively. Table 2 contains the detailed case config- 

ration. 

The case configuration is numbered in order of the three var- 

ed parameters. The first order denotes the web height variations 

f 400 mm, 450 mm, and 500 mm as hw1, hw2, and hw3, respec- 

ively. The second order denotes the variations in web thickness 

f 11 mm and 12 mm as tw1 and tw2, respectively. The third or- 

er denotes the variation in flange thickness as tf1, tf2, and tf3. 

ase hw2tw1tf3, for example, refers to a stiffened panel with a 

eb height of 450 mm, a web thickness of 11 mm, and a flange 

hickness of 28 mm. 

In order to obtain accurate results and portray the buckling 

ehavior of the stiffened panel, the numerical simulation must 

e carried out cautiously. In the present study, the simulation 

as conducted by using a non-linear finite element analysis via 

BAQUS [40] . The boundary condition of the present study, which 

ollowed the principle of boundary condition by Adiputra et al. 

39] , is shown in Fig. 8 . To embody the effect of the structural re-

ponse of the surrounding stiffened panels on the observed ones, 

he continuous boundary condition along the longitudinal and 

ransverse edges of the base plate was considered. 

In the simulation, the transverse stiffener was not geometrically 

odeled to simplify the modeling effort, but it s contribution to 

he structural integrity was considered by imposing zero displace- 

ents on the element where the transverse stiffener was located 

lateral displacement for the base plate and transverse displace- 

ent for the web). The imposed displacement was set to be 4 mm 

or the span-over-bay ratio of 3 and 8 mm for the span-over-bay 
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Table 2 

Case configuration of the scantlings of the analyzed stiffened panels in mm. 

Case 

no. 

Web Flange Case 

no. 

Web Flange Case 

no. 

Web Flange 

h w t w b f t f h w t w b f t f h w t w b f t f 

hw1tw1tf1 400 11 150 22 hw2tw1tf1 450 11 150 22 hw3tw1tf1 500 11 150 22 

hw1tw1tf2 400 11 150 25 hw2tw1tf2 450 11 150 25 hw3tw1tf2 500 11 150 25 

hw1tw1tf3 400 11 150 28 hw2tw1tf3 450 11 150 28 hw3tw1tf3 500 11 150 28 

hw1tw2tf1 400 12 150 22 hw2tw2tf1 450 12 150 22 hw3tw2tf1 500 12 150 22 

hw1tw2tf2 400 12 150 25 hw2tw2tf2 450 12 150 25 hw3tw2tf2 500 12 150 25 

hw1tw2tf2 400 12 150 28 hw2tw2tf2 450 12 150 28 hw3tw2tf2 500 12 150 28 

Fig. 9. Mesh convergence trends: the convergence is achieved in a mesh range be- 

tween 0 and 25 mm. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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Table 3 

Ultimate strength of the stiffened panel (in MPa). 

Method 

Buckling 

modes 

Designed cases 

hw1tw1tf1 hw2tw1tf2 hw3tw2tf3 

IACS-CSR Column 344.71 345.78 346.58 

Torsional 336.79 334.37 331.95 

Local 345.39 342.19 340.78 

FEM Combination 329.636 331.2 332.96 
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T

atio of 6. The imposed displacement was determined by consid- 

ring the strain yield, which was calculated based on the material 

roperties of the panels with Young’s modulus of 205,800 MPa and 

ield strength of 352 MPa. 

To determine the appropriate mesh size, a mesh convergence 

tudy was carried out as shown in Fig. 9 . From Fig. 9 , it can be

oncluded that the simulation reached the convergence value at a 

esh size of 25 mm. Thus, the meshing was set to be uniform with

n element length of 25 mm, as shown in Fig. 10 , which is also in

greement with a previously published paper [37] . 

To consider the geometrical imperfection that is caused by the 

anufacture and production process, the coordinates of all nodes 

ere modified based on three possible buckling modes, as listed 

n Eqs. (1 )–(3) for column buckling, torsional buckling, and local 

uckling, respectively, which were obtained from [39] . 

 0 colu mn = B 0 sin 

πx i 
a 

, (1) 

 0 tors ional = B 0 
z i 
hs 

sin 

πx i 
a 

, (2) 

 0 local = C 0 sin 

mπx i 
a 

sin 

πy i 
b 

, (3) 

here 

 0 = L F EM 

/ 10 0 0 , (4) 

 0 = 0 . 1 β2 
p t in which βp = 

b 

t p 

√ 

σy 

E 
. (5) 

 i , y i , z i are coordinates of the node in the X -axis, Y -axis, and Z -

xis, respectively; a is the span length that is equal to the distance 

f the longitudinal stiffener; b is the bay length that is equal to the 

istance of the transverse stiffener; and L F EM 

is the length of the 

tiffened model. 
6 
Before conducting all case configurations, it is critical to en- 

ure that the procedures in finite element modeling, from geo- 

etrical modeling to the result processing, are correct. The ulti- 

ate strength of the selected stiffened panels obtained through 

EM was compared to that predicted by the IACS-CSR code for ver- 

fication [41] . The pressure effect was not taken into account by 

he IACS-CSR. Thus, the first load step, which imposes the pressure 

oad, was surpassed. The IACS-CSR predicts the ultimate strength of 

he stiffened panel by assuming the occurrence of three buckling 

odes, including the column buckling, torsional, and local buckling 

odes. The results were compared, and the ultimate strength was 

alculated by using the lowest value obtained. Eqs. (6) –(8) show 

he mathematical models for estimating ultimate strength based 

n the IACS-CSR for column, torsional, and local buckling modes, 

espectively. 

CR 1 = φσC1 

A s + A pE 

A s + A p 
, (6) 

CR 2 = φ
A s σC2 + A p σCP 

A s + A p 
, (7) 

CR 3 = φ
10 

3 b E t p R eHp + 

(
h we t w 

+ b f t f 
)
R eHs 

10 

3 st p + h we t w 

+ b f t f 
. (8) 

The column buckling mode considers the response of the stiff- 

ned panel to the overall buckling based on the Euler beam theory. 

he torsional buckling takes into account the tripping load that 

cts on the stiffened panel, especially on the web part. The local 

uckling considers the partial collapse of the stiffened panel part 

ue to the disproportional thickness of the panel elements. 

Fig. 11 compares the ultimate strength of the stiffened panels 

ased on the FEM and IACS-CSR code for three selected stiffened 

anels of hw1tw1tf1, hw2tw1tf2, and hw3tw2tf3. The panels were 

elected based on the proportional variation in web height, web 

hickness, and flange thickness. The stress strain behavior of these 

hree models is relatively similar based on the FEM and IACS-CSR 

ode, as shown in Fig. 11 . Based on the IACS-CSR code, all selected 

anels collapse in the torsional buckling mode. 

Based on Fig. 11 , the ultimate strength of the stiffened pan- 

ls can be obtained, as shown in Table 3 . When the detailed fig- 

res of the peak stress–strain curve and the ultimate value stated 

n Table 3 are compared, there is an interesting thing to note. 

he results from the IACS-CSR code show that by increasing the 
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Fig. 10. Meshing of the model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Ultimate strength of selected stiffened model by FEM and IACS-CSR. (For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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eight of the web (hw1-hw3), the ultimate strength that is pre- 

icted for the column buckling mode is increased, but vice versa 

or the torsional buckling mode. This is because the increase in 

eb height will increase the moment inertia of the area of the 

tiffened panel and the stress–strain equation for the column buck- 

ing mode is proportional to it. However, in the torsional buckling 

ode, increasing the web height raises the Euler torsional buckling 

tress. Nevertheless, because the ultimate strength is determined 

y the minimum value of all buckling modes, the ultimate strength 

ollows the predicted ultimate value for the torsional buckling 

ode. 
7

The FEM results are similar to the ultimate strength predicted 

y IACS-CSR in the torsional buckling mode, but the ultimate 

trength is proportional to the web height increment, which differs 

rom the tendency of the IACS-CSR results. FEM can account for 

he buckling mode interaction. Even though the torsional buckling 

ode dominates the collapse, the presence of the column buckling 

ode increases the ultimate strength. This phenomenon cannot be 

aptured by using the IACS-CSR code. 

Fig. 12 compares the stress–strain relationship of a stiffened 

anel hw1tw1tf1 with a span-over-bay ratio of six under axial 

ompression and the combined loadings of pressure and axial 
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Fig. 12. Ultimate strength reduction due to pressure load. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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ompression. In this particular step, the pressure value is set to be 

.16 MPa, which indicates the extreme condition. According to the 

raph, the pressure load reduces the ultimate strength by about 

2.4 MPa, or about 7% of the ultimate strength. However, as shown 

n the scaled-up graph, the pressure load has no effect on the ulti- 

ate strain. However, in the post-buckling region, the reduction in 

tress is very sensitive to the progression or relative strain. 

Figs. 13–15 portray the stress field and deflection in a specific 

xis of the stiffened panel during the remarkable simulation steps 

hat are depicted in Fig. 12 , including the initial condition, ulti- 

ate, and post-buckling steps. Fig. 13 shows the initial condition 
ig. 13. Stress field and deflection distribution of the stiffened panel that is subjected to 

gure legend, the reader is referred to the web version of this article.) 

ig. 14. Stress field and transverse deflection of the panel at the ultimate step. (For inte

he web version of this article.) 

8 
f the stress field and deflection of the stiffened panel right before 

he axial compression is progressed due to the applied pressure 

cting in the first load step. Because there is a fixed support that 

s contributed by the joint between the transverse and longitudinal 

tiffening systems at the mid-point of the stiffened panel, the de- 

ection is close to zero, and as a result, the stress is concentrated 

round that point. 

The deflected and stressed stiffened panel of Fig. 13 is then ax- 

ally compressed via the displacement control method, in which 

he imposed displacement is progressed through the time step. 

ig. 14 shows the stress distribution and the transverse displace- 

ent of the web in the ultimate condition. Based on the stress 

istribution in Fig. 14 a, the panel is subjected to column buckling 

odes in which the plate, web, and flange reach the yield stress. 

y observing Fig. 14 b, it can also be seen that the web and flange

re deflected in a wave of the sinusoidal mode around the mid- 

ection, indicating the occurrence of web torsional buckling. Thus, 

he collapse mode occurs as a combination of column and torsional 

uckling modes. 

Fig. 15 captures the behavior of the panel after buckling. In con- 

rast to the condition of the panel in the ultimate step, as shown in 

ig. 15 a, the stress becomes concentrated at the mid-point of the 

anels and is not evenly distributed between the front and back 

ides of the panel. It strongly indicates the existence of the tor- 

ional buckling mode, which is also shown in the transverse de- 

ection of the panel, as in Fig. 15 b. By incorporating Figs. 13–15 ,

t can be concluded that while the axial compression is advanced, 

he column buckling mode takes place; however, once the panel 

eaches its ultimate capacity, torsional buckling takes over and be- 
lateral and transverse pressure. (For interpretation of the references to color in this 

rpretation of the references to color in this figure legend, the reader is referred to 
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Fig. 15. Stress field and transverse deflection of the panel at the post-buckling step. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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Fig. 16 depicts the ultimate strength reduction as the pres- 

ure load increases. Three stiffened panels are used: hw1tw1tf1, 

w2tw1tf2, and hw3tw2tf3. The pressure is raised from 0 MPa to 

.24 MPa in 0.4 MPa increments. In general, all selected models 

ield relatively the same trend line. When relatively small pres- 

ure loads are applied, the ultimate strength reduction is negative, 

ndicating that the pressure load increases the ultimate strength. 

he explanation for this phenomenon can be found in Refs. [ 42 , 43 ].

owever, after about 0.06 MPa of applied pressure load, the pres- 

ure begins to reduce the ultimate strength in a polynomial fash- 

on, as shown by the regression line. Despite having the same ten- 

ency relatively, the sensitivity of those three panels toward the 

hange in the pressure load is different. This trend is expected con- 

idering that the designated panels have different size parameters. 

 sensitivity analysis is carried out in the next subsection to ascer- 

ain which parameter may influence the yield strength reduction 

he most. 

A sensitivity analysis is a method of observing how the targeted 

arameter, in this case, the ultimate strength of the stiffened panel, 

hanges under the effect of other input parameters. The stiffened 

anel parameter refers to the scantlings and properties of the stiff- 

ned panel members, which include the plate, web, and flange. 

or convenience, the parameter for each parameter is normalized, 

ielding four non-dimensional parameters: plate slenderness, web 

lenderness, flange slenderness, and overall slenderness. The plate 
ig. 16. Ultimate strength changes due to an increase in pressure loads. (For inter- 

retation of the references to color in this figure legend, the reader is referred to 

he web version of this article.) 
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9 
lenderness is kept constant based on the typical plate thickness of 

 tank in an oil tanker ship. The web, flange, and overall slender- 

ess are calculated by using the case configurations that are listed 

n Table 2 , with a span-over-bay ratio between three and six. The 

quations to calculate the slenderness parameters are listed in Eqs. 

9 )–(11) . 

web = 

h w 

t w 

√ 

σY 

E 
, (9) 

f lange = 

0 . 5 b f 

t f 

√ 

σY 

E 
, (10) 

over all = 

b 

π r 

√ 

σY 

E 
. (11) 

is radius of the gyration, which is calculated as 
√ 

I/A . The 

btained ultimate strength reduction is plotted versus the web, 

ange, and overall slenderness, resulting in Fig. 17 a–c. The influ- 

nce of the parameter is assessed through the r-square value of the 

egression line. A low r-square value indicates that there is a small 

orrelation between the targeted and input parameters, whereas a 

igh r-square value indicates that the targeted parameter is sensi- 

ive to changes in the input parameter. 

The r -square values in Fig. 17 a and 17 b are very small, imply-

ng a weak relationship between web and flange slenderness and 

ltimate strength reduction. However, Fig. 17 c shows that the r - 

quare value is close to one, indicating that overall slenderness is 

 critical parameter. For clarity, a sensitivity analysis based on the 

egression method is used, resulting in the regression parameters 

hat are listed in Table 4 . The regression results show a high value

f r -square and a small value of significance F , implying that the 

btained coefficients of determination for each parameter are ade- 

uate to capture the tendency of ultimate strength reduction [44] . 

he P -values show that the ultimate strength reduction is affected 

nly by the overall slenderness and web slenderness. Furthermore, 

he coefficient of determination signifies that the influence of over- 

ll slenderness is approximately seven times greater than the influ- 

nce of web slenderness. The high standard error and P -values for 

ange slenderness indicate that the influence of flange slenderness 

s not significant. 

The seawater tank is a novel structure of an OTEC plantship 

hat is subjected to excessive pressure as a result of the sum 

f hydrostatic pressure due to the submerged condition of the 

ank, dynamic pressure due to ship motion, and dynamic pres- 

ure due to seawater circulation inside the seawater tank. This pa- 

er investigates the ultimate strength of the stiffened panel via 
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Fig. 17. Scatter data of ultimate strength versus selected parameters. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

Table 4 

Results of regression analysis. 

Buckling 

mode 

Indicators 

Coefficient Standard error P -values R square Significance F 

Intercept -45.75 3.66 7.36392 × 10 −14 0.983 1.75828 × 10 −28 

Overall slenderness 116.47 2.70 6.19583 × 10 −30 

Web slenderness 16.31 1.54 5.50658 × 10 −12 

Flange slenderness 9.13 9.93 0.364471822 
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 non-linear FEA under the combined loadings of lateral pres- 

ure, transverse pressure, and axial compression to observe how 

he applied pressure affects the seawater tank structures. Be- 

ore being used, the FEA procedures, which included geometri- 

al modeling, meshing, and boundary conditions, were validated 

y comparing the results to the IACS-CSR code. The web height, 

eb thickness, flange thickness, and span-over-bay ratio were 

aried, and their influence was evaluated by using sensitivity 

nalysis. 

The FEA results are in good agreement with those obtained by 

sing IACS-CSR codes, implying that the FEA procedures have been 

onfirmed. The results show that pressure reduces the ultimate 

trength of the stiffened panel. For relatively low pressures, the ul- 

imate strength of the stiffened panel increased slightly and then 

ecreased in a polynomial fashion with pressure increments. At 

.16 MPa of applied pressure, the ultimate strength decreased by 

pproximately 4.1 MPa or approximately 1.5% for a span-over-bay 

atio of 3 and approximately 22.4 MPa or approximately 7% for a 

pan-over-bay ratio of 6. The result from the sensitivity study re- 

eals that the overall slenderness influences the ultimate strength 

eduction the most. 
i

10 
The parameters will be increased in future research by covering 

he variation in plate slenderness and material properties. FEA will 

lso be performed for the entire seawater tank structure while un- 

esirable conditions such as geometric imperfection, welding resid- 

al stress, and so on are taken into account. Because the input pa- 

ameters have a linear relationship with the targeted parameter, a 

imple regression method is sufficient for the sensitivity analysis 

n the present study. A more advanced method will be used for a 

ore comprehensive analysis. Additionally, the imperfections due 

o manufacture and production processes include residual stress 

nd geometrical imperfections. In the present study, the imperfec- 

ion effect is focused on only for the geometrical imperfection. The 

ffect of the residual stress on the ultimate strength of the stiff- 

ned panel will be analyzed in future work. 
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