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In 2012, the International Maritime Organization (IMO) regulated the emissions of SOx and NOx by setting the emission control
area and strengthened the regulations on ship building and operation. Because the environmental regulations have been
reinforced, there has been a drastic increase in LNG-fueled ships. -erefore, it is necessary to carry out systematic research on the
design of the LNG fuel tank, which is one of the important components of LNG fuel supply systems. In this study, aiming to design
a type-B LNG fuel tank used in the real structure, a procedure for structural integrity assessment considering the International Gas
Carrier (IGC) Code was proposed. A 10,000 TEU containership was chosen as an operating vessel, and independent type-B tank
was selected as an LNG fuel tank. Structural integrity was evaluated by applying a systematic procedure based on the IGC Code. A
series of finite element analysis was conducted under the various design loads and operating conditions. Fatigue life and fatigue
damage were calculated using the numerical results obtained from transient thermal-structural analysis and fatigue analysis to
provide the safety level of the design scheme.

1. Introduction

In 2012, the International Maritime Organization (IMO)
regulated the emissions of SOx and NOx in ships and offshore
fields by setting the emission control area. In this regulation,
the sulfur contents (SOx) should be limited to 0.1% weight
from 2015 onward in sulfur emission control areas (SECAs)
[1]. In addition, with the aim of reducing greenhouse gas
emissions by 20% in 2020 and by 50% in 2050 from their 2005
level, IMO strengthened the regulations on ship building and
operation to satisfy the energy efficiency design index (EEDI)
criteria agreed upon by IMO at MEPC 62 [2]. -e SOx re-
duction problem can be solved and the EEDI index associated
with CO2 can be reduced by 20% by applying an LNG fuel
supply system to ships [3]. Because these environmental
regulations have been reinforced, the demand for liquefied
natural gas- (LNG-) fueled ships is expected to dramatically

increase. In this context, it is necessary to carry out research on
the design of the LNG fuel tank, which is one of the important
components of the LNG fuel supply system.

Fuel tanks applied to LNG-fueled ships are categorized
into IMO-independent type-A, type-B, and type-C tanks. A
comparison of these tanks is shown in Table 1 [4]. Type-A
tank is designed as an independent prismatic type and has
a complete secondary barrier for the entire tank. Type-B tank
is similar to type-A except that it has a partial secondary
barrier for a fail-safe design. -e prismatic shape tank has
a supporting system and a secondary barrier covering the
entire inner bottom plate. -is type is resistant to sloshing
loads, as the tank has longitudinal bulkheads. By contrast,
the type-C tank is a cylindrical tank for small vessels of
capacities below 20,000m3.

At present, despite the numerous studies on LNG cargo
tanks, very few analyzed the fuel tank design. Basically, heat
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transfer analysis, thermal analysis, and a comparative study
on thermal insulation of LNG cargo tanks were conducted
[5–7]. Furthermore, studies on structural integrity assessment
and design of type-C LNG tanks applied for LNG carriers of
various sizes were performed [8, 9], and a structural design of
an LNG cargo tank for LNG carriers was conducted [10]. In
addition, a load analysis of an independent type cargo tank for
LNG carriers and numerical simulation of liquid sloshing in
ship tanks were also carried out [11, 12], as well as a time-
domain stress analysis for the rolling chock of an independent
type LNG tank [13]. Finally, a fatigue analysis method for an
LNG tank was presented, and a fatigue strength assessment
for an LNG cargo tank was conducted [14, 15].

Although numerous studies were conducted for the
optimum design and structural integrity assessment of the
membrane type or type-C tank, analytical studies on type-B
LNG fuel tanks according to codes are inadequate and
difficult to find. -is is due to the difficulty of finding a well-
established procedure for the structural integrity assessment
of type-B LNG fuel tanks. -erefore, in this study, to design
the type-B LNG fuel tank that is used in the real structure,
a procedure for structural integrity assessment considering
the International Gas Carrier (IGC) Code was proposed.
Accordingly, a structural integrity assessment of the tank
was conducted based on finite element analysis (FEA). -e
results were verified according to the IGC Code and several
other rules.

2. Structural Integrity Assessment
Procedure for LNG Fuel Tanks

2.1. Overall Assessment Procedure for LNG Fuel Tanks. In the
present study, to design the type-B LNG fuel tank, a pro-
cedure for structural integrity assessment according to the
IGC Code for optimum design was proposed.-e procedure
includes the thermal-structural analysis and fatigue analysis
and is based on the IGC Code, KR Rules, IACS Recom. 56,
DNV Class Note No. 31.12, and ASME Sec. VIII, Div. 2. -e
proposed assessment procedure for the safety and reliability
of the LNG fuel tank considering the IGC Code is sum-
marized in Figure 1.

-e structural integrity assessment was carried out by
applying the proposed procedure.-emost important factors
involved in the design of the LNG fuel tank are structural
safety and fatigue life, as LNG is stored at a temperature below
−163°C. Finally, a systematic FEA was performed to evaluate
the structural safety and to establish a procedure for analyzing
the stress levels and evaluating the fatigue life of the target
structure. In particular, the thermal-structural analysis and
fatigue analysis were carried out using the databases on the
materials and structures of LNG fuel tanks.

2.1.1. Heat Transfer Analysis. As a first step in the structural
integrity assessment, a heat transfer analysis was conducted.
LNG is stored in the liquid state at −163°C to minimize
volume and large differences in temperatures between the
inner and outer tanks. -erefore, thermal effects should be
reflected in FEA when evaluating the structural safety of the
LNG fuel tank [16]. Heat transfer analysis due to natural
convection of LNG according to the filling ratio was per-
formed to obtain the exact temperature distribution in the
LNG fuel tank.-ree filling ratios were selected to reflect the
change of the inner LNG mass in operation: 15%, 50%, and
90% (Figure 2) [17]. As a result, each stress due to thermal
shrinkage was obtained from the heat transfer analysis by
applying the acquired temperature distribution.

2.1.2. Structural Analysis. As a second step in the structural
integrity assessment of the LNG fuel tank, the structural
analysis was conducted according to the IGC Code to
evaluate the structural safety of the tank. -e scope of
the structural evaluation was limited to the design of the
LNG fuel tank and support structures. Since the material
is in a cryogenic environment, it is essential to consider
nonlinearity [18]. Accordingly, a nonlinear analysis was-
performed by applying the stress-strain relation obtained
from the actual ambient and cryogenic test of the stainless
steel material in contact with the LNG [19]. In the analysis,
the stress-strain relation was applied to each part according
to the temperature distribution obtained from the heat
transfer analysis (Figure 3). -e charging and consuming

Table 1: Comparison of independent type tanks for LNG-fueled ships.

Tank type Independent cylindrical Independent prismatic MOSS type (independent spherical)

IMO tank type Type C Type A Type B

Schematic
structure

Secondary
barrier No requirements Complete Partial

Characteristic Pressurized at ambient or
lower temperature

Fully refrigerated at
atmospheric pressure

Fully refrigerated at
atmospheric pressure

Notes For small vessels less than
approx. 20,000m3 capacity For large vessels For LNG carriers
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processes of LNG and the changes in temperature inside and
outside of the tank were not considered. 	e FEA was
performed considering the internal pressure, hydrostatic
pressure according to the LNG �lling ratio, and thermal load
from the heat transfer analysis. 	e tank for transporting

LNG was considered for dynamic e�ects because loading
and unloading conditions are repetitive. However, because
the fuel in the tank is consumed gradually during the voyage,
the static analysis was performed.

2.1.3. Fatigue Analysis. As a third step, fatigue analysis was
performed. Because the fuel tank is exposed to more fre-
quent severe fatigue loads, such as cyclic impact loading of
LNG and thermal loading under cryogenic conditions,
a study on the fatigue fracture and fatigue life of the LNG
fuel tank should be undertaken. 	erefore, the standard
related to fatigue analysis of LNG fuel tanks was applied.
Accordingly, a fatigue analysis for the entire structure of the
LNG fuel tank was conducted in this study.	is analysis was
performed using the structural analysis results. 	e analysis
was conducted according to the IGC Code, IACS Recom. 56,
and ASME Sec. VIII, Div. 2. 	e fatigue life of the fuel tank
structure was assessed using global FEA. In addition, a fa-
tigue tool inside the FEA programs, MSC.Patran/Nastran
2010, was used [20–22].

2.2. ConceptualDesign of Type-B LNGFuel Tank. Among the
various LNG tank types, independent type-B tank is the
most suitable in terms of compliance to recent trends of
environmental regulations and it is highly reliable. It has
su�cient fatigue strength to prevent crack penetration
during its design life. It is a category of tanks that complies
with the safety requirements of the IGC Code. 	e safety
of the LNG fuel tank can be ensured by selecting the

(a) (b) (c) (d)

Figure 2: Loading conditions for considering di�erent �lling ratios of the LNG fuel tank: (a) empty state, (b) 15%, (c) 50%, and (d) 90%.
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Figure 3: Temperature-dependent stress-strain relation of stainless
steel.

FE modeling

Step 1: heat transfer analysis

Step 2: structural analysis

Step 3: fatigue analysis

Poisson’s ratio, elastic modulus,
calculated (IGC Code and KR Rules) 

Principal dimensions

�ermal conductivity, specific heat,
thermal expansion coefficient
3 Types of LNG filling ratios 

Yield strength, ultimate tensile strength,
elastic modulus, fatigue (cyclic) strength 

coef., damage calculation (IGC Code,
IACS Recom. 56 and DNV)

FE model

�ermal distribution

Stress distribution

Structural integrity assessment 

Figure 1: Flowchart of proposed structural integrity assessment of the LNG fuel tank.
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appropriate structural material, as well as by optimizing its
structural design. Figure 4 shows the schematic of the
structural design concept of the type-B independent tank.
	e dimensions of the target structure are 21.85m (length)×
34.8m (breadth)× 17.4m (height). As shown in Figure 4, the
LNG fuel tank consists of the following three di�erent parts:

(1) A primary barrier: It has direct contact with LNG
and is made of AISI 304L stainless steel, which
absorbs the thermal deformation caused by the
cryogenic temperature.

(2) An insulation panel surrounding the primary bar-
rier: It is composed of polyurethane foam (PUF),
which is typically used as an insulation material for
independent-type LNG fuel tanks.

(3) A support structure: It is the middle part, which is
composed of compressed wood and functions as
support. 	e properties of each material constituting
the tank are summarized in Table 2.

2.3. Finite ElementModel. 	e �nite element (FE) model for
the type-B LNG fuel tank was based on the tank drawing
data. 	e MSC.Patran was used as the preprocessor for FE
modeling, and MSC.Nastran was used as the solver for FE
analysis. 	e type-B LNG fuel tank is designed as a prismatic
and is geometrically symmetrical in the longitudinal di-
rection; thus, only half of the tank was used for the FEmodel.

For the SUS304Lmaterial, the mesh work was performed
by using a quadrilateral shell element with four nodes. By
contrast, the mesh work for wood and PUF was performed
by using hexahedral solid elements with eight nodes. 	e
element size of the primary barrier is 250mm× 250mm, and
the element size of the support part is a quarter of that of the
primary barrier. 	e �ne mesh work was performed to share
the node of elements of di�erent sizes (Figure 5). 	us, the
number of elements is 343,108.

	e mesh convergence was based on a mesh study per-
formed for an LNG fuel tank model similar to the one used in

the present study [23], and the requiredmesh size in �nemesh
areas did not exceed 15t× 15t, where t is the main plate
thickness [24]. 	e analysis was carried out through this �ne
mesh work, and the validity was veri�ed. Furthermore,
boundary conditions between the support and the second
barrier and between the antirolling and pitching device and
the second barrier were applied using a �xed condition for the
x-axis and y-axis and a free-end condition for the z-axis. In
addition, to consider the contact in the support and antirolling
and pitching device, a contact condition was given by applying
a coe�cient of friction considering sliding between the wood
block and steel caused by thermal shrinkage and expansion.

As a result, we could investigate the characteristics of the
stress occurring in the tank by the pressure applied.
Moreover, by minimizing the number of elements of the
model, the accuracy of the simulation was enhanced and the
time to perform the thermal-structural analysis and fatigue
analysis was reduced.

3. Heat Transfer Analysis

3.1. Initial Condition and Variable Determination. In this
study, the heat transfer process in an LNG tank at various

Deck girder

Primary
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Water ballast tank
Horizontal girder

Antirolling chock
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Figure 4: Schematic presentation of the structural design and size of a type-B independent tank.

Table 2: Mechanical and thermal properties of materials of tank
components.

SUS304L PUF Wood

Poisson’s ratio 0.3 0.4 0.024
Elastic modulus (MPa) 193×103 191 10,600
Density (tonnage/mm3) 8×10−9 3×10−11 1.2×10−10

Yield stress (MPa) 340.6 (20°C) 2.7 63556.3 (−163°C)
	ermal conductivity
(W/m2 °C) 14 2.5×10−2 4×10−2

Speci�c heat
(J/tonnage °C) 5×105 1.5×106 1.6×10−6

	ermal expansion
coe�cient (mm/mm °C) 1.7×10−5 8×10−5 6.1× 10−6
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�lling ratios was analyzed using the �nite element method
[25–27]. 	e analysis was carried out assuming the three-
dimensional unsteady state with no heat generation in
a �xed region of space [28]. 	e convection condition was
applied with a convection coe�cient and bulk temperature
in the inner and outer surfaces of the tank, together with
the element properties (Table 2). Only convection was
expected to occur within the tank containing LNG and air.
In this work, the LNG convection coe�cient was set at
3000W/m2 °C and that of the air was 20W/m2 °C. 	e
temperature of the LNG was set as −163°C. In addition, the
heat transfer characteristics of the outer region of the tank
were ignored, and the boundary temperature conditions
were assumed to be constant. If LNG is loaded into a fuel
tank without cooling, signi�cant shrinkage would occur
rapidly, leading to problems such as cracking of the tank
shell [29]. For this reason, the inner tank temperature was

reduced to −130°C before loading the LNG into the fuel
tank. 	us, the initial inner temperature of the LNG fuel
tank was set at −130°C, and the initial outer temperature
was set as 15°C.

3.2. Heat Transfer Analysis Results. Heat transfer analysis
according to �lling ratios was performed. Analysis con-
ditions on thermal load of the LNG fuel tank with 15, 50,
and 90% �lling ratios were employed. As a result, the
temperature distribution and thermal stress distribution of
the LNG fuel tank for all �lling ratios were obtained (Figure
6). For all �lling ratio levels, the maximum stress level is
observed at the support. It is known that maximum stresses
occurred at parts where large shrinkage is expected.
Consequently, it is considered that the inªuence on the
�lling ratio in the thermal analysis need not be deliberated

Figure 5: Fine mesh generation of the tank support structure.
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Figure 6: Temperature distribution and thermal stress distribution of the LNG fuel tank with (a) 15%, (b) 50%, and (c) 90% �lling ratios.

Advances in Materials Science and Engineering 5



because no large differences owing to the filling ratios are
observed.

4. Structural Analysis

4.1. Design Load Calculation and SimulationMethod. In this
study, the loading conditions applied to the structural
analysis were combined with thermal load, vapor pressure,
and internal liquid pressure assuming that the effect of
heeling is very small. -e equations for pressures except the
thermal load were obtained from the IGC Code 1993 edition
[30]. Accordingly, each pressure was derived for application
to the structural analysis according to the rule.

4.1.1. 7ermal Load and Vapor Pressure Estimation. In the
previous section, to derive the thermal load, the temperature
distribution was obtained by performing an analysis where
the amount of LNG in the tank was first considered. Sub-
sequently, the thermal load was derived from the temper-
ature distribution with 90% filling ratio and then applied to
the structural analysis. Considering that these tanks are
primarily constructed with plane surfaces (prismatic tanks),
the design vapor pressure (P0) should be less than 0.07MPa.
-erefore, the design vapor pressure for the fuel tank was set
as 0.07MPa.

4.1.2. Liquid Pressure Calculation. Finally, the internal
liquid pressures (Pgd) are those arising from the resulting
acceleration of the cargo’s center of gravity due to ship
motions. -e value of Pgd resulting from the combined
effects of gravity and dynamic accelerations should be cal-
culated as follows:

Pgd � αβZβ
ρ

1.02 × 105
(MPa), (1)

where αβ is the dimensionless acceleration resulting from
gravitational and dynamic loads in an arbitrary direction β
(Figure 7); Zβ is the largest liquid height (m) above the
point where the pressure is to be determined, measured
from the tank shell in the β direction (Figure 8); and ρ is
the maximum cargo density (kg/m3) at the design tem-
perature. In this regard, the guidance for the calculation of
the associated dynamic liquid pressure for the purpose
of static design calculations was provided. -is pressure
may be used to determine the internal pressure. (Pgd) max
is the associated liquid pressure determined using the
maximum design accelerations. (Pgd site) max is the as-
sociated liquid pressure determined using site-specific
accelerations. Peq should be the greatest of Peq1 and Peq2
calculated as follows:

Peq1 � P0 + Pgd􏼐 􏼑max,

Peq2 � Ph + Pgd site􏼐 􏼑max(MPa).
(2)

-e calculation of αβ and Zβ to determine Pgd proceeds
as follows. For the acceleration ellipse in the x-z plane of
Figure 8, the value of αβ in any arbitrary direction can be
described using the equation of an ellipse as follows:

a2
βx

a2
x

+
a2
βz

a2
z

� 1. (3)

By making aβx the subject of the formula (3) and sett-
ing aβz � aβxtan((π/2)− β)− 1, the following equation is
obtained:

Y

Z

αβ

1

2

3

90° 
90° 

90° 
β

ZB1

ZB2

ZB3

β

Figure 7: Determination of liquid height, Zβ [30].
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aβx �
tan((π/2)− β)a2

x ±
�������������������������������������������������
(tan((π/2)− β))2a4

x − a2
x a2

z +(tan((π/2)− β))2a2
x􏼐 􏼑 1− a2

z( 􏼁􏼐 􏼑

􏽱

a2
z +(tan((π/2)− β))2a2

x

. (4)

-us, aβx is described as a functionofβ,αx, andαz as follows:

aβx �

�����������������

1 +(tan((π/2)− β))2
􏽱 tan((π/2)− β)a2

x ±
�������������������������������������������������
(tan((π/2)− β))2a4

x − a2
x a2

z +(tan((π/2)− β))2a2
x􏼐 􏼑 1− a2

z( 􏼁􏼐 􏼑

􏽱

a2
z +(tan((π/2)− β))2a2

x

. (5)

βmax and Zβ are obtained by solving the above equations and
(Pgd) max, determined using (1):

βmax �
π
2
− tan−1

1− a2
z

ax

�����
1− a2

z

􏽰 ,

Zβ � (H + B tan β)cos β.

(6)

4.1.3. Dynamic Acceleration Calculation. -e accelerations
defined in (7) that are used to determine the internal liquid
pressure were calculated using the geometrical data. Equation
(8) below is given as guidance for the components of accel-
eration due to shipmotions corresponding to a probability level
of 10−8 and applied to ships with lengths exceeding 50m and at
or near their service speed. -e geometrical data of the target
ship in the structural analysis are listed in Table 3, and the
calculated results of the accelerations are listed in Table 4.

Vertical acceleration: az � ± a0

����������������������������������������������

1 + 5.3−
45
L0

􏼠 􏼡

2

·
x

L0
+ 0.05􏼠 􏼡

2

·
0.6
CB

􏼠 􏼡

1.5

+
0.6yK1.5

B
􏼠 􏼡

2
􏽳

,

transverse acceleration: ay � ± a0

���������������������������������

0.6 + 2.5
x

L0
+ 0.05􏼠 􏼡

2

+ K 1 + 0.6K
z

B
􏼒 􏼓

2
􏽳

,

longitudinal acceleration: ax � ± a0
���������������
0.06 + A2 − 0.25A

√
.

(7)

a0 � 0.2
V
��
L0

􏽰 +
34− 600/L0( 􏼁

L0
, (8)

where L0 is the length of the ship for determination of
scantlings, as defined in recognized standards (m); CB is the
block coefficient; B is the largest molded breadth of the ship
(m); x is the longitudinal distance (m) from amidships to the
center of gravity of the tank with contents, where x is
positive forward of amidships and negative aft of amidships;
y is the transverse distance (m) from the centerline to the
center of gravity of the tank with contents; moreover, z is the
vertical distance (m) from the ship’s actual waterline to the
center of gravity of the tank with contents, where z is
positive above and negative below the waterline; and K� 1 in
general; for particular loading conditions and hull forms,
calculation of K according to the following formula may be
necessary: K� 13GM/B, where K≥ 1 and GM is the meta-
centric height (m).

A � 0.7−
L0

1200
+ 5

z

L0
􏼠 􏼡 ·

0.6
CB

􏼠 􏼡, (9)

where V is the service speed (knots) and ax, ay, and az are
the maximum dimensionless accelerations (i.e., relative to

the acceleration of gravity) in the respective directions. -ey
are considered as acting separately for calculation purposes,
and az does not include the component of the static weight;
ay includes the component of the static weight in the
transverse direction due to rolling, and ax includes the
component of the static weight in the longitudinal direction
due to pitching. -e obtained accelerations are applicable
only to ships at or near their service speed, not while at
anchor or near stationary in exposed locations.

4.1.4. Determination of Design Pressure and Load Cases. To
evaluate the structural integrity of the LNG fuel tank,
a calculation of load cases specified in the IGC Code was
used. A total of eight load cases considering the pressure
due to self-weight of the structure, thermal load due to the
temperature gradient in the fuel tank, vapor pressure in
the inner tank, heeling condition (30°), liquid hydrostatic
pressure, and dynamic pressure due to accelerations are
summarized in Table 5. -e angle of the heeling situation
was assumed to be 30°. -e load of collision condition was
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determined based on the weight acting on the tank corre-
sponding to one-half of the weight of the tank in the forward
direction and one-quarter of the weight of the tank in the
aft direction. Consequently, the final results of the loading
calculation on the eight load cases were summarized (Table
6), and the calculated total pressure (Ptotal � P0 + Pgd) was
applied to the structural analysis.

4.2. StrengthCriteria of Allowable Stress. To verify the results
of the structural analysis for the type-B independent tank
primarily constructed of plane surfaces, the strength crite-
rion of allowable stress was used (10), which is given in the

IGC Code. Accordingly, the allowable stresses for austenitic
steels constituting the tank were derived, as follows:

Rm

2.5
≤ σa,

Re

1.2
≤ σa,

(10)

where σa is the allowable equivalent stresses, Rm is the
minimum tensile strength at room temperature (N/mm2),
and Re is the minimum yield stress at room temperature
(N/mm2) as defined in the IGC Code. For SUS304L
constituting the tank and support structure, Rm and Re are

Table 5: Load cases of the structural analysis.

Loads

Load cases
Normal operating

condition 30° heeled condition Collision

Acc.
verti.

Acc.
trans.

Acc.
longi.

Acc.
verti_heel

Acc.
trans_heel

Acc.
longi_heel

Col.
fore

Col.
rear

LNG temp. (−163°C) √ √ √ √ √ √ √ √
Self-weight (gravity 1.0G) √ √ √ √ √ √ √ √
Vapor pressure “P0” √ √ √ √ √ √ √ √
Heeling (30°) — — — √ √ √ — —

Internal liquid
pressure “Pgd”

Liquid static pressure “Ps” √ √ √ √ √ √ √ √

Dynamic
pressure “Pd”

Acc.
verti. √ — — √ — — — —

Acc.
trans. — √ — — √ — — —

Acc.
longi. — — √ — — √ — —

+X
0.5G — — — — — — √ —

−X
0.25G — — — — — — — √

Table 6: Results of the loading calculation.

Load cases Vapor pressure (MPa) Internal pressure (MPa) Total pressure for FEA (MPa)

Acc. verti.

0.07

0.14785 0.21785
Acc. trans. 0.13093 0.20093
Acc. longi. 0.12716 0.19716
Acc. verti_heel 0.09362 0.16362
Acc. trans_heel 0.07036 0.14036
Acc. longi_heel 0.06358 0.13358
Col. fore 0.18030 0.25030
Col. rear 0.14505 0.21505

Table 3: Specification of the target ship with the type-B independent tank.

L (m) CB B (m) x (m) y (m) z (m) V (knot) K ρ (kg/m3)

366 0.65 48 −101 0 0.5 23 1 500

Table 4: Calculated results of accelerations.

Vertical acceleration (az) Transverse acceleration (ay) Longitudinal acceleration (ax)

0.491G 0.433G 0.106G

8 Advances in Materials Science and Engineering



570MPa and 270MPa, respectively. Accordingly, using
the value of Re/1.2, the allowable stress is 225MPa. For the
hard wood block constituting the middle part of the
support structure and antirolling and pitching device,
since the tank is expanded by the internal pressure acting
on it, the wood block was assumed to be mostly subjected
to a compressive load. 	e compressive strength of the
wood block used was 125MPa. Accordingly, the allowable
stress was set as 125MPa according to the minimum
compressive strength of the model of the hard wood block
used in the LNG fuel tank. 	e PUF constituting the
insulation was excluded during the strength assessment in
the structural analysis because it is not a structural
member subjected to stress.

4.3. StructuralAnalysis Results. By performing the structural
analysis, the vonMises equivalent stress was derived for each
load case. A summary of the analytical results is presented in
Table 7. As the allowable stress calculated using the rule for
SUS304L is 225MPa, the result in the load case of fore
collision is unsatisfactory. However, except for this case, all
the results satis�ed the allowable stress. Since the collision
case belongs to the accidental limit state, it is considered that
a little ªexible design is needed for this result. 	e FEA
results for the equivalent stress distribution in the tank
structure are shown in Figure 9. 	is result was for the
representative severe load case of fore collision among the
entire load cases. 	e maximum stress value was 262MPa
and occurred at the speci�c joint section of the primary
barrier, which was due to the shape where stress concen-
tration can easily occur. Since the maximum stress level
was observed at the typical structural joint part due to its
geometrical characteristics, the typical structural joint was
de�ned as the crucial joint and horizontal and vertical
sti�eners as shown in Figure 10.

	e crucial joint part and the horizontal and vertical
sti�eners subjected to a stress concentration are shown in
Figure 11, and a detailed comparison of the equivalent
stress in terms of these parts for each load case is shown
in Figure 12. At the crucial joint part, lower stress con-
centration was observed, while at the part reinforced in
only one direction horizontally or vertically, higher
stress concentration was observed. Accordingly, structural

strengthening by increasing the thickness of the joint part
or using more sti�eners is required. Furthermore, it can be
observed that lower stress occurred in the vertical sti�-
eners of the same size than in the horizontal sti�eners for
all applied loads in all cases. While both parts are in
a dangerous range, the vertical sti�ener should be rein-
forced �rst. 	e stress at the part reinforced in only one

Table 7: Structural analysis results according to each load case.

Component Max. von Mises stress (MPa)
Fuel tank structure Antirolling and pitching Support structure Hard wood block

Material SUS304L Wood

Load cases

Acc. verti. 223 106 146 25
Acc. trans. 203 97 133 23
Acc. longi. 199 95 130 23
Acc. verti_heel 160 76 104 17
Acc. trans_heel 133 63 87 15
Acc. longi_heel 125 59 81 14
Col. fore 262 125 171 29
Col. rear 221 105 145 25

Allowable stress 225 125

2.62 + 002
2.45 + 002
2.27 + 002
2.10 + 002
1.92 + 002
1.75 + 002
1.57 + 002
1.40 + 002
1.22 + 002
1.05 + 002
8.75 + 001
7.00 + 001
5.25 + 001
3.50 + 001
1.75 + 001
8.14 – 003

Figure 9: Structural analysis results on equivalent stress distri-
bution of the LNG fuel tank.

Horizontal stiffener Vertical stiffenerCrucial joint

Figure 10: Typical structural joint of the LNG fuel tank.
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direction was more than twice that of the joint part. It is
possible that stresses resulting from the spacing between
the sti�eners can be estimated and applied to the design. In
addition, the reason why the stress result of the longitu-
dinal acceleration load case of heeling is the smallest is that
the dynamic pressure due to the inªuence of the smallest
longitudinal acceleration is applied. However, as the re-
sults of the load case of vertical acceleration are higher
than those of the load case of rear collision, it can be
concluded that the vertical acceleration is the more di-
sastrous condition than the rear collision and should be
considered next to fore collision. In addition, when
evaluating the structural strength according to the IGC
Code, the heeling condition was not considered for con-
venience, but the vertical acceleration and forward colli-
sion were considered as top priority.

To investigate the e�ect of the components of pressure
acting on the tank, the individual analysis was performed by
applying separately each of the pressure components of
internal pressure and vapor pressure, which have a large
e�ect. 	e comparison of the ratios of the stress induced by

applying the total pressure and the stress induced by ap-
plying the internal pressure for each load case is shown in
Figure 13. As shown in the �gure, the reversal in the graph
occurred because the e�ect of acceleration was very small in
the longitudinal acceleration load case of heeling. In addi-
tion, the average stress induced by applying the internal
pressure was 71% of that induced by applying the total
pressure. 	e average stress value induced by applying the
vapor pressure was 45% of that induced by applying the total
pressure. Moreover, in the load case of fore collision, the
ratio of internal pressure to total pressure was 80%. Ac-
cordingly, as mentioned above, the e�ect of internal pressure
was the most signi�cant among the various loading com-
ponents in the analysis.	erefore, as it is an important factor
a�ecting the stress results, we should focus more on the
internal pressure than on other components in designing
a tank.

5. Fatigue Analysis

5.1. Fatigue Damage Calculation and Simulation Method. 	e
evaluation criteria and parameters for assessing the fatigue

1.07 + 002
1.01 + 002
9.55 + 001
8.96 + 001
8.38 + 001
7.80 + 001
7.21 + 001
6.63 + 001

6.04 + 001
5.46 + 001
4.87 + 001
4.29 + 001
3.71 + 001
3.12 + 001
2.54 + 001
1.95 + 001

1.07 + 002

(a)

2.53 + 002
2.39 + 002
2.25 + 002
2.11 + 002
1.97 + 002
1.83 + 002
1.69 + 002
1.55 + 002
1.41 + 002
1.27 + 002
1.13 + 002
9.89 + 001
8.49 + 001
7.08 + 001
5.68 + 001
4.28 + 001

28 + 001

(b)

2.27 + 002
2.13 + 002
1.98 + 002
1.84 + 002
1.70 + 002
1.55 + 002
1.41 + 002
1.27 + 002
1.12 + 002
9.80 + 001
8.37 + 001
6.94 + 001
5.51 + 001
4.08 + 001
2.65 + 001
1.22 + 001

22 + 001
002

(c)

Figure 11: Structural analysis results on equivalent stress distribution of the (a) crucial joint, (b) horizontal sti�ener, and (c) vertical
sti�ener.
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Figure 12: Comparison of equivalent stress at the typical structural
joint for each load case.
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life of the LNG fuel tank are given in the IGC Code, ASME
Sec. VIII, Div. 2, and IACS Recom. 56 [30–32]. In this study,
to evaluate the fatigue life, the fatigue damage was calculated
by using Miner’s rule set out in the IGC Code. 	e esti-
mation of the cumulative fatigue damage ratio is performed
as follows.

5.1.1. De�nition of Fatigue Damage. It is de�ned for failures
that can be reliably detected by means of leakage detection as
follows: the maximum allowable cumulative fatigue damage
ratioCw calculated by using (11) shall be less than or equal to
0.5 in the case of independent type-B fuel tank:

∑
ni
Ni
+
nLoading
Nloading
≤Cw, (11)

where ni is the number of stress cycles at each stress level
during the life of the tank; Ni is the number of cycles to
fracture for the respective stress level according to the
Wohler (S-N) curve; nLoading is the number of loading and
unloading cycles during the life of the tank; loading and
unloading cycles include a complete pressure and thermal
cycle; NLoading is the number of cycles to fracture for fatigue
loads due to loading and unloading; and Cw is the maximum
allowable fatigue damage ratio. 	e S-N curve used for the
calculation of the number of cycles was obtained by per-
forming a fatigue test on stainless steel in an actual cryogenic
environment. It was then applied in the analysis and is
shown in Figure 14.

5.1.2. Determination of Stress Range and Design Number of
Design Cycle. For calculating cumulative fatigue, the load
cases of vertical, transverse, and longitudinal accelerations
were de�ned in terms of the internal pressure, including the
e�ect of dynamic accelerations under normal operating
conditions, as speci�ed in DNV Class Note No. 31.12. For
these cases, a stress range was de�ned as twice the di�erence
between stress without any acceleration (A) and stress with
acceleration (B) when the LNG in the tank is in 90% �lling
condition considering the ASME Sec. VIII, Div. 2. It is
recommended that stresses should be calculated at a mod-
erate probability of exceedance, for example, 10−3 to 10−5.
Considering the probability given in IACS Recom. 56, the
time history for a probability of 10−4, which is an in-
termediate value (Figure 15), was arbitrarily applied in FEA
for each case to determine the approximate tendency
[32, 33].

In addition, bunkering is an essential system in ships and
should be considered a major factor in tank design. Ac-
cordingly, the importance and risk of bunkering have been
reported [34, 35]. For calculating fatigue caused by loading
and unloading, a bunkering case was de�ned with respect to
LNG bunkering under normal operating condition. For this
case, a stress range was de�ned as twice the di�erence be-
tween the stress with an empty LNG fuel tank (C) and the
stress with a full tank without any acceleration (D) con-
sidering the ASME Sec. VIII, Div. 2. Using 1000 cycles is
recommended, corresponding to a return period of at least

20 years. 	erefore, the time history for a probability of 10−3
(Figure 15) was applied to the FEA for the bunkering case
[32, 33]. It reªects the relationship between the time and
load induced before and after bunkering of the LNG fuel
tank, and it is combined with three conditions, namely,
loading (1 day), operating (5 days), and unloading (1 day). As
a result, ni is 10,000 cycles according to the IACS Recom. 56,
and Ni is the repeat life obtained from the FE analysis.
Furthermore, nLoading is 1000 cycles according to the IGC
Code, and NLoading is the repeat life obtained from the FE
analysis by applying the stress derived from the structural
analysis for the loading conditions of internal pressure in-
cluding the e�ect of the vertical, transverse, and longitudinal
accelerations. Finally, the fatigue life of the fuel tank
structure was assessed using the sum of the analysis results
for the two cases mentioned above.

5.2. Fatigue Analysis Results. 	e fatigue analysis for the
global structure of the LNG fuel tank was conducted using
the results at the location of the highest stresses in the
structural analysis. 	e analysis results of the load cases of
vertical, transverse, and longitudinal accelerations with re-
spect to the internal pressure, including the e�ect of dynamic
accelerations under normal operating condition, are shown
in Figure 16(a). 	e analysis results of the bunkering case
with respect to LNG bunkering under normal operating
condition are shown in Figure 16(b). 	e calculated fatigue
damage factors for the entire load cases are presented in
Table 8. It can be observed that the fatigue damage of the
load case of vertical acceleration is more than twice that of
the load cases of transverse and longitudinal accelerations.
	us, it is known that the vertical acceleration is the most
critical component in terms of fatigue, as in the structural
analysis. In addition, the fatigue damage of the bunkering
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Figure 14: S-N curve for 304 stainless steel under cryogenic
condition.

Advances in Materials Science and Engineering 11



case was approximately 3 times that of the load cases of
transverse and longitudinal accelerations. In terms of fa-
tigue, the bunkering condition, which has a relatively high
repetitive stress range as compared to other components,
should be considered with highest priority in the design.

	e total fatigue damages on both the normal operating
condition and bunkering and the fatigue damage criterion
are shown in Figure 17. 	e maximum total fatigue damage
is 0.3215. 	is is less than the fatigue damage criterion
suggested in the IGC Code, which is 0.5. Hence, the fuel
tank is safe against fatigue fracture, and the conducted
analysis o�ers a useful solution to the assessment of fuel tank
structures under fatigue condition.

6. Conclusion

In this study, to design the type-B LNG fuel tank used in the
real structure, the procedure for the structural integrity
assessment considering the IGC Code was proposed in-
cluding the thermal-structural analysis and fatigue analysis
based on FEA. Accordingly, a series of �nite element analysis
was conducted under the various design loads and operating

conditions, and fatigue life and fatigue damage were cal-
culated using the numerical analysis results. Finally, the
results were veri�ed according to the IGC Code and several
other rules. 	e main results are summarized as follows:

(i) Heat transfer analysis according to the �lling ratio
was then performed. 	e maximum stress level was
observed at the support. 	erefore, the maximum
stress occurred at parts where large shrinkage was
expected. In addition, it is considered that the in-
ªuence on the �lling ratio in the heat transfer
analysis need not be deliberated because no large
di�erences owing to the �lling ratios are observed.

1.00 + 024
9.33 + 023
8.67 + 023
8.00 + 023
7.33 + 023
6.67 + 023
6.00 + 023
5.33 + 023
4.67 + 023
4.00 + 023
3.33 + 023
2.67 + 023
2.00 + 023
1.33 + 023
6.67 + 022
7.21 + 004

(a)

1.00 + 023
9.33 + 022
8.67 + 022
8.00 + 022
7.33 + 022
6.67 + 022
6.00 + 022
5.33 + 022
4.67 + 022
4.00 + 022
3.33 + 022
2.67 + 022
2.00 + 022
1.33 + 022
6.67 + 021
5.47 + 003

(b)

Figure 16: Fatigue analysis result: (a) load case of vertical acceleration and (b) load case of bunkering.

Table 8: Fatigue analysis results according to each load case.

Load
cases

Stress range
(MPa) Ni (NLoading) ni (nLoading)

Fatigue
damage

Acc. verti. 73 72,100 10,000 0.1387
Acc. trans. 53 159,000 10,000 0.0629
Acc. longi. 48 165,000 10,000 0.0606
Bunkering 120 5,470 1,000 0.1828

0.3215

0.2457 0.2434
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Figure 17: Calculated total fatigue damages and fatigue damage
criterion.
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Figure 15: Time history: (a) load cases of vertical, transverse, and longitudinal accelerations and (b) load case of bunkering.
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(ii) At the joint part, the stress concentration was ob-
served in the structural analysis results. It was ob-
served that a lower stress concentration occurs in
the vertical stiffeners of the same size than in the
horizontal stiffeners for all applied loads in all cases.
While both parts are in the risky range, the vertical
stiffener should first be reinforced by increasing the
thickness of the joint part or using more stiffeners.

(iii) -e average stress induced by applying the internal
pressure was 71% of that induced by applying the
total pressure. Moreover, in the load case of fore
collision, the ratio of internal pressure to total
pressure was 80%. Accordingly, the effect of internal
pressure was the most significant among the various
loading components in the analysis. -erefore, we
should focus more on the internal pressure than on
other components in designing a tank.

(iv) -e fatigue damage of the load case of vertical
acceleration was more than twice that of the load
cases of transverse and longitudinal accelerations.
-us, it is considered that the vertical acceleration is
the most critical component in terms of fatigue.
Furthermore, the fatigue damage of the bunkering
case was approximately 3 times that of the load cases
of transverse and longitudinal accelerations.
-erefore, the bunkering condition, which has
a relatively high repetitive stress range as compared
to the other components, should be considered with
highest priority in the design.
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