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Abstract: As the world’s hydrocarbon supplies are gradually being depleted, the search for alternative
energy sources with acceptably low emissions of environmentally harmful pollutants is a growing
concern. Hydrogen has been proposed by numerous researchers as a fuel source for ships. Liquid
hydrogen (LHj;) has been shown to be particularly attractive as a ship fuel with respect to its ability
to reduce pollution, density, high performance in engines, and high caloric value per unit mass.
However, working with hydrogen in the liquid phase requires very low (i.e., cryogenic) temperatures.
The design of a cryogenic LH; pipeline is very different from the design of a normal fluid pipe due
to the change between the liquid and gas states involved and the effect of thermal and structural
characteristics on the cryogenic temperature during LH, transportation through the transfer pipeline.
This study investigated the material and thermal-structural characteristics of a multi-layer vacuum-
insulated pipeline system through experiments and finite element analysis. The experimental and
numerical results can be used as a database of material parameters for thermal-structural analysis
when designing applications such as LH, pipeline systems for hydrogen carriers and hydrogen-
fuelled ships.

Keywords: cryogenic temperature; multi-layer vacuum insulation; liquid hydrogen; thermal-structural
analysis; design parameter

1. Introduction

As the world’s hydrocarbon supplies are gradually depleted, the search for alternative
energy sources is a growing concern. Hydrogen is now widely regarded as a key element
of a potentially sustainable energy economy that could assist in the reduction in environ-
mentally harmful emissions. Hydrogen has also been proposed by numerous researchers
as a fuel source for ships. Liquid hydrogen (LHj;) has been shown to be an effective aircraft
fuel and is particularly attractive with respect to its global producibility, ability to replace
conventional fuels and thus reduce environmental emissions, ability to reduce engine noise
(due to the use of hydrogen-powered electrochemical battery-propulsion systems), density,
high engine performance, and high caloric value per unit mass.

However, there are a number of challenges associated with using LH; and/or hy-
drogen under standard conditions for maritime applications. For example, due to the
low volumetric energy density of hydrogen under standard conditions, it is difficult to
store efficiently. Attempts to solve this problem have focused on novel hydrogen storage
and transfer methods, such as storage in liquefied form at cryogenic temperatures and/or
bound to liquid or solid-state carriers.

LH; has a higher energy density than traditional hydrocarbon energy sources. In
addition, when cooled to —253 °C, hydrogen has a volumetric mass density of 70.8 kg m,
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which is approximately 775 times that of gaseous hydrogen under atmospheric conditions.
However, the energy density of LH; is only approximately 8.5 MJ/L compared with
36.3 MJ/L for diesel fuels, so greater volumes of LH; are required than of conventional
fuels for supplying a given vehicle, even without considering the thickness of the insulation
material for the LHj tanks. Techniques for handling LH, fuel were first developed and
applied in aerospace programmes, and a number of conversion proposals and studies
on transfer systems have been based on purely theoretical analyses or conceptual design
studies under NASA contracts [1]. There is no large-scale global shipping of LHj in the
maritime industry. Early attempts to study the trans-oceanic transport of renewable energy
in the form of LH, were never realised [2]. However, recently, the first pilot LH, tanker
ship was launched by Kawasaki Heavy Industries in Japan [3].

The aerospace industry remains a major player in research on the use, storage, and
transfer of LH,. The biggest challenge in LH; fuelling is the low temperatures at which the
process must be performed to control evaporation. LH; storage tanks and transfer pipelines
require specific insulating materials to keep heat flux as low as possible. NASA reported
that 45% of the LH, purchased for each space shuttle launch was lost in the process chain
before it reached a shuttle’s fuel tank. This included a 12.6% loss during transfer from the
LHy-carrying delivery vehicles into the large onsite storage tank and a 20.6% loss during
transfer from the onsite storage tank into a shuttle’s fuel tank [4]. Therefore, the loss of LH;
must be minimised to keep the overall energy efficiency of LH; fuelling as high as possible;
however, this require an energy-intensive liquefaction process.

Accordingly, the design of cryogenic transfer pipelines for the transport of LH, from
storage tanks to in-ship fuel storage, such as at bunkering terminals, is a matter of urgent
technological importance.

Thermal insulation is the key to minimising heat leakage in cryogenic pipelines [5].
The development of multi-layer insulation (MLI) has been the most important advance in
cryogenic insulation systems in the past 50 years [6]. MLI is the best coupled insulation
system and most efficient cryogenic insulation system [7]. The development of an MLI
piping system of an appropriate size for a desired cryogenic flow rate is the key challenge
issue, as the fluid state changes along the flow journey [8]. Studies of cryogenic insulation
systems have mainly focused on the application of non-contact insulation and performance
testing. However, there has been limited research into the application of multi-layer
vacuum insulation (MLVI) in shipping.

In the case of stainless steel, which is generally used as a material for pipes, hydrogen
has the effect of decreasing the tensile strength, the elongation to failure, the toughness
or fatigue strength limit, and increasing the fatigue crack growth rate. The main risks are
the delayed fracture of parts after shaping or mounting on vehicles and the cracking or
unexpected fracture of an element during the use of the vehicle. Through a model-based
simulation, this study investigated the thermal-structural characteristics of LH; transport
in a cryogenic MLVI pipeline (henceforth denoted a multi-layer vacuum-insulated pipe
(MVIP)) installed in LHj-fuelled ships. The major objective was to identify the design
parameters of a suitable material for multi-layer LH; flow, based on mechanical properties,
heat balances, and pipeline structural responses, that can be used in computer-aided design
engineering to study the sensitivity of the fuel transport system to arbitrarily chosen design
parameters (e.g., flow rate, pipe diameter, and the thickness of the cryogenic insulation).

The underlying basis of the approach is focused on the prime criterion for an LH;
pipeline: its ability to deliver hydrogen completely in the liquid phase to its outlet. Thus, to
forestall the partial evaporation of LHj, the temperature must remain below the saturated
vapor temperature corresponding to the absolute pressure throughout the pipeline. This
criterion can be met only by using stringently designed cryogenic insulation to surround
an LHj pipe, as it is essential that the local temperature in a pipe differs by no more than
1 °C from the saturation temperature at a given local pressure. Thus, the heat balance is a
critical component of our model, and the design of the pipeline system must specify precise
characteristics for the components of the material and thermal-structural response. Such a
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model-based simulation is the first step in the rational design of the section components of
LH,; transfer pipes.

2. Thermal-Structural Analysis Procedure for a Multi-Layer Vacuum
Insulation Pipeline

2.1. Thermal-Structural Analysis Procedure

This study involved the use of methods for the thermal-structural design analysis of
an MVIP in an LH; fuel-supply system for ships. The heat balance at cryogenic temperature
and its responses were characterised by finite element (FE) analysis simulations, which
were followed by analyses of heat transfer and structural responses. Figure 1 presents the
procedure for the thermal-structural-based design method considered in this study.

| Definition of structure

l

| Selection of insulation material }

l

Thermal properties l—vl Material modelling |'—| Structural properties
I [

*  Specific heat * Elastic modulus
*  Conductivity Definition of thermal *  Yield stress
* Thermal elongation loadin g

|

| Heat transfer analysis |

| Structural response analysis |

Acceptance
criteria met?

End

Figure 1. Flow chart of the design analysis procedure.

The procedure consisted of two parts: heat transfer and structural response analyses of
the LH; transfer pipe. Both analyses must consider material nonlinearity to ensure accurate
results. Therefore, the material properties for use in the analyses were obtained experimentally.

2.2. Multi-Layer Vacuum Insulation Pipeline

The cross-section of an LH, cryogenic transfer pipe with a design recommended by
an industry partner is shown in Figure 2 [9]. The ambient temperature, i.e., the maximum
outer pipe design temperature, is 44 °C, and the hydrogen temperature, i.e., the inner pipe
design temperature, is —253 °C. A temperature gradient exists between the outer pipe and
the inner pipe due to heat transfer from the former to the latter; therefore, heat flows into
the pipe containing the cryogenic fluid.

The cross-section consists of cryogenic insulation film, vacuum insulation, and support-
ing members. Cryogenic insulation film (PF (phenolic foam) type) is the best-performing
material for vacuum insulation and is widely used in cryogenic environments. Vacuum
insulation is a new technique but is based on a simple principle: the core material, con-
tained in the ‘core bag’, is compressed to approximately 200 kg/m? density, and the internal
pressure is maintained at a vacuum state of 1.0 mbar or less. Each supporting member
consists of a round bar, a disc spring, and an FRP (fibre-reinforced plastic) cap, and there
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are four such supporting members in each section, as shown in Figure 2a. Details of the
supporting member are shown in Figure 2b.

Round bar

Disc spring

DISC SPRING

ROUND BAR

OUTER PIPE

”A”_”A” \/‘EW
(@ (b)
Figure 2. Multi-layer vacuum-insulated pipe (MVIP); (a) Typical cross-section of an MVIP; (b) Detail

of a supporting member.

The flow-thermal and structural conditions for the modelling study were examined
numerically and experimentally using the geometric configurations for which MVIP data
are available. Table 1 summarises the geometrical properties of the pipe.

Table 1. Geometrical properties of the multi-layer vacuum-insulated pipe.

Type Thickness from Inner Plate on Inner Pipe (mm)
Inner pipe 3.44
Insulation 1.82
Vacuum 19.43
Outer pipe 4.19

3. Mechanical Properties of Steel at Cryogenic Temperature

It is important to precisely define the mechanical properties for the selection of MVIP
materials at cryogenic temperatures. Thus, a series of tensile tests was conducted at various
temperatures, encompassing room and cryogenic temperatures, to determine the mechan-
ical characteristics of the target materials. The tested materials included two 316-type
austenitic stainless steels (316L and 316/316L) that are available for use in MVIPs. The me-
chanical characteristics of 316-grade stainless steel, as standardised by ASM International,
were also tested.

3.1. Experimental Apparatus and Specimen Description

To investigate the material behaviour of the stainless steels in cryogenic temperature
ranges, material tensile tests were performed based on tensile testing standards (ISO 6892-1:
2019 [10] at room temperature and ISO 6892-3: 2015 [11] at cryogenic temperatures). The
tests were performed using a universal testing machine (Shimadzu, Kyoto, Japan) equipped
with a cryogenic chamber whose interior could be cooled to —170 °C. A digital control
system linked with thermocouples for generating a cryogenic environment was embedded
in the cryogenic chamber. The amount of inlet liquid nitrogen was automatically controlled
by the control system to maintain the temperature of the experiment. For data acquisition,
a cryogenic extensometer was embedded in the specimen in the cryogenic chamber. To
apply a tension load on the test specimen at cryogenic temperature, upper and lower axial
loading jigs were used, with pin connections to the test specimen. Figure 3a,b show the
setup of the experimental apparatus for these material tensile tests.
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(a) (b)

Figure 3. Experimental apparatus for tests on 316/316L steel. (a) Tensile test equipment with a
cryogenic chamber; (b) test setup with a cryogenic extensometer.

The test specimens were fabricated as plate-type dog-bone-shaped tensile specimens
constructed from base members. The dimensions of the specimens are listed in Table 2.
Figure 4a,b shows the test specimens of 316/316L before and after testing.

Table 2. Specific dimensions of specimens used in material tensile testing.

Material Standard Base Member Width (mm) Thickness (mm)  Gauge Length (mm)
316L JIS G4305 [12] Sheet 25 1.25 50
Pipe (4”7 10S)
316/316L ASTM A409M [13] (ASME 36.16 M) 6 3.05 25

(b)

Figure 4. Test specimen of 316/316L (a) before; (b) after test.
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The austenitic stainless steels, i.e., 316, 316L, and 316/316L, tested in this study are the
most common materials used for the fabrication of equipment used in cryogenic conditions
in the shipbuilding industry (liquefied natural gas carriers) [14]. 316/316L is a dual-grade
material with the material strength of 316 but the carbon content of 316L.

Table 3 shows the chemical compositions of 316 and 316L according to the standards
of JIS G4305 [12] and ASTM A409M [13]. Although 316 and 316L are both marine-grade
steels, they have some key differences. Compared to 316, 316L contains a lower proportion
of carbon, which cannot exceed 0.03 wt % (JIS G4305) or 0.035 wt % (ASTM A409M). This
decreases the risk of carbon precipitation, making 316L a better option for welding to
ensure maximum corrosion resistance.

Table 3. Elemental compositions of 316 and 316L (wt %).

Mn

Material C Max. Max P Max. S Max. Si Max. Ni Cr Mo Standard
SUS316 0.08 10.0 JIS G4305 [12]
TP316 : ~14.0 ASTM A409M [13]
12.0
SUS316L 0.030 2.00 0.045 0.030 1.00 ~15.0 16.0~18.0 2.00~3.00 JIS G4305 [12]
10.
TP316L 0.035 ~10 400 ASTM A409M [13]

3.2. Experimental Results

The results of the tensile tests of the above-described steels at various temperatures
were compared with ASM data [15]. The pre-determined temperatures ranged from room
temperature (20 °C) to —253 °C, to encompass the temperature range typically encountered
in cryogenics (room temperature to —163 °C). The results provided information on several
parameters, namely yield stress, tensile stress, and fracture strain, as shown in Figure 5a—c
and listed in Table 4.

The strength parameters, e.g., yield stress and tensile stress, increased linearly as the
temperature decreased. However, the fracture strain showed a non-linear temperature
dependence: it increased as the temperature was reduced to —40 °C but then decreased at
lower temperatures. The calculated temperature dependences of these properties for 316
could not verified due to the lack of data in the ASM.

800 —
Comparison of yield strength
- ] * O 316L A 316/316L & 316 (ASM)
B
S 600 —
2
£ 8 4
7] A 8
= 400 — a” 8
s AC o
) >
200 T | T | ! | ! |
-300 -200 -100 0 100

Temperature (°C)
(a)

Figure 5. Cont.
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Figure 5. Mechanical characteristics vs temperature relationships of stainless steels: (a) yield strength;
(b) tensile strength; (c) fracture strain.

Table 4. Tensile test results of stainless steels.

Material (S ) Temperature (°C) Yield Stress (MPa) Tensile Stress Fracture Strain
ateria ource
P Actual Modified (MPa) (m/m)
278 642 0.64
20 284 275 646 0.63
323 661 0.63
339 749 0.68
0 340 320 744 0.67
340 745 0.69
358 795 0.70
—20 357 337 788 0.67
378 849 0.72
—40 381 362 845 0.72
316L 388 851 0.72
4 1 67
—60 09 396 919 0.6

424 922 0.67
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Table 4. Cont.

Material (Source)

Yield Stress (MPa)

Tensile Stress

Temperature (°C)

Fracture Strain

Actual Modified (MPa) (m/m)
445 1018 0.61
—80 426 416 1005 0.62
457 1178 0.55
—120 470 442 1181 0.53
458 1179 0.54
477 1307 0.50
~163 504 472 1312 0.50
493 1305 0.49
20 283 275 603 0.59
—40 354 346 748 0.62
316/316L ~100 407 399 955 0.53
~160 445 437 1135 0.48
316 24 275 595 0.60
(ASM) 253 665 1580 0.55

3.3. Material Model

To develop an elastic—perfectly plastic material model for the following thermal-
structural numerical analysis, a formula for yield-stress curve prediction was derived from
the modified yield stress vs. temperature relationship in Figure 6. Modifications of the test
results were carried out to obtain the same yield stress at room temperature as a baseline. In
total, 21 test results on 316L at 8 different temperatures were averaged and countervail the
yield strength of ASM at room temperature (275 MPa). The same procedure was performed
on the test results on 316/316L. The modified yield stresses are listed in Table 4 and plotted

in Figure 6.
800 —
Prediction of yield stress
- 7 N ® Modified 316L
& . A Modified 316/316L
S 600 — <
2 . * 316 (ASM)
2] ~
a 4 I - - - Prediction curve
E T e
7] AT--0_
= 400 A% e
Rl 1‘ ‘\
] .
N
200 ) I ) I ) I ) I
-300 -200 -100 0 100

Temperature (°C)

Figure 6. Yield stress prediction model of 316-type stainless steels for numerical analysis.

From the yield stress vs. temperature data of the modified 316-type steels, a cubic
formula, Equation (1), was derived to accurately predict the yield stress vs. temperature
behaviours of 316-type steels. A piecewise linear material model is used with the yield-
stress prediction formula in the numerical analyses.

Yield stress at T (°C) =a + b-T + ¢-T? + d-T° (1)

wherea=3.15x 10%2,b=—-1.73 x 10%, ¢ = —1.15 x 1072, and d = —4.02 x 1075.
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4. Numerical Investigation
4.1. Heat-Transfer Analysis under Cryogenic Conditions

Heat transfer processes under cryogenic conditions and the analysis of their appli-
cation are fundamentally very similar to those under general high-temperature (flame
temperature) conditions. The three heat-transfer mechanisms (conduction, convection, and
radiation) that take place at ambient temperatures or higher also occur in the cryogenic
temperature range. To study the changes in properties of the various phases in a pipeline,
all of the general heat-transfer equations can be applied to the cryogenic temperature
range. In this study, it was assumed that the prime criterion for an LH; pipe is its ability to
deliver entirely liquid-phase hydrogen to its outlet. Therefore, only the physical state of the
hydrogen flow and the heat transfer processes in the target MVIP need be considered.

4.1.1. Modelling of Heat Transfer Analysis

To perform heat transfer and structural-response analysis, the target MVIP was mod-
elled by FE analysis using a commercial FE code (LS-DYNA) [16] as shown in the Figure 7.
A total of 74,808 solid elements were used to perform the heat transfer analysis in the
thickness direction. The applied material properties comprised the mechanical properties
obtained from experimental results on the current study and the thermal properties, namely
the specific heat, thermal conductivity coefficient, and thermal expansion coefficient, which
were obtained from a database [15]. The thermal properties used for the thermal analyses
are listed in Table 5.

Supporting member Heat sink

£

1m

3m

Figure 7. Finite element model of MVIP.

Table 5. Thermal properties of MVIP.

Type Specific Heat (J/kg-K) Thermal Conductivity (W/mK) Thermal Expansion Coefficient
Pipe (TP316L) 500 14.6 1.28 x 1072
MLI film 800 0.000135 -
Vacuum 1006 0.0001 -
Heat sink -5
(SUS F304) 500 14.6 1.37 x 10
Support cap (FRP) 787 1.1 3.53 x 107°

4.1.2. Analysis Procedure

In the heat transfer analysis, it was assumed that the initial temperature of the transfer
pipe was 20 °C. The analysis was divided into three parts (Figure 8), as shown below.

e  Heat transfer between LH, and the inner pipe: it was assumed that the surface of the
inner pipe in contact with LH; had the same temperature as the LHj.

e  Heat transfer between the inner pipes: the temperature was calculated according to
the thickness of pipe and the insulation, using the thermal conductivity coefficient of
the pipe and the insulation.

e  Heat transfer between the outer pipe and the external environment (ambient tempera-
ture): it was assumed that the surface of the outer pipe in contact with the external
environment had the same temperature as the ambient air.
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D
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Figure 8. Procedure of heat transfer analysis. (a) Schematic of process of heat-transfer analysis of
MVIP; (b) thermal-loading profile of LH,.

4.1.3. Results of Heat Transfer Analysis

Heat transfer analysis of an MVIP was conducted to quantify its insulation perfor-
mance and thus provide insights for design parameter selection. LH; injection was assumed
to take place within 10 s, and a load was applied to the inner surface of the transfer pipe in a
temperature-dependent manner. Figures 9 and 10 show the steel temperature-distribution
of the heat sink and inner supporting member of the MVIP at various times. Figure 11 plots
the steel temperature versus time at various positions on the supporting member.

The results of the analysis confirmed that heat transfer through the MLI and vacuum
part was minimal, and that heat conduction mainly occurred on the inner surface of the
LH, transfer pipe through the internal support and heat sink.
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Temperature Time= 10

Temperature
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o
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Figure 9. Cont.
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Figure 9. Steel temperature calculated in the heat sink part of the MVIP; (a) 0's; (b) 10 s; (c) 50 s;

(d) 100 s.

(a)

(c)

Temperature
2.000x 10"

4.660 X 10° :I
2.949x 101 _|
5.433x 10" _
7.916x101 _
1.040 x 10
1.288 x 102 ]
4.537x102 _|
41.785x 102
2.033x102
-2.282x10?
2.530x102_|

Temperature
2.000x 10"
-4.660x10°]
-2.949x 10" _!
-5.433x10" _
-7.916x 10" _
-1.040 x 102
-1.288x102]
-1.537x102 _|
-1.785x 102
-2.033x 102
-2.282x10?
2.530x102 _|

LS-DYNA keyword deck by LS-PrePost
Time = 10

Contours of Temperature
min=-2563, at node# 1414413
max=20.0017, at node# 1404720

2 Post

LS-DYNA keyword deck by LS-PrePost
Time = 100
Contours of Temperature
min=-255.341, at node# 1388164
;. Max=20.2806, at node# 1404718

27 Post

(d)

Temperature
2.000 x 101
-4.660 x 10° ]
-2.949x 10" _!
-5.433x 10" _
-7.916 x 10" _
-1.040 x 102
-1.288x 102 _|
-1.537 x102 _
-1.785x 102
-2.033x 102
-2.282x 102
2,530 x 102 _|

Temperature
2.000% 10
-4.550x1o°:I
-2.949% 10" _!
5.433x10"_
7.916x 10" _
-1.040x 102
-1.288x102]
1.537x 107 __
-1.785x 102
-2.033x 102
-2.282x 107
-2.530x 102 _|

Figure 10. Steel temperature calculated in the inner supporting member of the MVIP; (a) 0's; (b) 10's;

(c) 50s; (d) 100 s.
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Figure 11. Steel temperature of the supporting member calculated at six points. (a) Temperature-

measurement points on a supporting member; (b) steel temperature versus time at measure-
ment points.

4.2. Structural Response Analysis under Cryogenic Conditions
4.2.1. Methodology of Structural Response Analysis

A series of non-linear FE analyses of heat transfer at various low temperatures was
performed to investigate the structural behaviour of the MVIP. LH; injection was assumed
to take place within 10 s, and a load was applied to the inner surface of the transfer pipe in
a temperature-dependent manner. MLI films and vacuum components were not included
in the structural response analysis because they are not structural members. Figure 12
shows the configuration of the FE model of the MVIP used for structural response analysis.
Structural response analysis was performed by dividing the inner supporting member of
the pipe into sections at intervals of 2 m, 3 m, or 4 m, to identify the effect of the interval
length (henceforth denoted the ‘inner support interval’), as shown in Figure 13.

Outer pipe

Supporting member
& .
= L Inner pipe
n AN
— =
S :f(/'

Pipe support
Section A-A’

Figure 12. FE model of MVIP for structural response analysis.

Figure 14 and Table 6 show the boundary conditions for structural response analysis.
The thermal load was the same as in the heat transfer analysis, while for the mechanical
load, only the self-weight was considered. A database of the thermal and mechanical

properties of the MVIP was built from the tensile test results (Table 7) and ASM Specialty
Handbook: Stainless Steels [15].
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Inner support interval =2m

Inner support interval =3 m

Inner support interval =4 m

Figure 13. FE models with various interval lengths for sectioning of the inner supporting member.

Heat sink

Pipe support

Supporting member

------ Symmetry in diameter direction

--------- Symmetry in length direction

Lo

Figure 14. Boundary conditions for structural response analysis.

Table 6. Boundary conditions (U = translational degree of freedom, R = rotational degree of freedom).

Part Description *
Bottom surface of pipe support Uy, Uy, Uz =1and Ry, Ry, R, =0
Edges in the y-direction Uy =1and Uy, Uz, Ry, Ry, Rz =0
Edges in the x-direction Uy =1and Uy, Uz, Ry, Ry, R; =0

* 1 indicates that there is a translational constraint; 0 indicates that there is no translational constraint.

Table 7. Mechanical properties of MVIP.

. Elastic Modulus Yield Stress (from . .
o 3 s,
Component Temperature (°C) Density (kg/m>) (MPa) Equation (1)) (MPa) Poisson’s Ratio
20 275
0 315
—40 368
Pipe —80 400
(TP316L) 120 7900 19,300 426 0.3
—160 462
—210 543
—260 694
Heat sink
(SUS F304) 20 7900 19,300 295 0.3
Support cap 20 2560 6890 331 0.276
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4.2.2. Results of Structural Response Analysis

Figure 15 shows the deformed shape of the MVIP with various inner support intervals
after 100 s, and Figure 16 shows the displacement results at the centre of the inner support-
ing member of the MVIP with various inner support intervals. It can be confirmed that the
displacement changes while liquid hydrogen is injected and the displacement is maintained
thereafter. The greatest maximum deflection was 0.0127 m, which was obtained in the case
with an inner support interval of 4 m. From the displacement result, it can be seen that
the gap between the inner pipe and the outer pipe decreases as the inner support interval
increases. Figures 17 and 18 show the von Mises stress and plastic strain distribution at
different inner support intervals. Table 8 summarises the results of the structural response
analysis of the MVIP, namely the deflection, von Mises stress, and plastic strain.

The results of the structural response analysis confirmed that the inner support interval
affected the structural behaviour. In particular, in the case of a 4 m inner support interval,
the inner supporting member was severely deformed, as shown in Figure 19.

LS-DYNA keyword deck by LS-PrePost )
Time= 100 Z-displacement

Contours of Z-displacement
min=-0.0100302, at node# 1397536 5.000 x 10-3
_max=0.00408179, at node# 1414256
3.182x 103

;1 Post

1.364x 10-3 _|
4.545% 104 _
2.273% 103 _
4.091x 10
5.909 x 10-3:I
7.727x10°% _
-9.545 x 10-3
1.136 x 102
1.318x 102
1.500x 102_|

LS-DYNA keyword deck by LS-PrePost
Time= 100 2Z-displacement

Contours of Z-displacement
min=-0.0117536, at node# 1397536 5.000x 103
max=0.00323993, at node# 1414256

u 3.182x10%

57 Post
1.364x10% _
4.545x10% _
2.273x10% _
-4.091x103
-5.909 x 103 ]
7.727x103 _
-9.545x 103
1.136 x 102
1.318x 102
-1.500x 102 _|

(b)

Figure 15. Cont.



Metals 2022, 12, 549 15 0f 19

LS-DYNA keyword deck by LS-PrePost
Time = 100

Contours of Z-displacement

min=-0.0126836, at node# 1397536 5.000x 10

~ max=0.00512061, at node# 1414268

50y Post 3.182x 104:|
1.364x 103 _
4.545% 104 _
2.273%x10% _
4.091% 103
5.909 % 103 ]
2.727%10° _|
9.545% 103
41.136x 102
1.318x 102
41.500x 102 _|

Z-displacement

(c)

Figure 15. Deformed shape of an MVIP with various inner support intervals after 100 s;
(@) Interval=2m (maximum deflection = 0.0100 m); (b) Interval = 3 m (maximum
deflection = 0.0118 m); (c¢) Interval = 4 m (maximum deflection = 0.0127 m).

0.000
~—0.002
£ - Inner support interval = 2m
.E —0.004 |\ I R ettt Inner support interval =3m |
g | i —-—-— Inner support interval = 4m
2
N~ —0.006
Y
= -
=
= —0.008 '
5 \
Q -
g L
S -0.010 3
s ]
% 7 \ S
= 0012 ~ —— S
—-0.014 T T T T T
0 20 40 60 80 100
Time (s)

Figure 16. Displacement results at the centre of the inner support of MVIP with various inner

support intervals.
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LS-DYNA keyword deck by LS-PrePost
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()

Figure 17. von Mises stress distribution of MVIP with various inner support intervals after 100 s;
(a) Interval = 2 m (maximum von Mises stress = 631 MPa); (b) Interval = 3 m (maximum von Mises
stress = 649 MPa); (¢) Interval = 4 m (maximum von Mises stress = 639 MPa).
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Figure 18. Plastic strain distribution of MVIP with various inner support intervals after 100 s;

(a) Interval = 2 m (maximum plastic strain
strain = 0.0348); (c) Interval = 4 m (maximum plastic strain = 0.0727).

Table 8. Summary of structural response analysis results.

0.0287); (b) Interval = 3 m (maximum plastic

Inner Support

Maximum Value

Interval

Deflection (m) Von Mises Stress (MPa)

Plastic Strain

2m
3m
4m

0.0287
0.0348
0.0727
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Figure 19. Deformed shape of inner supporting member (inner support interval = 4 m).

5. Conclusions

This study performed model-based simulations to investigate the thermal-structural
characteristics of LH, transport in a pipeline installed in LH,-fuelled ships with a cryogenic
MVIP. The major objective was to identify the design parameters of a suitable material
for multi-layer LH, flow, based on the mechanical properties, heat balances, and pipeline
structural responses. These would be useful for use in computer-aided design engineering
studies of the sensitivity of an LHj transport system to arbitrarily chosen design parameters
(e.g., flow rate, pipe diameter, and thickness of the cryogenic insulation).

Based on the results of this study, the following conclusions and insights can be drawn.

1. Thermal-structural design analysis methods were applied for examining an MVIP in
an LH; fuel-supply system for ships. These analysis methods can be useful for the
design of an MVIP.

2. A series of tensile tests was conducted at various temperatures, encompassing room
and cryogenic temperatures, to understand the mechanical characteristics of the target
materials. From the results, a formula for yield-stress curve prediction was derived,
incorporating a modified yield stress vs. temperature relationship.

3. When performing heat transfer and structural response analyses of MVIPs, the de-
pendence of thermal and mechanical properties on cryogenic temperatures should
be considered. In this study, the mechanical properties obtained through tensile tests
were used.

4. The results of heat transfer analysis confirmed that heat is transmitted through the
inner supporting member, and the insulation of the inner supporting member should
be considered in the pipe design.

A series of nonlinear FE analyses was performed under various low-temperature
conditions, using the results of the heat transfer analyses, to investigate the structural
response of MVIPs. The results confirmed that the interval length of the sections into
which the inner supporting member is divided is an important variable, and the external
pipe-support interval should also be considered.

When designing an MVIP, it is necessary to consider the effects of the cryogenic
temperature, the performance of the insulation, and the shape and section length of the
inner pipe. In a follow-up to this study, the performance of a designed MVIP will be tested
to verify the numerical analysis method in comparison with other analysis methods.
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