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Abstract: The International Maritime Organization stipulates that greenhouse gas emissions from
ships should be reduced by at least 50% relative to the amount observed in 2008. Consequently,
the demand for liquefied natural gas (LNG)-fueled ships has increased significantly. Therefore,
an independent type-C cylindrical tank, which is typically applied as an LNG fuel tank, should
be investigated. In this study, structural integrity assessments using finite element analysis are
performed on C-type LNG fuel tanks for a sea-cleaning vessel. In addition, the applicability of
stainless steel and aluminum alloys is evaluated for LNG tank construction. Structural analyses
and fatigue limit evaluations, including heat transfer analyses for the tank based on IGC code
requirements, are performed, and the results are compared. The results of this study are expected to
facilitate the selection of materials used for independent type-C tanks.

Keywords: independent type-C cylindrical tank; LNG fuel tank; structural integrity assessment;
finite element analysis; IGC code

1. Introduction

Liquefied natural gas (LNG), as a bunker fuel, can reduce atmospheric pollution. Com-
pared with traditional fuels such as heavy fuel oil, LNG emits significantly lower amounts
of sulfur oxides, nitrogen oxides, and particulate matter. In particular, the International
Maritime Organization (IMO) stipulates that greenhouse gas emissions from ships should
be reduced by at least 50% relative to the amount observed in 2008. Therefore, the demand
for LNG-fueled ships has increased significantly [1].

The IMO classifies LNG tanks into two systems: an integrated tank system and an
independent self-supporting tank system. The integrated tank system is surrounded by
a complete hull structure. The structure members of the tank participate in the overall
hull strength because the hull and tank are integrated. Independent self-supporting tank
systems can be classified into types A, B, and C based on the type and presence of a
secondary barrier. Type-A and type-B tanks require a complete secondary barrier and
a partial secondary barrier, respectively, whereas the type-C tanks require no secondary
barrier. Among them, the type-C tank is designed as a pressure vessel that can withstand
high vapor pressures, thereby precluding the risk of leakage during the tank's lifetime;
consequently, no secondary barrier is required. Therefore, it is suitable as a fuel tank for
ships because of its simple design, low cost, and high safety [2].

Most LNG-fueled tanks are constructed using stainless steel and aluminum alloys [3,4].
They do not cause brittle fracture at extremely low temperatures, rendering them suitable
for storing LNG at —163 °C. However, each material has its advantages/disadvantages
and is applied differently depending on the purpose. Stainless steel offers good chemical
resistance; therefore, it can easily reduce the contamination hazards of cargo and offers
good corrosion resistance. SUS316L contains less carbon than SUS316. Here, “L” represents
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“low”, and low carbon contents can improve corrosion resistance near welds. SUS304 and
SUS304L are similar to SUS316 and SUS316L, respectively, in terms of their properties;
however, SUS304 and SUS304L are cheaper. Aluminum offers many advantages over
stainless steel from the perspective of ship construction. Aluminum alloys are lighter than
steel alloys (the density of aluminum alloy is 2.66 tonnes/m? and that of steel alloy is
7.85 tonnes/m?); therefore, using an aluminum structure can reduce the weight by 65%
compared with using a steel structure. Consequently, the vessel can afford a higher load
capacity and lower displacement [5,6].

Recent studies pertaining to membrane-type or independent type-B tanks are relatively
abundant [7-13]. Kim et al. proposed a procedure for structural integrity evaluation of a
type-B LNG fuel tank based on the International Code of the Construction and Equipment
of Ships Carrying Liquefied Gases in Bulk (IGC code). They conducted a series of finite
element analyses under various design loads and evaluated the structural safety of the
tank [7]. Park developed the ultimate crushing strength criteria for a membrane-type cargo
containment system under sloshing load. He also utilized the finite element method to
evaluate the crushing strength of the cargo containment system and compared the results
with DNV guidance [12]. However, studies regarding the design of type-C tanks are
scarce [14-16]. Lin et al. proposed an approach for evaluating the boil-off rate (BOR) of
LNG in a type-C tank under different filling ratios. They estimated the BOR based on the
finite element analysis and compared the results with experimental measurements [14].
Heo et al. reviewed the rule scantling process and calculation methods of the IGC Code
and evaluated the structural safety of a type-C tank based on the IGC Code [15]. It was
assumed that type-C tanks are primarily applied to small ships and afford relatively high
safety. In this study, structural integrity assessments were performed on C-type LNG fuel
tanks, which were constructed using stainless steel and aluminum alloys, for a sea-cleaning
vessel. Structural analyses and fatigue limit evaluations, including heat transfer analyses
for the tank based on the IGC code requirements, were performed, and the results were
compared. The results of this study are expected to facilitate the selection of materials for
independent type-C tanks.

2. Procedure of Structural Integrity Assessment for Independent Type-C
Cylindrical Tanks

The calculation procedure for the structural integrity assessment of the independent
type-C cylindrical tank applied in this study is presented in Figure 1. The entire methodol-
ogy can be segmented into three stages, i.e., heat transfer analysis, structural analysis, and
fatigue analysis, and is based on the IGC Code and KR rules [2,17]. Because LNG is stored
in a liquid state at —163 °C, the thermal effect due to the temperature difference from the
ambient temperature must be considered in the evaluation. Therefore, the structural anal-
ysis that follows includes the thermal distribution of the structure derived from the heat
transfer analysis. In this study, three structural analyses, i.e., those based on the maximum
acceleration conditions under normal operating conditions, 30° heeled conditions, and
collision conditions, were performed for the structural assessment. Fatigue analysis was
performed while considering the stress of the structure derived through structural analysis
and the number of cycles for a specific scenario. For fatigue analysis, high-cycle fatigue
analyses under normal operating conditions and low-cycle fatigue analyses in bunkering
conditions were performed. Although the numbers of loadings and unloadings generated
during the bunkering process are low, the low-cycle fatigue analysis method is typically
used because a high stress range is expected owing to the temperature difference.
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Figure 1. Flow chart of structural integrity assessment for independent type-C cylindrical tank
applied in this study.

3. Target Vessel

The target vessel of this study was an LNG-fueled sea-cleaning vessel for collecting and
cleaning buoyant ocean trash waste. The general configuration of the ship and the location
of the LNG tank with a volume of 15 m? are illustrated in Figure 2. The specifications of
the target vessel with the LNG tank are listed in Table 1.

Figure 2. General configuration of target ship and location of LNG fuel tank.

Table 1. Specifications of target vessel with type-C cylindrical tank.

L (m) Cp B (m) x (m) y (m) z (m) V (knot) K p (kg/m3)
34 0.662 10.6 125 0.092  —0.079 12.5 5.0 500
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In the table above, L is the length of the vessel for the scantlings, Cp the block coef-
ficient, B the ship breadth, x the longitudinal distance from the midship to the center of
gravity of the tank, y the transverse distance from the centerline to the center of gravity of
the tank, z the vertical distance from the waterline to the center of gravity of the tank, V
the service speed of the ship, and K = 1 in general. For particular cases, K is calculated as

—13%97]\/1, where GM is the metacentric height (m), and p the density of LNG.

4. Numerical Modeling
4.1. Finite Element Model

Figure 3 shows the geometry of the LNG fuel tank. The tank comprises an inner tank
and an outer tank. Because the inner tank is used to contain LNG, it was manufactured
using materials that exhibit good cryogenic performance. In this study, two types of stain-
less steel alloys (SUS304 and 304L) and Al-5083-O were used for modeling and evaluation.
SUS316/316L were not considered in the calculation because their material properties are
the same as those of SUS304/304L. The outer tank was constructed using carbon steel
DH32. The inner and outer tanks were connected with Bakelite supports (Bakelite is a type
of insulation material made from synthetic components) [18]. The entire tank was mounted
on two saddles, and the outer tank and saddle were attached by welding.

Outer Tank

Bakelite

Inner Tank

Bakelite Support Guide

Figure 3. Geometry of LNG fuel tank.

Figure 4 shows the finite element model of the target LNG fuel tank made with
ABAQUS/Standard 6.14 software [19]. All components of the tank, such as the inner tank,
outer tank, Bakelite support, and saddle, were discretized using solid (C3D8R) elements.
Here, the C3D8R element was a reduced integrated eight-node linear brick element with
hourglass control [19]. The surface-to-surface penalty contact condition was considered for
inner and outer tanks in the FE model. Two elements in the thickness direction were used
to model the structural members to implement the bending behavior. The element size was
set to be less than three times the element thickness. In other words, because the thickness
of the inner tank shell was 15 mm (i.e., the element thickness was 7.5 mm), the size of all
elements did not exceed 22.5 mm. The numbers of elements and nodes were 238,118 and
357,259, respectively. The materials used for modeling are listed in Table 2.
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*Bakelite contact region

Figure 4. Finite element model of LNG fuel tank.

Table 2. Mechanical and thermal properties of target materials.

Parameter Carbon Steel DH36 SUS304 SUS304L AL 5083-O Bakelite
Poisson’s ratio 0.30 0.29 0.29 0.33 0.29
Elastic modulus (MPa) 205,800 193,000 193,000 71,000 8300
Density (tonne/ md) 7.85 8.00 8.00 2.66 1.28
Yield stress (MPa) 355 205 175 145 55
Ultimate strength (MPa) 490 520 480 290 -
Thermal conductivity (W/m K) 59.00 9.40 9.40 117.00 0.19
Thermal expansion (mm/K) 1.2 x 1073 1.8 x 107 1.8 x 10~ 223 x107° 22 x 1075
Specific heat (m]/tonne K) 4.86 x 108 5.00 x 108 5.00 x 108 9.00 x 108 1.67 x 10°

4.2. Load and Boundary Conditions

Figure 5 shows the load and boundary conditions considered for the target tank. For
the outer tank, the atmospheric pressure and temperature were applied. For the inner
tank, the internal pressure and LNG temperature were considered. As the design internal
pressure was not a fixed value, predetermined load cases for the internal pressure by
the IGC were considered in the FE model. The thermal load, calculated via heat transfer
analysis to consider the atmospheric temperature and LNG operating temperature, was
additionally applied in the structural analyses. A fixed boundary condition was applied to
the lower section of the saddle to consider the weld attachment between the lower section
of the saddle and the hull.

Table 3 summarizes the load cases determined based on the IGC code for the structural
analysis performed in this study. Applied load cases are marked with a circle. The
calculated maximum design accelerations for the longitudinal, transverse, and vertical
directions were applied to the tank FE model. The internal liquid pressure caused by the
acceleration is presented in Section 6. In addition, the heeled and collision conditions were
applied. In the heeled condition, it was assumed that the tank was tilted at 30°. For the
collision condition, because the tank is symmetric in the front and rear sides, double the
gravitational acceleration acting in the forward direction was assumed based on KR rules
for conservative purposes [17]. A design filling ratio of 85% was used in the analyses. The
resultant pressures for dynamic conditions are summarized in Table 4.
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Figure 5. Load and boundary condition for target FE model.
Table 3. Load cases for structural analysis.
Load Cases
Load . Acc. 30° Heeled -
Acc. Longi.  Acc. Trans. Vertical Condition Collision
LNG Temp. (—165 °C) O O O O O
Self-weight (gravity 1.0 G) O O O ) @)
Vapor pressure “Py” O O O O O
Heeling (30°) - - - @) -
Liquid static pressure “Ps” O O O O O
Internal Acc. Longi. O - - - :
liquid Dynamic Acc. Trans. - O - - -
pressure “Pgq” pressure “Py”  Acc. Vertical - - O - -
Collision - - - - O
Table 4. Resultant pressure for the load cases.
Load Cases Vapor Pressure Internal Pressure Total Pressure for FEA
(MPa) (MPa) (MPa)
Acc. Longi. 0.0011 1.1011
Acc. Trans. 11 0.0050 1.1050
Acc. Vertical : 0.0024 1.1024
Collision 0.0047 1.1047

5. Heat Transfer Analysis

Prior to the structural analysis, heat transfer analysis was performed to consider the
thermal stress of the LNG tank and surrounding structures owing to the temperature
difference. The interior of the inner tank, which was in direct contact with LNG, was
set to —165 °C, which is the design temperature, whereas the external temperature was
set to 5 °C based on the IGC code. Because the thermal conductivities of SUS304 and
SUS304L were the same, heat transfer analysis was performed for SUS304 and AL-5083-O.
Figures 6 and 7 show the heat transfer analysis results of the inner tank for SUS304 and
AL-5083-0O, respectively. Temperature distributions of the outer tank for SUS304 and AL-
5083-0O are presented in Figure 8. Because the inner and outer tanks were connected via
Bakelite supports, whose thermal conductivity was extremely low, and the empty space
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between the inner and outer tanks was a vacuum, the temperature change in the structure
around the inner tank was insignificant in both cases. Figure 9 shows the temperature
changes inside the Bakelite support. The temperature distribution of the Bakelite support
was identical for both SUS304 and AL-5083-0O, as the outer tank was in direct contact with
the inner tank. Therefore, the thermal effect due to the temperature difference in this study
is not expected to be significant, as shown in Figure 10.
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Figure 8. Temperature distribution of outer tank: (a) SUS304; (b) AL-5083-O.
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Figure 9. Temperature distribution of Bakelite support: (a) SUS304; (b) AL-5083-O.
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6. Structural Analysis
6.1. Liquid Pressure Calculation
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Figure 10. Thermal stress distribution of LNG fuel tank: (a) SUS304; (b) AL-5083-O.

The IGC code considers fracture mechanics and crack propagation theory, in addition

to the existing pressure vessel design formula, for the design of the type-C tanks. The
minimum design steam pressure applied to the initial design of the tank is calculated using
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Equation (1). Considering the dynamic stress against 10° wave encounters in the equation,
the cracks do not propagate to more than half of the shell thickness during the service life
of the tank. Therefore, secondary barriers are not required in type-C tanks.

Py =02+4'C(pr)'°

5 = 0.00185(%)2, M

where C is a characteristic tank dimension; pr is the relative cargo density at the design
temperature; 0y, is the design primary membrane stress; and Ao, is the allowable dynamic
membrane stress range at a probability level of 108, which is 55 MPa for ferritic-pearlitic,
martensitic, and austenitic steel, and 25 MPa for aluminum alloy.

The liquid pressure (Pg4) caused by the acceleration of the cargo due to ship motions
is calculated using Equation (2). Finally, the internal design pressure (P,;) at a specific
location is calculated as the sum of the design’s vapor pressure and internal liquid pressure,

as shown in Equation (3). 0
Poa = “ﬁzﬁ<1.oz5 X 105) @

Peg = Py + Pgq, 3)
where ag is the resultant dimensionless acceleration from the gravitational and dynamic
loads based on the acceleration ellipsoid (Figure 11). Zg is the liquid height, as shown
in Figure 12.

: C.G. of Tank

Figure 11. Acceleration ellipsoid [2].

Figure 12. Determination of Zg [2].
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The maximum dimensionless accelerations (ay, a,, and a;) in Figure 9 are calculated
using Equations (4)—(6), respectively.

4y = +a9\/0.06 + A2 — 0.25A (4)

ay = iao\/0.6 25 (% + 0.05)2 + K(l n 0.6K%>2 )

0, = iao\/l + (5.3 _ Lf)z(i +0.05)2<(():':)1'5 ¥ <0‘6ny<l'5)2 ©)
a0 0.2\‘/% + 341620 )

A= <0.7—12L00+5z> (%2) ®)

6.2. Strength Criteria

For the design of type-C independent tanks, the calculated stresses shall not exceed
the corresponding allowable stress, as follows [2]:

Om Sf
0, < 1.5f
oy < 1.5f
oL +op < 15f
om +0op < 1.5f
Om + 0y + 0g < 3.0f,

where oy, is the equivalent primary general membrane stress; oy, is the equivalent primary
local membrane stress; 03, is the equivalent primary bending stress; 0y is the equivalent
secondary stress; f is the reference allowable stress expressed as f = min(R,,/A,R./ B)
as shown in Tables 5 and 6; R, is the ultimate strength; and R, is the yield stress.

)

Table 5. Design material criteria.

Material R, Ry f 1.0f 1.5f 30f  O9R,
Carbon steel (DH36) 355 490 1633 1633 2450 4900 3195
SUS 304 205 520 1367 1367 2050 4100 1845

SUS 304L 175 480 1167 1167 1750 3500  105.0

AL 5083-O 145 290 725 72,5 1088 2175 65.3

Table 6. A and B for calculation of reference allowable stress.

Nickel Steels and

Parameter Carbon-Manganese Steels Austenitic Steel Aluminum Alloy
A 3.0 3.5 4.0
B 1.5 15 15

6.3. Strength Analysis Results and Discussion

The structural strength of the type-C tank constructed using each material was eval-
uated under the maximum acceleration condition, 30° heeled condition, and collision
condition, and the detailed results for each material are presented in Tables A1-A3 of the
Appendix A, respectively. The structural evaluations for SUS304 and AL-5083-O satisfied
the minimum requirement. Figures 13 and 14 show the stress contours under the trans-
verse acceleration condition, which indicated the highest stress among the load conditions.
Table 7 summarizes the results of the structural analysis. The sum of the local, bending,
and secondary stresses (07, + 03, + 0g), which is the most critical condition, is shown to-
gether with the corresponding allowable stress. The calculated stress levels for SUS304
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and SUS304L were identical to each other as their elastic moduli were the same, whereas
the allowable stresses for the two cases were different, as the yield and tensile strengths of
SUS304 and SUS304L were different. Figure 15 shows a comparison of the results presented
in Table 6 for each material, where the normalized stress as the ratio of the calculated stress
to the allowable stress is presented and compared in a bar chart. As shown, the normalized
stress of SUS304L was the highest, although it satisfied the allowable stress under all
conditions. In addition, AL-5083-O exhibited a slightly lower stress than SUS304L and had
a margin of 10% or more for the acceptance criterion. Because it was confirmed that each
material possessed sufficient structural safety, it was assumed that the material could be
selected according to its intended purpose by considering the advantages/disadvantages
of each material mentioned in the Introduction. In particular, it was found that when AL-
5083-O is used, additional economic benefits can be expected because it offers significant
benefits such as weight reduction and an increase in cargo capacity.
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Figure 14. Stress contour of strength evaluation in transverse acceleration (AL-5083-O).
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Table 7. Summary of structural analysis results.

Max. Stress (MPa)

Material
SUS304 SUS304L AL 5083-O
Acc. Longi. 298.5 298.5 174.8
Acc. Trans. 323.0 323.0 194.2
Load case Acc. Vertical 3159 3159 174.8
30° Heel 292.5 292.5 169.8
Collision 3155 315.5 183.9
Allowable stress (3.0f) 410 350 217.5
1.00
092 g9 0.90 0.90
0.90 0.85D = " =5 0.84 (.85
= =t (g B 078 0774 [
; 0.80 073 ] == 0.7]| e ]
g 0.70 e
9 0.60
T
N 0.50 BISUS304/ SUS316
é 0.40 [ISUS304L
2 0.30 B AL 5083-O
0.20
0.10
0.00
Acc. Longi. Acc. Trans. Acc. Vert. 30° Heel Collision
Load Cases

Figure 15. Comparison of normalized stresses for different materials.

7. Fatigue Analysis

As the LNG fuel tank is subjected to repeated loads under cryogenic conditions during
operation or bunkering, fatigue evaluation is essential. In this study, the high-cycle fatigue
caused by waves encountered during normal operations and the low-cycle fatigue damage
caused by bunkering were evaluated.

Based on the IGC code, the cumulative fatigue damage was evaluated using Equation (10).
In this study, 0.1 was considered as the maximum allowable cumulative fatigue damage
ratio (Cy) because the detection of crack or defect development cannot be assured in the
inner tank area. In Equation (10), the first term ) K]—’l and second term % are associated
with the high and low-cycle fatigue, respectively. )

n; I MLoading

N; NLouding ¢

where 7; is the number of stress cycles at each stress level during the life of the tank; N;
is the number of cycles to fracture for the respective stress level based on the S-N curve
in Figure 16; np,44ing is the number of loading and unloading cycles during the life of the
tank; and Np,uding is the number of cycles to fracture for the fatigue loads due to loading
and unloading.
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Figure 16. S-N curves applied in this study: (a) steel; (b) aluminum [20].

7.1. High-Cycle Fatigque Analysis

Fatigue loads under normal operating conditions are caused by ship motions on waves.
Therefore, the accelerations (longitudinal, transverse, and vertical) of the tank calculated
based on the IGC code were applied to the FE model, and the resulting stress was used
to evaluate the fatigue damage. If the stress is calculated by applying an acceleration of
108 probability, then the stress to be applied to the fatigue analysis and the corresponding
number of cycles can be derived from Figure 17. Therefore, eight fatigue loads and their
frequency of occurrence were derived, and high-cycle fatigue damage was calculated by
adding up each fatigue damage level.

17-2xi
Ui = “T6 Umax
n; = 0.9 x 101, (11)
wherei=1,2,3,... ... , 8.
o Accumulated number of cycle
T gl 1 1 OB—i 1 08
Omax [------° " i
: |
I |
v N SS—,.. :
I |
| |
I |
| |
Omean 10~8 10~¢ 1
Probability

Figure 17. Calculation of fatigue stress and number of cycles [17].

The fatigue calculation was performed by applying the accelerations calculated using
Equations (4)—(6). Because the elastic modulus and fatigue strength of SUS304 and SUS304L
are the same, only the fatigue evaluation of SUS304 was performed, and a separate fatigue
evaluation for the case involving aluminum was performed to compare the fatigue damages.
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To perform an appropriate fatigue evaluation, three locations that indicated the highest
stress levels were selected via a screening fatigue assessment for each loading condition.
The target locations for the fatigue evaluation were created via full-penetration welding;
however, FAT71 for SUS304 and FAT22 for AL-5083-O, which are typically applied for
root crack applications and exhibit conservative S-N curves, were considered in this
study. Figure 18 shows the maximum dynamic stress contours against the longitudinal
acceleration loading conditions for SUS304/SUS304L and AL-5083-O.
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Figure 18. Stress contour in longitudinal acceleration condition for fatigue evaluation: (a) SUS304; (b) AL-5083-O.

7.2. Low-Cycle Fatigue Analysis

LNG fuel tanks undergo extreme temperature differences during bunkering. When
LNG is loaded and unloaded at —163 °C, thermal stress occurs in the inner tank and the
surrounding area owing to temperature difference. Even though the number of LNG
loading and unloading cases is insignificant compared with the entire design lifetime, the
resultant stress amount due to the event may be high; therefore, low-cycle fatigue due to
high stress levels should be evaluated. Low-cycle fatigue strength is typically evaluated
for highly stressed areas under cyclic static loads. In this study;, a filling level of 85% was
assumed as the full-load condition.

The stress amplitude based on the full-load and empty conditions was considered
to perform a low-cycle fatigue assessment, and the total number of loading/unloading
cases based on the design life was set to 1000 (based on the IGC code). As shown in
Figure 19, fatigue analysis was performed on three locations with the most significant stress
difference. Even though full penetration welding was applied to the target location, FAT
71 for SUS304/SUS304L and FAT 22 for AL-5083-O were considered to evaluate fatigue
life conservatively.

S, Mises

s, Mises (Avg: 75%)

(Avg: 75%)
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Figure 19. Stress contour in full-load condition for fatigue evaluation: (a) SUS304; (b) AL-5083-O.

7.3. Fatigue Analysis Results and Discussion

Table 8 summarizes the results of the high and low-cycle fatigue cases presented in
Sections 7.1 and 7.2, respectively. For both the SUS304/SUS304L and AL-5083-O cases, the
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fatigue damage was insignificant. For SUS304 under transverse acceleration, a relatively
large stress range was calculated, but the damage was only 5.17 x 10~7. For the type-C tank,
the design steam pressure applied to the structural design was the most dominant; therefore,
it was assumed that the dynamic pressure did not contribute to a high dynamic stress. By
contrast, the low-cycle fatigue that occurred during bunkering resulted in a relatively large
stress range, and in the case of AL-5083-0O, a fatigue damage of 6.98 x 103 was calculated.
However, the fatigue margin was sufficient as compared with the acceptance criterion
of 0.1. Comparing SUS304 and AL-5083-O, as shown in Figure 20, AL-5083-O indicated
significant fatigue damage in the low cycle.

Table 8. Summary of fatigue analysis results.

Material Load Case Stress Range (MPa) N ; n ; Fatigue Damage
8 Loading Loading g 8
Acc. Longi. 3.45 - - 1.54 x 107%
High cycle Acc. Trans. 29.6 - - 5.17x 1077
5US304 Acc. Vert. 6.1 - - 1.93x 1012
Low cycle Bunkering 47.8 2.29 x 10° 1000 438 x 1074
Acc. Longi. 1.12 - - 1.02 x 1072
High cycle Acc. Trans. 8.62 - - 3.25 x 10710
AL 5083-0 Acc. Vert. 2.24 - - 428 x 1075
Low cycle Bunkering 48.2 1.43 x 10° 1000 6.98 x 1073
1.00 x 102
8.00 x 10
6.98 x 103
9]
oD
<
£ 6.00 x 103
=
¥ posus
80 4.00 x 103 O AL 5083-O
=
[
2.00 x 103
4.38 x 104
]
Bunkering

Figure 20. Comparison of low fatigue damage ratios based on different materials.

8. Conclusions

In this study, heat transfer analysis, structural analysis, and fatigue analysis, for
various conditions, were performed based on the IGC code for the structural integrity
assessment of an independent type-C cylindrical tank. In addition, case studies were
conducted on SUS304/SUS304L and AL-5083-O, which are typically used for LNG tank
applications, to evaluate their applicability. Based on the results of this study, the following
conclusions were obtained:

e  Heat transfer analysis was performed to consider the thermal effects due to the LNG

operating temperature on the ultimate strength. The resultant temperature change
in the tank and the surrounding structural members was insignificant because of the
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Bakelite support used as insulation and the vacuum between the inner and outer
tanks. Furthermore, the thermal effect was also insignificant.

Structural analysis considering the maximum accelerations (longitudinal, transverse,
and vertical), 30° heeled, and collision conditions, based on the IGC code, was per-
formed. The analysis results showed that the tanks constructed using SUS304/304L
and AL-5083-O satisfied all acceptance criteria of the IGC code. The safety margin for
the ultimate capacity of AL-5083-O was higher than that of SUS304L.

Fatigue analysis was performed based on the dynamic load experienced during
normal operation and bunkering. Both SUS304 and AL-5083-O applied to the analysis
indicated that the high and low-cycle fatigue damages were insignificant as compared
with the acceptance criteria. The low-cycle fatigue case indicated more severe damage
compared with the high-cycle fatigue case; however, it still indicated a sufficient
fatigue margin.

Structural integrity evaluations based on the IGC requirements were performed on
SUS304/304L and AL-5083-O, which are widely used in LNG tank applications,
and all the cases satisfied the corresponding minimum criteria. Therefore, they can
be selected based on their purpose and advantages/disadvantages. In particular,
additional economic benefits can be expected when AL-5083-O is used, which affords
weight reduction and an increase in cargo capacity.
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Appendix A
Table Al. Summary of structural analysis result for SUS304.
Acceptance Criteria (MPa)
Load OL+0,+0
C(:;e Part Om (1.0) ot (1.5f) oL + oy, (1.5f) L (3‘6}) 8 Callow Judge.
Cal. Allow. Cal. Allow. Cal. Allow. Cal. Allow. Cal. Allow.

Shell and head 86.9 136.7 56.8 205.0 58.7 205.0 298.5 410.0 - - OK

I Stifferner - - 68.8 205.0 79.5 205.0 266.3 410.0 - - OK

Acc nner Pad - - 296 2050 @ 429 2050 1921 4100 - - OK

Longi Support Guide - - 9.5 205.0 17.4 205.0 76.6 410.0 - - OK

Shell and head 46.3 163.3 18.6 245.0 61.7 245.0 56.1 490.0 - - OK

Outer Stifferner - - - - - - - - 23.9 163.3 OK

Saddle - - - - - - - - 73.0 163.3 OK

Shell and head 87.6 136.7 33.6 205.0 90.5 205.0 323.0 410.0 - - OK

I Stifferner - - 92.3 205.0 106.9 205.0 288.5 410.0 - - OK

A nner Pad - - 648 2050 1264 2050 2251 4100 - - OK

Tracrfs Support Guide - - 1451 2050  189.5 2050 1884 4100 - - OK

Shell and head 46.2 163.3 50.2 245.0 156.0 245.0 113.6 490.0 - - OK

Outer Stifferner - - - - - - - - 2372 1633 OK

Saddle - - - - - - - - 1345 163.3 OK
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Table A1. Cont.

Acceptance Criteria (MPa)

Load OL+0,+0
C‘;‘;e Part om (1.0P oy (1.5f) oL + oy, (1.56) L (3‘&) 8 Callow Judge.
Cal. Allow. Cal. Allow. Cal. Allow. Cal. Allow. Cal. Allow.

Shell and head 87.7 136.7 369  205.0 739 205.0 3159  410.0 - - OK

. Stifferner - - 688  205.0 79.8 2050 2851 4100 - - OK

A niner Pad - - 275 2050 482 2050 2116  410.0 - - OK

Vecrct' Support Guide - - 205  205.0 228 205.0 834  410.0 - - OK

Shell and head 473 163.3 363  245.0 72.8 245.0 86.6  490.0 - - OK

Outer Stifferner - - - - - - - - 27.3 163.3 OK

Saddle - - - - - - - - 1242 1633 OK

Shell and head 88.2 136.7 584  205.0 61.2 205.0 2925 4100 - - OK

. Stifferner - - 17.8  205.0 20.1 2050 2679 4100 - - OK

nner Pad - - 229  205.0 53.1 2050 2045 4100 - - OK

30° Heel Support Guide - - 232 205.0 48.0 205.0 855  410.0 - - OK

Shell and head 45.1 163.3 233 2450 85.4 245.0 668  490.0 - - OK

Outer Stifferner - - - - - - - - 19.7 163.3 OK

Saddle - - - - - - - - 67.7 1633 OK

Shell and head 89.1 136.7 39.6  205.0 81.6 205.0 3155 4100 - - OK

. Stifferner - - 1492 2050 1740 2050 2826 4100 - - OK

nner Pad - - 362  205.0 477 2050 1824 4100 - - OK

Collision Support Guide - - 83.9 205.0 101.0 205.0 110.7  410.0 - - OK

Shell and head 61.0 163.3 411 2450  158.8 2450 1312 490.0 - - OK

Outer Stifferner - - - - - - - - 216.7 163.3 OK

Saddle - - - - - - - - 931 1633 OK

Table A2. Summary of structural analysis result for SUS304L.
Acceptance Criteria (MPa)
Load oL + Op + O,
P Part Om (1.06) o1 (150 o1 + oy, (15) RN Gallow Judge.
Cal. Allow. Cal. Allow. Cal. Allow. Cal. Allow. Cal. Allow.

Shell and head 86.9 116.7 568  175.0 58.7 1750 2985  350.0 - - OK

. Stifferner - - 688  175.0 79.5 1750 2663  350.0 - - OK

Acc nner Pad - - 296  175.0 429 1750 1921  350.0 - - OK

Longi Support Guide - - 95 175.0 17.4 175.0 766  350.0 - - OK

Shell and head 463 163.3 18.6 2450 61.7 245.0 56.1  490.0 - - OK

Outer Stifferner - - - - - - - - 23.9 163.3 OK

Saddle - - - - - - - - 730 1633 OK

Shell and head 87.6 116.7 336  175.0 90.5 1750 3230 3500 - - OK

; Stifferner - - 923 1750 1069 1750 2885  350.0 - - OK

A nner Pad - - 648 1750 1264 1750 2251  350.0 - - OK

Tracrfs Support Guide - - 1451 1750 1695 1750 1884  350.0 - - OK

Shell and head 462 163.3 502 2450  156.0 2450 1136  490.0 - - OK

Outer Stifferner - - - - - - - - 2372 1633 OK

Saddle - - - - - - - - 1345 1633 OK

Shell and head 87.7 116.7 369  175.0 73.9 175.0 3159  350.0 - - OK

: Stifferner - - 688  175.0 79.8 1750 2851  350.0 - - OK

A nner Pad - - 275  175.0 482 1750 2116  350.0 - - OK

VeCrCt. Support Guide - - 205 1750 228 1750 834  350.0 - - OK

Shell and head 473 163.3 363  245.0 72.8 245.0 86.6  490.0 - - OK

Outer Stifferner - - - - - - - - 27.3 163.3 OK

Saddle - - - - - - - - 1242 1633 OK

Shell and head 88.2 116.7 584  175.0 61.2 175.0 2925  350.0 - - OK

; Stifferner - - 178  175.0 20.1 1750 2679  350.0 - - OK

nner Pad - - 229 1750 53.1 1750 2045  350.0 - - OK

30° Heel Support Guide - - 232 175.0 48.0 175.0 855  350.0 - - OK

Shell and head 45.1 163.3 233 2450 85.4 245.0 66.8  490.0 - - OK

Outer Stifferner - - - - - - - - 19.7 163.3 OK

Saddle - - - - - - - - 67.7 1633 OK
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Table A2. Cont.

Acceptance Criteria (MPa)

Load OL+0,+0
C‘:;e Part Om (1.0) or (1.56) oL + oy, (1.56) L (3‘&) 8 Callow Judge.
Cal. Allow. Cal. Allow. Cal. Allow. Cal. Allow. Cal. Allow.

Shell and head 89.1 116.7 39.6  175.0 81.6 1750 3155  350.0 - - OK

| Stifferner - - 1492 1750 1740 1750 2826  350.0 - - OK

nner Pad - - 362  175.0 477 1750 1824  350.0 - - OK

Collision Support Guide - - 839 1750  101.0 1750 1107  350.0 - - OK

Shell and head 61.0 163.3 411 2450  158.8 2450 1312 490.0 - - OK

Outer Stifferner - - - - - - - - 216.7 163.3 OK

Saddle - - - - - - - - 931 1633 OK

Table A3. Summary of structural analysis result for AL-5083-O.
Acceptance Criteria (MPa)
Load OL+0p+0
C(:;e Part om (1.0 oy (1.56) oL + oy, (1.56) L (3‘(‘)}) 8 Callow Judge.
Cal. Allow. Cal. Allow. Cal. Allow. Cal. Allow. Cal. Allow.

Shell and head 63.0 72.5 580  108.8 59.3 108.8 1748 2175 - - OK

; Stifferner - - 667  108.8 70.5 1088 1458 2175 - - OK

Acc niner Pad - - 19.6 1088 335 1088 734 2175 - - OK

Longi Support Guide - - 19.0 1088 19.7 108.8 325 2175 - - OK

Shell and head 46.4 163.3 16.0  245.0 50.4 245.0 55.8  490.0 - - OK

Outer Stifferner - - - - - - - - 2164 3195 OK

Saddle - - - - - - - - 551 3195 OK

Shell and head 63.8 72.5 359  108.8 80.4 1088 1942 2175 - - OK

. Stifferner - - 813  108.8 86.7 1088 1642 2175 - - OK

A nner Pad - - 257  108.8 59.7 108.8 1048 2175 - - OK

Tracgs Support Guide - - 865 1088 865 1088 844 2175 - - OK

Shell and head 462 163.3 354 2450 1487 245.0 98.0  490.0 - - OK

Outer Stifferner - - - - - - - - 235.3 319.5 OK

Saddle - - - - - - - - 1158 3195 OK

Shell and head 63.9 72.5 342  108.8 55.8 1088 1748 2175 - - OK

. Stifferner - - 587  108.8 67.6 1088 1528 2175 - - OK

A nner Pad - - 294  108.8 429 108.8 783 2175 - - OK

Ve‘ft- Support Guide - - 133 1088 164 1088 365 2175 - - OK

Shell and head 459 163.3 266  245.0 52.4 245.0 623 490.0 - - OK

Outer Stifferner - - - - - - - - 22.2 319.5 OK

Saddle - - - - - - - - 90.0 3195 OK

Shell and head 64.6 72.5 580  108.8 59.7 1088 1698 2175 - - OK

. Stifferner - - 647  108.8 68.5 1088 1505 2175 - - OK

nner Pad - - 292  108.8 4138 108.8 823 2175 - - OK

30° Heel Support Guide - - 180 1088 215 108.8 414 2175 - - OK

Shell and head 448 163.3 17.7 2450 63.8 245.0 545  490.0 - - OK

Outer Stifferner - - - - - - - - 18.6 319.5 OK

Saddle - - - - - - - - 546 3195 OK

Shell and head 64.5 72.5 357  108.8 49.0 1088 1839 2175 - - OK

. Stifferner - - 1073 1088 12538 1088 1625 2175 - - OK

nner Pad - - 294  108.8 37.7 108.8 745 2175 - - OK

Collision Support Guide - - 465  108.8 80.7 108.8 837 2175 - - OK

Shell and head 59.2 1633 1107 2450  118.1 2450 1019  490.0 - - OK

Outer Stifferner - - - - - - - - 84.3 319.5 OK

Saddle - - - - - - - - 149.7 3195 OK
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