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Design Optimization of Ammonia-LNG Combined Fuel
Tank for a Commercial Vessel
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Abstract : Under decarbonization regulations by the International Maritime Organization, the shipping
industry is working to develop post-LNG fuels. Among them, the possibility of using ammonia lead is
emerging due to its technical advantages. In this study, structural integrity assessment and optimization
were conducted when ammonia was shipped to the existing LNG tank. As a result, it was not safe due to
higher mechanical stress. In order to verify this, linear and high cycle fatigue analysis were performed
when liquified ammonia with a relatively high density to LNG was shipped. It was evaluated based on
the safety evaluation criteria of the IGC code, and the optimization was conducted by applying the design
of experiments method. The results of this study can be used to design fuel tanks using liquefied
ammonia and LNG composite, providing insight to secure structural robustness of the fuel tank.

Key Words - Liquefied Natural Gas, Liquefied Ammonia, Fuel Tank, Design Optimisation

— 7 I k=1 ’é oy — 1GC Construction

Carrying

International Code for  the
and Equipment of  Ships
Liquified Gases in Bulk

FE : Finite Element

IMO : International Maritime Organization
AIP : Approval In Principle

SPH : Smoothed Particles Hydrodynamics M.P. : Measurement Point

#+F Z 2 (ORCID:https://orcid.org/0000-001-6836-8539) :

Zzus, A&343t7]<dta MSDES}

E-mail : nkcho@seoultech.ac.kr, Tel : 02-970-7278
*0] £-2J (ORCID:https://orcid.org/0000-0003-2210-1518),
*8}- 2 FH(ORCID:https://orcid.org/0000-0001-5692-2184),
*%] £ 8] (ORCID:https://orcid.org/0000-0003-0817-792X),
*0] H1(ORCID:https://orcid.org/0000-0001-5636-5795),
#9) 2] $-(ORCID:https://orcid.org/0000-0003-3612-2424) :
o) shAY, A& 38 7] &) sta MSDES!H

**t Nak-Kyun Cho(ORCID:https://orcid.org/0000-001-6836-8539)
: Assistant Professor, Department of Manufacturing Systems and
Design Engineering (MSDE), Seoul National University of
Science and Technology (SeoulTech).

E-mail : nkcho@seoultech.ac.kr, Tel : 02-970-7278
*Yunseong Lee(ORCID:https://orcid.org/0000-0003-2210-1518),
*Jae-Kwan Park(ORCID:https://orcid.org/0000-0001-5692-2184),
*Junhyuk Choi(ORCID:https://orcid.org/0000-0003-0817-792X),
*Been Lee(ORCID:https://orcid.org/0000-0001-5636-5795),
*Jiyun Lim(ORCID:https://orcid.org/0000-0003-3612-2424) :
Undergraduate student, Department of MSDE, SeoulTech.

SHAARZERR| H263 Moz, 20224 12€ 21


https://crossmark.crossref.org/dialog/?doi=10.9726/kspse.2022.26.6.021&domain=http://kspse.org/&uri_scheme=http:&cm_version=v1.5

Jgﬂg A-Il:lro| LNG—

SErO) LELOIAR
CEL : Coupled Eulerian Lagrangian

EVF : Eulerian Volume Fraction

G : Gravitational Force [N]

L : Longitudinal Length of the Tank [mm]

® : Resonant Frequency [Hz]

h : Water Depth [mm)]

P, : The Pressure at Full Scale

Pm : The Pressure at Model Scale

o : The Density at Full Scale

LNG : Liquified Natural Gas

g : Gravitational Acceleration [m/s*]

Pm : The Density at Model Scale

X : Displacement [mm]

A : Maximum Amplitude [mm]

w : Resonant Frequency [Hz]

S : Second

Re : Minimum yield stress at room temperature

0, : Allowable equivalent stress
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Fig. 1 (a) Prismatic Type-B fuel tank of TIG
KOREA (b) Localized mesh model adjacent
the stud

Table 1 Technical specifications of the fuel tank

) Height | Width | Length
Tank | Size [mm] 3750 4750 3750
Bottom Upper
Part Name | w0 | Rod | wocher
Stud | Thickness 25 255.5 4.5
[mm]
Radius [mm][ 40 3 33
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Table 2 Mechanical properties of the materials®
Temperature
Thermal Poisson Specific Dependent Young’s Densit}y
Materials Coefficient Ratio Heat Thermal Modulus [kg'm™]
[°C"] [Tkg" K] Conductivity [MPa]
[W-m™-K']
1 | Tank Plate | 2.4 x 107 0.33 500 110 68,000 2,400
2 | VESPOL 6 x 107 0.3 2,100 confidential 6.18 40
SUS 304 1.8 x 107 0.29 500 16 190,000 8,000
B AFoAM=  Eole|x A ol A A|FE  Table 3 Information of elements and nodes
LNG 98 ®arde ARt Bae] Wi+ Item Information
#= Fig 1@ 23, 98 ®ie 74752 Element type C3D8
Table 1o ERHRS. A8Ra THF] A52 Number of clements 754,145
& Table 29 2T Number of nodes 913,790
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Table 4 Mechanical & thermal loading magnitudes

Value
0.0184 [MPa]
0.0184 [MPa]

Loading
Ammonia Weight [W]
Hydrostatic Pressure [Pp]

Gravity [G] 9.81 [ms?]
Inner Temperature [Ti] -33.4 [°C]
Outer Temperature [T,] 45 [°C]

270 MPaZ, 2] (1)
225 MPao|t}. 3
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Q S, Mises

S, Mises (Avg: 75%)
(Avg: 75%) 936.63
89.73 858.58
g2 780.53

: 702.49
6731 624.44
2358 546.39
e 46834
37.42 390.30
30.04 312.25
22.47 234.20
14.99 156.16
7.52 78.11
0.04 0.06

Fig. 3 Thermal analysis result Fig. 5 Thermal & mechanical analysis result
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Fig. 7 Design parameter of the stud

Table 6 Stud design factors and levels

A: Upper ) C: Bottom
Washer ia§0: Washer
Thickness 1 Thickness
[mm]
[mm] [mm)]
1 4.8 3.5 3
2 5 4 3.5
3 5.2 4.5 4

Table 7 L9 Arrangement table for design factors

and level
Case A [mm] B [mm] C [mm]
1 4.8 3.5 3
2 5 3.5 3.5
3 52 3.5 4
4 5 4 3
5 52 3.5
6 4.8 4 4
7 52 4.5 3
8 4.8 4.5 35
9 5 4.5 4
AAJNA ] ta FE(leve) S 2|3 3719
W5 £ Table 63 ZATh °]& 7|Ho = 35

ZAmujdel 19 A uujdEE AL&3le] Table 73
Zol F o A Aol~E HAHSIHT Table 8
7} Fig. 82 Rodol| ¥Ast= Sl gt E4HE

Table 5 Material properties of high manganese
steel'”
Y ’ Itimat
oung s Density |Yield Strength Ultimate
Modulus [kgm?] [MPa] Strength
[GPa] | "% [MPa]
200 7850 >400 >970
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A A, CHEFE A TS VIAA o
BHS7E 7P & IS mve AL &k
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Table 8 Maximum von-Mises stress of Rod

Case A B C Max. stress
[mm] [mm)] [mm)] [MPa]

1 4.8 35 3 361.8
2 5 35 35 361.9

3 5.2 35 4 361.3
4 5 4 3 3354
5 5.2 4 35 343.2
6 4.8 4 4 3354
7 5.2 4.5 304.4
8 4.8 4.5 35 3054
9 5 4.5 4 305.6
= Effect of stress on the rod

S 360

;50 © ®

9 340 o—o>0
& 330

$ 320

S 310

S 300

> 3 3.5 4 4.5 4.8 5 52

Thickness(A,C) & Radius(B) [mm]
= A B C

Fig. 8 The main effect of stress on the Rod
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Table 9 Maximum von-Mises stress of bottom
washer
Case A B C Max.stress
[mm] [mm)] [mm] [MPa]
1 4.8 3.5 3 191.352
2 5 3.5 35 172.624
3 52 3.5 4 152.359
4 5 4 3 200.234
5 52 4 3.5 161.974
6 4.8 4 4 158.883
7 52 4.5 225.592
8 4.8 4.5 3.5 190.996
9 5 4.5 4 156.112
s Effect of stress on the bottom washer
S 210
@ 200 ©
g 190 @
& 180 ~—
$ 170
2 160
2 150
S 3 35 4 45 48 5 52

Thickness(A,C) & Radius(B) [mm]
— A B C

Fig. 9 The main effect of stress on the bottom

washer

Table 10 Maximum von-Mises stress of simulation

considering only major factors

Case [nllgm] [mcm] Max. strE:l\sEPngocation)
1 5 55 257.2 (B)
2 6 5.5 232.2 (B)
3 7 5.5 206.9 (B)
4 7 6.5 215.5 (B)
5 8 5.5 234.1 (C)
6 8 6.5 216.2 (B)
7 9 55 246.5 (C)
8 10 5.5 246.9 (C)
9 11 5.5 2143 (C)
10 12 5.5 224.7 (C)
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Fig. 10 Result of static structural analysis
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Absolute pressure at measurement point 1

Table 11 Loading case of sloshing analysis

Self Fuel Max. Tem
weight | weight Pressure P
Case v v v v
S, Mises
(Avg: 75%)

447.437
410.212
372.987
335.762
298,537
261.313
224.088
186.863
149.638
112.413

75.188

37.963

0.739

Fig. 13 Sloshing analysis results of the optimized
stud

28 FHA2HE-IUDIX] H26H Moz, 20224 12

A8 olet H=2Ya M7 A5

s
I
=
3:

4.4 sl & M2 A siA Zo

Aol 54 489S HEske] A APst
e W WYsE $HL 2EES] 38 7 7
T 29T mebA 24 Al oJF 3
& Fol7] A% We] agEn. ol Hze ¥
&= 7 el TH(baffle) &
o

Fig. 148} o] A28t
D s dx] Al E skE, 714 skEel 9
3 B3 YR T2 Ago] BT & glorn}
T =R gtk waH 25 B3 1A FH
HAsE 8-S FaA7lE Ad 585 ok
Fig. 15& A7} B39] 1 H¥d ST of
dAstE Ho 7A YehAth s=1.183%
o, Hdf 32.758 mm/se] =2 FAVF B F
30, olof W2 A 44 YA 4y st
Fig. 169 YERASATE. H 0.245 kPao] HAY
3te, T2 3y H83ted 1:1 AA =] B3
A1 16.709 kPao] Qteo] WAE-S I3t
Table 119] 3t5xAE H&3t S AP3}
o T% Fig. 179 2 314 237t =25 Ak
HAo 571 ¢3S 226 MPa® Fig. 133 22
AR A LB

=
EEE

rr

Fig. 14 (a) Baffle shape with prismatic tank (b) FE
model with baffles

W, Magnitude
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30.279
27.801

Fig. 15 Fluid behavior at s = 1.183 and velocity

magnitude [mm-s-1]
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Fig. 16 Pressure measurement at measurement point
3 with baffles
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Fig. 17 von-Mises stress contour of the optimized
stud
reduced by baffles

applied maximum pressure value
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