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Abstract: Design optimization of a liquefied natural gas
(LNG) ISO tank is essential to ensure structural integrity
while minimizing weight. This approach enables the iden-
tification of efficient material distributions under critical
loading conditions, enhancing safety, compliance with ISO
1496 standards, and overall transport efficiency without
compromising strength. This study proposes a topology
optimization for the Bakelite support structure of a 40 ft
LNG ISO tank that balances structural strength and weight
efficiency. The optimization process incorporates two main
strategies: strain energy minimization and mass retain,
defined as the objective function and constrained within
a 90–50% mass retain range. To ensure structural integrity
and regulatory compliance, the resulting designs are eval-
uated under the ISO 1496 standard loading scenarios,
including lifting, stacking, and racking. Initial mesh con-
vergence study of the proposed finite element analysis
model shows optimum mesh selection with optimum com-
putational time. The topology optimization results with

mass retain ranging from 90 to 50% in all loading scenarios
achieved a substantial weight reduction in the Bakelite sup-
port, between 4.81 and 81.41%, by eliminating the Bakelite
application in the middle support of the pressure vessel. The
optimized Bakelite support slightly increases stress and
deformation in both the pressure vessel and the Bakelite
support, remaining within the standard criteria limits. The
proposed optimization is promising in maintaining struc-
tural strength compliance with ISO 1496 standards.

Keywords: LNG ISO tank, Bakelite support, topology opti-
mization, finite element method

1 Introduction

Liquefied natural gas (LNG) is purified natural gas that has
undergone the removal of heavy hydrocarbon elements [1].
LNG holds a considerable market share in the global
market as an alternative energy source to diesel or heavy
fuel oil (HFO) [2]. LNG can serve as a fuel alternative,
especially in the maritime sector. LNG as a fuel can reduce
fuel costs due to its lower calorific value compared to
diesel or HFO. For its operational requirements, an Igni-
tion-Compression engine running at the same power level
will use less LNG [3]. As an alternative energy source,
Indonesia possesses more extensive natural gas reserves
than crude oil reserves [4], with Indonesia holding 1.5% of
the world’s natural gas reserves [5].

As a low heating value energy source, LNG prices are
estimated to reach 60% of HFO prices. However, to accom-
modate the needs of high-speed diesel fuel tanks, LNG
usage requires tanks that are 2.5 times larger due to their
lower density and the need for additional layers to maintain
temperature [6]. Using gas as a ship fuel also significantly
reduces carbon dioxide emissions, with approximately 85–90%
reduction in nitrogen oxide emissions and almost 100% reduc-
tion in sulfur oxide emissions [6]. It aligns with regulations
issued by MARPOL Annex VI, IMO regarding emission limits,
ensuring that LNG continues to meet standards up to Tier III [7].
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Furthermore, the use of gas as fuel aligns with government
policies outlined in Government Regulation No. 55 Year 2009,
allocating 25% of total natural gas production for domestic
use [8].

In distributing LNG in Indonesia, attention must be
paid to an effective LNG distribution system. LNG distribu-
tion methods to consumers can be divided into pipeline
delivery, tanker trucks, and tanker containers [9]. Most
offshore or LNG terminal facilities receive LNG trans-
ported by ships. Floating storage and regasification units
are a common component of offshore facilities because
LNG is distributed to end-users at extremely low tempera-
tures, around −165°C, and pressures of 13 bar, necessitating
pressure vessels such as ISO tanks for its distribution
[10,11]. Therefore, under the National Priority Program
(PRN) for the maritime sector from 2020 to 2024, the
National Development Planning Agency collaborated with
the National Research and Innovation Agency (BRIN) to
prioritize the development of mini LNG carrier, which
includes the design of mini LNG carrier and the ISO tank
design.

Transporting products such as gasses, liquids, or dan-
gerous chemicals is carried out in ISO tanks, with valves
installed for further security [12]. ISO tanks are commonly
used as containers for distributing natural gas to areas not
connected by gas pipelines. The components of an ISO tank
are an outside carbon steel tank to maintain vacuum and
regulate cargo temperature, and an inside stainless steel
tank to hold liquids up to −196°C, the ASME Sec. VIII Div. 1
standards are used for designing ISO tanks [13]. The main
components of LNG ISO tanks include the inner shell, outer
shell, baffle, Bakelite support, ring stiffener, and frame
structure. The inner and outer pressure vessel tank struc-
tures are connected by Bakelite support [14]. Muttaqie et al.
[15] analyzed ISO 20 ft LNG tanks following ASME proce-
dures in their design. Additionally, ISO 1496 standards
were used to evaluate operational loads as the basis for
finite element analysis (FEA) simulation.

ISO tank design must consider several factors, such as
safety and design weight [15]. Marpaung et al. [16] tested
ISO 40 ft LNG tanks according to ISO 1496 standards,
including lifting, stacking, and racking tests. The results indi-
cated that the bottom-end frame structure received max-
imum pressure and thus required refinement to increase
operational safety. The recent study by Purnamasari et al.
[17] analyzed the structural strength of ISO 40 ft LNG
tank frames using ISO 1496 standards, identifying stacking
and racking as critical operational loading scenarios.
Fatigue research on ISO 40 ft LNG tank structures has
been conducted under low and high-cycle conditions, but
did not consider multi-stacking scenarios in their loads, as

performed by Lee et al. [12]. Lakshmikanth Chowdary [18]
researched the shapes of pressure vessel heads (inner and
outer shells), including flat heads, hemispherical heads, con-
ical heads, ellipsoidal heads, and torispherical heads. Wang
and Qian [19] investigated the influence of fluid inertia
forces on stress distribution and tank safety factors under
various loading conditions using finite element methods.
Utilizing FEA software, container tank stress analysis and
strength evaluations were conducted, demonstrating the
reliability and safety of container structures [20]. Similarly,
Zhaochun et al. [21] described stress distribution and displa-
cement of LNG container tanks influenced by inertia forces,
ensuring that the structures usedmeet the required strength
criteria.

The optimization of the Bakelite support in an LNG ISO
tank is crucial for enhancing structural efficiency while
minimizing unnecessary material usage. As the Bakelite
support plays a key role in securing and distributing loads
within the tank framework, optimizing its geometry can
lead to significant weight savings, which is particularly
important in transportation applications where weight
directly impacts cost and fuel efficiency. Given the
increasing demand for lightweight, high-performance
cryogenic transport systems, such optimization contributes
to improved structural performance. One method to
achieve an optimal design while considering weight and
strength is topology optimization. Topology optimization
has been widely used to produce lighter designs without
compromising strength. Qiu et al. [22] discussed topology
optimization of cargo space in tanker ships considering
hull weight using a finite element method approach.
Insano and Rochardjo [23] researched topology optimiza-
tion of train nose frame structures using a finite element
approach, considering safety and structural strength fac-
tors. Research on boom excavators with topology optimiza-
tion resulted in more optimal designs that were lighter
than the initial design while still being deemed safe [24].
Huda et al. [25] conducted a study on topology optimization
of fall block deck cranes using finite element methods,
successfully reducing the initial design weight while con-
sidering safe stress values. A recent survey by Tuswan et al.
[26], focusing on enhancing the structural frame design of
tanks, was conducted on ISO 40 ft LNG tanks, demon-
strating that optimization scenarios could result in weight
reductions of 18.4–37.3% while maintaining stress levels
below criteria thresholds.

Based on the studies mentioned above, topology opti-
mization has emerged as a powerful design methodology
in various engineering fields, enabling the development of
structurally efficient, lightweight, and cost-effective compo-
nents. Despite its growing application, topology optimization
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is yet to be explored in designing Bakelite support structures
in pressure vessels for LNG ISO tanks, a critical yet over-
looked component in cryogenic containment systems. These
supports play a vital role inmaintaining the structural integ-
rity of the inner tank during handling, transport, and opera-
tional loading because the geometry and mass contribute to
the overall weight and mechanical stability of the tank
system. Therefore, the absence of optimization in this area
represents a significant gap in current research and design
practices.

This research aims to propose a lighter Bakelite support
design for ISO 40 ft LNG tanks using topology optimization
methods with FEA software. Mass retain is assumed to be
50–90%, which is proposed to optimize Bakelite support
under operational loading conditions according to ISO
1496. Convergence analysis is employed initially to attain
mesh efficiency with optimal computational time. The opti-
mized Bakelite support is evaluated by comparing the total
weight savings of the LNG ISO tanks and their structural
performance under operational loading conditions. This
research can be utilized to minimize the production costs of
pressure vessels, especially Bakelite support, by simplifying
the design. Lighter and more efficient designs can benefit
manufacturers and end-users by maintaining or enhancing
structural performance while reducing material costs.

2 Materials and methods

In the materials and methods, several discussions are pre-
sented. Section 2.1 discusses the topology optimization fra-
mework used for Bakelite optimization of the LNG ISO
tank. Optimization using the Eulerian theory is discussed.
In Section 2.2, design specifications, including cross-section
geometry of the pressure tank and design parameters of
the pressure tank and Bakelite support, are calculated
according to ASME Sec. VIII. The loading scenario and
boundary condition setting for the topology optimization
test according to ISO 1496 will be presented.

2.1 Topology optimization framework on
LNG tank

Topology optimization is one of the optimization methods
used to determine the optimal structural configuration by
modifying the layout of its constituent components. By
considering the received loads, topology optimization elim-
inates elements from the design by redistributing the load
on the material to create the lowest mass of the layout.

Elements with minimal critical loads will be eliminated,
but those with high critical loads will be retained. The
design of these elements will only leave parts with suffi-
ciently high critical loads, resulting in a relatively light-
weight layout [27]. Three steps represent the topology
optimization method for the Bakelite support used in this
work. The first step involves verifying that the design satis-
fies the requirements outlined in ASME Sec. VIII Div. 1 [13]
and assessing the ISO 40 ft LNG tank’s performance under
various loading scenarios using ISO 1496 [28] to ascertain
the strength of the current design in every component.

The objective function, F, is determined in the general
case of topology optimization problems. This function is
subject to volume limitations, written as G0 ≤ 0.
Furthermore, Gi ≤ 0 can describe various restrictions for
i = 1, …, N. The density variable ρ(x), which might have a
value of 0 (showing space) or 1 (representing the existence
of solid material) at any position, describes the distribution
of material within the design domain Ω. This optimization
issue can be expressed mathematically as Eq. (1).

( ( ) )∫=F f u p p V, d ,

Ω

( ) ( )∫= − ≤G p p V VSubject to d 0,o0

Ω

( ( ) ) ≤ =G u p p i M, 0 1, …, ,i

( ) = ∀p x x ε Ω0 or 1, . (1)

For example, the objective function can be considered
the integral of the local function f(u(ρ), p) where the
domain u satisfies linear or nonlinear equations. It can
be used to discuss compliance optimization of the strain
energy density.

Eq. (1) can be explained using two different methods:
The Eulerian technique with a fixed mesh and the Lagran-
gian approach, also referred to as the boundary-following
mesh. Imposing many constraints in this situation could
result in issues with similar gaps. The density variable’s
discrete character (0 or 1) makes it more challenging to
identify the ideal answer. This problem is essential in
Eulerian theory. To tackle this issue, realistic gradient-
based optimization techniques are needed. As a result,
this issue falls under the category of continuous topology
optimization. The design of these algorithms aims to guar-
antee convergence in a reasonable number of iterations.
The problem can be formulated using Eq. (2).

( ( ) ) ( ( ) )∫= ∑F u p p f u p p V, , d ,j

Ω

j j

j

( ) = ∑ − ≤G p v p Vsubject to 0,j j j0 0
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Design optimization of Bakelite support for LNG ISO tank 40 ft using FEA  3



≤ ≤ =p j N0 1, 1, …, .
j (2)

A field function that can be applied to solid materials is
F0(u), a density interpolation function is g(ρ), and ρ is a
design variable vector of length N. The link between den-
sity and material qualities is described by the component f
(u, ρ) of Eq. (1), which can be expressed as f(u,ρ) = 0. This
formula fulfills the equilibrium equation at every optimi-
zation step in the previously discussed methodologies. The
key objective of topology optimization is to reduce the
strain energy when the structural constraints are fulfilled.
The strain energy obtained by giving density to each con-
stituent unit through the design variable will be lessened
by structural stiffness.

The main objective is to decrease strain energy when
structural constraints are satisfied. By increasing the den-
sity of individual pieces through design modifications,
strain energy can be reduced by improving structural stiff-
ness. The formulation of strain energy (U) is given by
Eq. (3).

=U Vσε
1

2

. (3)

Calculating the minimum strain energy needed for a
specific load to maximize stiffness while considering
volume restrictions is essential. This sets the minimal stan-
dard of compliance.

2.2 Design specification of LNG ISO tank
40 ft

In this section, the proposed flowchart of the optimization
process of Bakelite design is discussed. The geometry and
material selection of the pressure vessel according to the
ASME standard are discussed in Section 2.2.1. Section 2.2.2
discusses the operating loading calculation used for
topology optimization based on ISO 1496.

2.2.1 Design parameters

The optimization process starts with determining the area
or design that must be optimized, as shown in Figure 1. At
this point, the complete Bakelite support structure has
been chosen as the design area. It is necessary to establish
design answers in the optimization process. In this
instance, strain energy and volume are design responses.
The target function to be minimized is strain energy, with a
maintained volume percentage ranging from 90 to 50%.
After the lowest strain value is found, the optimization
procedure ends. The optimal outcomes must be redesigned
as the last phase. Redesigning is required to enhance the
geometry and make the design more appropriate for pro-
duction processes. The redesigned results are put to ISO

Figure 1: Topology optimization flowchart for LNG ISO tank.
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1496 loading conditions to find design flaws that can be
fixed, and a better design is suggested. Figure 2 illustrates
the external and internal structure of the LNG ISO tank
40 ft. This section discusses the process of material selec-
tion and the determination of the minimum thickness
required for the pressure vessel tank. The minimum thick-
ness of the pressure vessel, material selection, and allow-
able material limits are determined based on ASME Sec. II
and VIII [29].

The material used in the calculations is alloy steel SUS
304L manufactured by Surya Logam Universal Tbk,
Tangerang, Indonesia, with specifications SA 240 Gr 304L-
S 30403 according to ASME Sec. II [30]. This type of material
is grade 304L stainless steel with low carbon content,
known as UNS30403. To ensure compliance with ASME
implementation for establishing the minimum thickness
of pressure vessels and material selection to meet safety
and functionality standards in LNG transportation opera-
tions, ASME Sec. II strictly limits the choice of material
attributes. UG-27 ASME Sec. VIII Div. 1 describes the
minimum thickness, while Figure 2 thoroughly breaks
down the input parameters. Eq. (4) determines the minimal
thickness of the pressure vessel.

=
−

t
P

PR

SE 0.6

, (4)

where S is the maximum permitted stress for SUS 304L, R is
the internal radius, and P is the internal design pressure.
The proper butt joint efficiency, on the other hand, is
represented by E (Table UW-12 ASME [13]). Furthermore,

Eqs. (5) and (6), based on ASME Section VIII Division 1,
UG-32, are used to calculate the torispherical heads at
both ends of the pressure vessel cylinder.

( )
=

+ −
t

P M

PLM

2SE 0.2

, (5)
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+
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Additionally, ASME Sec. VIII, Div. 1, UG-28 [12] uses the
maximum allowed external pressure estimation for the
associated cylinder shell design. R = the inner radius,
and L = the inner crown radius. It is necessary to confirm
that D0/t ≥ 10 before using this computation. After verifica-
tion, the A value is determined using the fundamental
values of L/D0 and D0/t by utilizing the reference graph
for external loads in ASME Sec. II Part D Subpart 3 [29]. The
B value corresponding to the 304L material specification is
computed after acquiring the A value. Eq. (7) uses the B
value to get the maximum value. Based on UG-33, the B
value employed in Eq. (8), this procedure is directly pro-
portional to calculating the convex surface from the max-
imum pressure on the cylinder head.
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Figure 2: Cross-section of the LNG ISO 40 ft pressure vessel tank.
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This calculation is related to UG-29 of ASME Sec. VIII,
Div. 1 [13], aiming to determine the pressure on stiffener
rings in the pressure vessel. This method is required for
this section by assuming the original size and shape of the
stiffener rings.

=
⎛

⎝
⎜

+

⎞

⎠
⎟B

t

0.75

PD

/14,
A

L

S

S

(9)

where t represents the estimated shell thickness from the
previous phase, AS represents the cross-sectional area of
the expected stiffener rings, and LS indicates the space
between the stiffeners, the external pressure table in
ASME Sec. II Part D [29] can calculate the same value as
A using B.
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Eq. (10) is used to obtain the stiffener ring’s necessary
moment of inertia. Then, using the first set of assumptions
given in Eq. (11), the stiffener ring’s real moment of inertia
is verified. Table 1 shows the pressure vessel thickness
calculated based on ASME Section VIII. The code also sti-
pulates that the required moment of inertia must be equal
to or greater than the actual moment of inertia.

2.2.2 Loading scenario according to ISO 1496

Loading scenarios specified by ISO 1496 are used in FEA
analysis to calculate strength and determine certification
approval requirements. New or modified designs are
required to undergo ISO 1496 loading testing [28]. The
loading scenarios are computed based on the ISO 1496
standard presented in Table 2. The LNG ISO tank, which
is 40 feet in height, is categorized as Class A in this table,
with a stacking load of 942 kN at each leg mounting point.
The lowest load produced is 8 tons (73 kN), assuming the
LNG ISO tank 40 ft container’s gross weight is 35.42 tons,
divided equally at each corner. As a result, ISO 1496 states
that standards for high strength can be met at three levels
(without considering a safety factor of 1.8). The LNG ISO
tank 40 ft layout design is shown in Figure 3, and the cargo
layout situations are explained in Table 2.

Based on ISO 1496 [28], there are three loading sce-
narios: lifting, stacking, and racking, as presented in
Table 2. To determine the magnitude of loading for each
scenario, it is necessary to calculate the weight of the
model performed by the software by computing the total
material weight and thickness in each section. From the
total weight calculation with the software, the tare weight
(T) is obtained, which is 16.60 tons, and the gross weight
(R), which is 35.42 tons.

The lifting test determines how well the container can
support lifting loads applied vertically from the four corner
fittings. The lifting test assesses the container floor’s resis-
tance to acceleration loads during lifting. The total weight
of the container and the test load is 2R when the test load
is evenly distributed across the floor. The container can be
kept from experiencing strong acceleration or deceleration
forces by raising its four upper corners. The lifting approval
submission parameters are the gross weight (R) and the tare
weight (T). The stacking test determines how well a container
can support loads when stacked. According to ISO 1496, the
container is loaded with a vertical load of 942 kN (384 tons)
applied at each of the four corners. The LNG tank’s displace-
ment load accounts for 189.2 kN (19.3 tons) of the total cargo.
The ISO tank structure’s ability to sustain the stack load at sea
is tested via stacking. The racking test determines how strong
a container will be structurally when subjected to racking
loads and transported by various means, including trains
and ships. The ISO tank is loaded with 150 kN of cargo and
left empty for this test. The racking test aims to determine
whether the container can sustain the transverse racking
forces that the movement of transportation modes generates
on the end frame.

Table 1: Design parameters of LNG ISO tank according to ASME Sec.
VIII [13]

Design parameters Value Unit

Internal design pressure (Pint) 1 MPa
External design pressure (Pext) 0.8 MPa
Inner tank parameter
Inner shell thickness (t) 7.1 mm
Inner head thickness (t) 11.22 mm
Diameter of inner tank (D) 2,218 mm
Cylindrical length of inner tank (Lcyl) 11,018 mm
Inner crown radius (L) 2,218 mm
Inner knuckle corner radius (r) 221.8 mm
Outer tank parameter
Outer shell thickness (t) 3.95 mm
Outer head thickness (t) 6.28 mm
Diameter of outer tank (D) 2,438 mm
Cylindrical length of outer tank (Lcyl) 11,018 mm
Outer crown radius (L) 1950.4 mm
Outer knuckle corner radius (r) 243.8 mm
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2.3 Numerical FE topology optimization
method

This section outlines the FEA procedure for the topology
optimization of the LNG ISO tank structure. Section 2.3.1
details the definition of the computational domain and the
rationale behind the selection of materials. A discussion on
the applied boundary conditions and contact interactions
within the FEA framework follows this. The results of the
mesh convergence study are presented in Section 2.3.3,
while the optimization strategy for the Bakelite support
structure is elaborated in Section 2.3.4.

2.3.1 Computational domain and material selection

The numerical simulation approach using FEA has been
extensively utilized in various engineering design fields
to investigate components’ structural and mechanical

behavior [26]. Ansys software was selected as the FEA aux-
iliary software for modeling and simulation. The process
comprises three stages: first, a 3D model of the LNG ISO
tank is created using SolidWorks; second, the 3D model is
discretized by defining geometry, material properties,
loading scenarios, and constraints using Ansys software;
and third, a nonlinear static analysis is employed to under-
stand the physical impact of these parameters.

The inner and outer heads, Bakelite support, baffle,
stiffener ring, inner and outer shell, and structural frame
comprise the ISO tank geometry. The correct modeling of
these components represents the precise dimensions of the
ISO tank. The tank’s material properties are assumed to
behave linearly elastically, leading to complete plasticity.
According to this method, a material can exhibit plastic
displacement without experiencing further stress after it
reaches a particular point of elastic behavior. It suggests
that the stress stays constant during the material’s plastic
displacement. This method clarifies optimal circumstances

Table 2: Systematic loading scenarios according to ISO 1496

Load scenario Load value Load configuration

Lifting test R

2

g

= 173.75 kN

2R – T = 532.20 kN

Stacking test F = 942 kN
1.8R – T = 462.69 kN

942 + ⎛
⎝

⎞
⎠

R1.8

4

g

= 1098.38 kN

Racking test (transversal direction) F = 150 kN
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like homogeneous stress distribution and isotropic mate-
rial characteristics. Consequently, the perfect plasticity
elastic material model is frequently employed in engi-
neering because of its ease of use and capacity to offer
conservative approximations of material behavior under
certain circumstances. ASME Sec II is the basis for choosing
the suitable material for the LNG ISO tank [25]. The LNG
ISO tank’s complete material properties are shown in Table
3. In this instance, the tank’s inner shell, inner head, and
baffle are made of SA240Gr304L-PV material. Simulta-
neously, the stiffener ring, outer shell, outer head, Bakelite
support, and Bakelite cover are made of ASTM A516 carbon
steel.

2.3.2 Boundary condition and contact interaction
parameters

In the contact parameter, kinematic coupling is applied to
the top and bottom regions with motion constraints
to reduce computational time. The approach utilizes con-
straints to obtain the rigid body motion from a specific
reference point within a set of nodes. Nodes that are effec-
tively connected are locked within a group. By allowing
continuous connection and structural elements, kinematic
coupling constraints are highly beneficial in loading sce-
narios. They can ensure that various model components
work cohesively, facilitating more precise load distribution.

Figure 3: Design of the LNG ISO tank 40 ft.

Table 3: Material constants of the LNG ISO tank components

Materials Elasticity properties Plasticity properties

Density Young modulus Poisson’s ratio Yield strength Plastic strain
(ton/mm3) (N/mm2) – (N/mm2) –

Steel frame [31] 7.85 × 10−9 210,000 0.3 340 0
SA240Gr304L-PV [30] 7.85 × 10−9 193,000 0.3 175 0
ISO corner casting [32] 7.85 × 10−9 215,800 0.3 275 0
Carbon steel ASTM A516 [33] 7.85 × 10−9 200,000 0.3 248 0
Bakelite [34] 1.28 × 10−9 8,300 0.29 55 0
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Figure 4 illustrates the constraints applied in the LNG ISO
tank model.

In the current ISO tank model, fixed support interac-
tion is employed on the tank model related to the frame
model. The purpose of using fixed support interaction is to
bind points on the surfaces that meet each other.
Visualization of these constraints is displayed in Figure 5.
These constraints consist of three areas: the connection
between the front and rear tanks using check plates. These
bounding constraints ensure a robust and reliable

connection with a face-to-edge contact. The face-to-edge
contact type allows for effective interaction in various con-
ditions. Second, the contact connects the lower cylinder
tank to the saddle via face-to-face connections. This con-
straint ensures a strong and consistent interaction between
the tank and saddle, enabling proper load transfer. Third,
the connection of the Bakelite support with the inner shell
through edge-to-face contacts ensures that the Bakelite
support has effective and robust interaction as the primary
support connecting the inner shell with the outer shell.

Figure 4: Clamped boundary conditions are applied at the bottom corners, and concentrated force is set at the top corners.

Figure 5: Constraints between saddle support and outer shell (blue), outer head and check plate (red), and Bakelite support and inner shell (green).
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2.3.3 Mesh convergence analysis

The ideal mesh size is guaranteed by mesh convergence
analysis, which improves computing efficiency [35]. Redu-
cing the mesh size or increasing the density of already
existing nodes can accomplish mere refinement. The initial

study aims to establish the ideal mesh size under different
load scenarios by analyzing the structural displacement
response. As shown in Figure 6, FEA simulations are car-
ried out using quadrilateral mesh sizes ranging from 30 to
90 mm. The Ansys Meshing Tool is used in this simulation’s
meshing process, and shell components are used to

Figure 6: Mesh detail on the pressure vessel of the ISO tank.

Figure 7: Convergence assessment in various loading scenarios: (a) lifting, (b) stacking, and (c) transverse racking.
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discretize the model. Figure 7 explains how convergence is
effectively achieved with a 40mm mesh size with total of
196,032 elements.

2.3.4 Design variation of Bakelite support

The pressure vessel and the frame structure are the two
primary parts of the LNG ISO tank. Saddles, corner fittings,
and end structures are parts of the frame structure that
transfer forces generated during lifting and handling
operations. The inner and outer tanks, heads or covers,
baffles, stiffener rings, Bakelite support, and Bakelite cover
make up the pressure vessel. The geometry of the refer-
ence model is referred to in an earlier study conducted by
BRIN [17], as seen in Figure 8.

Optimization is conducted on the Bakelite support to
eliminate components far from the critical stress without
decreasing the structural integrity of the pressure vessel.
The optimized Bakelite support region is indicated in
Figure 9 by the blue-colored part. The blue area is the
optimization region. The redesign process involves mod-
eling ISO 1496 operational loading.

3 Results and discussion

This section presents the results of the FEA conducted for
the topology optimization of the Bakelite support in the
LNG ISO tank. Section 3.1 provides the baseline FEA results
for the intact, pre-optimization design. Section 3.2 discusses
the outcomes of the topology optimization under varying
mass retention levels. Subsequently, Section 3.3 evaluates
the structural performance of the redesigned Bakelite sup-
port to assess the overall strength and integrity of the opti-
mized LNG ISO tank configuration.

3.1 Structural strength of the intact LNG ISO
tank design

Three loading scenarios were utilized in this simulation
study: lifting, stacking, and racking (transversal). The simu-
lation results are divided into three main sections: the ISO
LNG tank frame structure, the pressure vessel, and the

Figure 8: Location of Bakelite support in the 40 ft ISO LNG tank.

Figure 9: Optimization area on the Bakelite support of the pressure vessel.
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Bakelite support. Table 4 presents data on stress values,
deformation, and safety factors for each 40 ft ISO LNG
tank section under each loading scenario. Figure 10 illus-
trates the simulation results regarding safety factor values
for each loading scenario. It is evident that among the
structural components and loading scenarios, the ISO
LNG tank frame structure exhibits the lowest safety factor
compared to the pressure vessel and Bakelite support
because the ISO LNG tank frame structure is the primary
support for the tank and its load. Despite having the lowest
safety factor, the stress values in the ISO LNG tank frame
structure remain below the yield strength of the steel mate-
rial, which is 340 MPa. In contrast, the stress in the Bakelite
support is the lowest due to its design as a reinforcing
structure that connects and supports the inner and outer
tanks, bearing the internal forces exerted by the cargo,
thereby ensuring support without compromising the tank’s
structural integrity.

Among the three loading scenarios used in the simula-
tion, stacking was the most critical loading condition com-
pared to the lifting and racking scenarios. Stacking became
the most vital loading condition because the LNG ISO tank
experienced excessive stacking loads in real-world condi-
tions; the ISO tank is treated differently from ordinary

cargo containers and can only be stacked up to a maximum
of two levels. Previous research has demonstrated the
same result [8,17,36].

Figure 11 shows the contour of maximum stress in
the LNG ISO tank 40 ft for each loading scenario. In the
stacking loading scenario, the greatest stress value was
observed to be 234.99 MPa, precisely at the intersection
of the vertical and upper horizontal frames of the frame
structure. Since this component immediately interacts
with the ISO corner casting, which serves as the load-
bearing center, the point of maximum stress value
essentially stands at the intersection of the vertical
frame and the upper horizontal frame of the frame
structure. As can be seen, the vertical frame in the
LNG ISO tank 40 ft has the highest critical value when
compared to other parts.

Figure 12 depicts the simulation results as maximum
displacement values for each loading scenario. It was
observed that among the structural components and
loading scenarios, the LNG ISO tank’s frame structure
exhibited the highest displacement level compared to the
pressure vessel and the Bakelite support. Meanwhile,
Figure 13 illustrates each loading scenario’s LNG ISO tank
40 ft displacement contour. The stacking loading scenario

Table 4: Comparison of FEA results in the existing model in all load scenarios

Load
scenario

Max equiv. stress (MPa) Displacement (mm) Safety factor

Structural
frame

Pressure
vessel

Bakelite
support

Structural
frame

Pressure
vessel

Bakelite
support

Structural
frame

Pressure
vessel

Bakelite
support

Lifting 58.12 21.01 21.01 19.40 0.35 0.34 1.48 8.09 8.09
Stacking 234.99 51.56 21.13 20.80 1.23 1.22 1.44 3.29 8.04
Racking
(transverse)

70.57 21.23 21.23 19.23 0.57 0.56 1.22 9.01 8.01

Figure 10: Comparison of the safety factor values for the ISO LNG tank under loading scenario.
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found the highest displacement value, reaching 20.79 mm.
The maximum displacement value was located in the long-
itudinal frame due to the transverse force direction on the
end frame, making the longitudinal frame critical for
maintaining structural integrity.

3.2 Result of topology optimization of
Bakelite design

Based on the simulation results, the frame structure of the
LNG ISO tank exhibited the highest stress values but

Figure 11: Maximum equivalent stress contour of the LNG ISO 40 ft tank in each loading scenario: (a) lifting, (b) stacking, and (c) transverse racking.

Figure 12: Maximum displacement values of different structural parts in each loading scenario.
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remained below the material’s allowable stress limit. In
contrast, the Bakelite support had the lowest stress values
among the three components: the frame structure of the
LNG ISO tank, the pressure vessel, and the Bakelite sup-
port. The optimization process in this study focused on the
Bakelite support. This area was the optimization process’s
primary focus, known as the optimization region in the
Ansys structural optimization software. The mass range
maintained in the topology optimization was set from 50
to 90%, and strain energy was monitored for each
simulation.

Table 5 illustrates the optimization results for the
retained mass and presents five optimization outcomes
for the Bakelite support design, showing the removal of
several geometric sections. The mass retains optimization
results, ranging from 90 to 50%, leading to a significant
reduction in the weight of the Bakelite support, with a
weight reduction percentage of 4.81–81.41% from the initial
weight of 291.13 kg. Redesigning the quantity and geometry
of the model is crucial for modifying the quantity and
geometry of the Bakelite support. The results of the

redesign in terms of quantity and geometry of the Bakelite
support model are presented in Table 6. Significant
changes can be observed in the central Bakelite support;
with retained mass ranging from 80 to 50%, this section is
eliminated, leaving Bakelite supports with various geome-
tries on the right and left sides of the ISO LNG tank.

3.3 Results of optimized design of LNG ISO
tank structure

Table 7 displays the simulation results, which compare the
maximum stress and displacement in the structural frame
of the LNG ISO tank, pressure vessel, and Bakelite support
under different loading scenarios and retained masses due
to the optimized model. A comparison of the stress levels in
each component of the redesigned model with Bakelite
support and the original ISO LNG tank model is shown in
Figure 14. It can be found that the maximum stress value in
the ISO LNG tank frame structure exhibited results

Figure 13: Maximum displacement contour of the LNG ISO 40 ft tank in each loading scenario: (a) Lifting, (b) stacking, and (c) transverse racking.
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comparable to the original model before the optimization
of the Bakelite support. Under the stacking loading sce-
nario, the pressure vessel section showed values that
tended to stabilize with the stress values of the initial
model, ranging from 51.48 to 51.53 MPa. However, the Bake-
lite support and pressure vessel exhibited an increase in
stress compared to the initial model at lifting and
racking load.

Figure 15 compares the maximum displacement values
between the initial ISO LNG tank and the optimized model
with Bakelite support in each component. The maximum
displacement value in the ISO LNG tank frame structure
showed results similar to the initial model’s displacement
value at 20.80 mm. The displacement values of the pressure
vessel section and Bakelite support exhibited a similar
trend in each loading scenario, experiencing a slight

Table 5: Optimization results of Bakelite support for each mass retain

Mass
retained
(%)

Result of Bakelite design
optimization

Bakelite
weight
(kg)

90 277.13

80 157.13

70 129.13

60 104.13

50 54.13

Table 6: Results of proposed geometry redesign of Bakelite support
models

Mass
retained (%)

3D Bakelite support redesign
model

Total of
Bakelite
support

90 18

80 12

70 12

60 12

50 12
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Table 7: Maximum equivalent stress and displacement values of the redesigned model at different loading scenarios

Load scenario Mass
retained (%)

Max equiv. stress (MPa) Displacement (mm)

Structural
frame

Pressure
vessel

Bakelite
support

Structural
frame

Pressure
vessel

Bakelite
support

Lifting 90 57.62 25.79 25.79 19.40 0.50 0.48
80 57.62 34.64 34.64 19.40 0.47 0.47
70 57.62 39.03 39.03 19.40 0.48 0.48
60 57.62 41.59 41.59 19.40 0.48 0.48
50 57.62 42.13 42.13 19.40 0.48 0.48

Stacking 90 234.99 51.53 25.01 20.80 1.39 1.36
80 234.99 51.52 34.14 20.80 1.35 1.34
70 234.99 51.49 38.41 20.80 1.36 1.36
60 234.99 51.51 40.88 20.80 1.36 1.36
50 234.99 51.48 45.02 20.80 1.36 1.36

Racking
(transversal)

90 70.56 26.09 26.09 19.23 0.70 0.69
80 70.56 36.06 36.06 19.23 0.67 0.66
70 70.56 40.68 40.68 19.23 0.67 0.66
60 70.56 42.40 42.40 19.23 0.68 0.67
50 70.56 42.89 42.89 19.23 0.68 0.67

Figure 14:Maximum equivalent stress values between intact and optimized models for each component: (a) structural frame, (b) pressure vessel, and
(c) Bakelite support.
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increase compared to the initial model and maintaining a
stable value in each mass retain.

Figure 16 depicts the result of maximum stress distri-
bution from the initial and redesigned models in the
stacking loading scenarios. The model with Bakelite sup-
port mass retained at 50–90% exhibited the highest max-
imum stress values in the structural frame of the 40 ft ISO
LNG tank. The maximum stress was distributed in the ver-
tical frame among the five redesigned models with Bakelite
support. Meanwhile, the Bakelite support, which under-
went a redesign with retained mass ranging from 50 to
90%, exhibited low maximum stress values, sequentially
measuring 45.02–25.01 MPa, compared to the initial design
stress value of 21.13 MPa. These results indicated that the
smaller the retained mass in the Bakelite support, the
greater the maximum stress increase due to removing
more elements.

Figure 17 illustrates the displacement distribution of
the initial and redesigned models in the stacking loading
scenario. The model with Bakelite support mass retained at
50–90% exhibited the highest displacement in the

structural frame of the 40 ft ISO LNG tank, specifically in
the top transverse frame. Meanwhile, the Bakelite support,
which underwent a redesign with retained mass ranging
from 50 to 90%, maintained a constant displacement value
of 20.79 mm. It demonstrated that the topology optimiza-
tion process did not significantly impact the displacement
values.

Figure 18 compares the total weight of the ISO LNG
tank between the initial ISO LNG tank model and the rede-
signed ISO LNG tank model with optimized design of Bake-
lite support. It can be found that the less mass retained, the
greater the mass removed from the model. As shown in
Figure 18, the total weight reduction of the redesigned ISO
LNG tank from the initial weight of 16.60 kg decreases to
16.36 kg. The reduction in the total weight of the ISO LNG
tank for each retained mass does not cause a substantial
increase in the stress values throughout the tank structure.
The percentage reduction in the total weight of the ISO LNG
tank, ranging from 0.08 to 1.43%, occurs because the geometry
of the Bakelite support is small. Thus, its impact on the change
in the total mass of the ISO LNG tank is insignificant.

Figure 15: Maximum displacement values between intact and optimized models: (a) Structural frame, (b) pressure vessel, and (c) Bakelite support.
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4 Conclusion

A series of topology optimization studies on a 40 ft ISO LNG
tank has been conducted using Ansys Structural Topology
to produce a Bakelite support design that optimizes weight
savings and structural performance under operational
loading conditions. The retained mass is the objective func-
tion, ranging from 90 to 50%, and is analyzed across three
operational loading scenarios based on ISO 1496 standards.
An initial analysis of ISO 1496 loading scenarios identified
stacking as the most critical condition for the 40 ft ISO LNG
tank frame. It can be found that design optimization of the
Bakelite support structure resulted in a substantial

Bakelite weight reduction of 4.81–81.41%. The proposed
optimization strategy is found by removing the Bakelite
support in the middle area of the pressure vessel.
Although the optimized design slightly increased stress
within the pressure vessel and Bakelite supports, it
achieved an overall weight reduction of up to 1.43% with
experienced stress below the limit criteria.

Topology optimization of the Bakelite support is
approved in maintaining structural integrity while mini-
mizing weight. Further investigations are recommended to
optimize the geometry and distribution of other tank com-
ponents, such as the frame and saddle support, aligned
with ISO 1496 loading scenarios.

Figure 16: Stress contour of the stacking loading on the LNG ISO 40 ft tank and Bakelite support for each mass retain model: (a) Intact model, (b) 90%,
(c) 80%, (d) 70%, (e) 60%, and (f) 50%.
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Figure 17: Displacement contour of the stacking loading on the LNG ISO 40 ft tank and Bakelite support for each mass retain the model of the LNG
ISO 40 ft tank: (a) Intact model, (b) 90%, (c) 80%, (d) 70%, (e) 60%, and (f) 50%.
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