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Helical winding path
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Series Test of UN Regulation

Pressure =

#Cycles = 5,500 or 7,500 or 11,000
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Micro-scale
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CAD data Parameters

- Fiber cross-section

- Number of turns ‘
- Crossing angle

etc.

. \ .
Create liner Create geodesic
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Boss inner diameter

\ Boss thickness

~»«x" Boss length
~"_ Boss R width

=—  BossR height

Boss R thickness

Liner thickness

Liner inner diameter

Liner length

Boundary
position ratio
of metal/plastic

Outer

Dome
¢
Upper shape
Center .
ratio
- Overall
Lower
Cylinder
length
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Helical attenuation length

Y
r N

7

Helical thickness
amplification

Helical thickness limitation
ratio

Number of layers

Helical orientation angle

of each layer

y _ Hoop attenuation length

h

Hoop length of each layer

Layer Angle Layer Angle Layer Angle Layer Angle
No. (degree) § No. (degree) | No. (degree) | No. (degree)
90 55 11 90 16 20

1 6

2 90 7 90
3 90 8 90
4 90 9 10
5 90 10 58

12 67 17 20
13 60 18 20
14 54 19 34

15 35 20 39
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Start : Input of a tank dimension and specification

Size
-CFRP design parameters range
-Dome shape parameters range

Setting randomly selected tank design parameters

3

Creation of finite element analysis model of a tank

3

A finite element analysis of the tank model

Calculation of maximum value of fiber direction strain
and CFRP mass per internal volume of the tank

No &
Repetition about 10,000 times
& Yes
(ialculation of Pareto frontline from multi-objective optimization
Determination of the convergence Ye‘Snd Output of the smallest
¥ No CFRP mass tank
Modification of range of design parameters -CFRP design parameters

by genetic algorithm as the next generation ‘Dome shape parameters
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Start : Input of a tank dimension and specification ;
-Size
- CFRP design parameters range
-Dome shape parameters range

Input parameters on the display or import input file

piws=4

12.431476

e
T Specification
RN TN -Resistance pressure
— s - =" Tank size
B o -Length
e o -Inner diameter
B 0 ki 7 CFRP parameter
v = //m [ -Number of layer, min. and max.
n s | N : -Helical layer angle, min. and max.

BET 1 vTa Y

s

e . e \ -Hoop end position, min. and max.
e L -Thickness of layer

ERRE ~ 128 EE)  Nu(HEEE) (i)

- -Overlap volume around boss

o Doom shape parameter

-Boss inner diameter, min. and max.

BE—EZ1FT— PIBIER: (IME - .
Nl S i , E -Boss length, min. and max.
o7 -Boss width, min. and max.
SAF—5Hil 052222942 0.79845352 0.84718731 0.0095949282 _|ayer tthkneSS, min- and max.
EEHE n/a n/a n/a n/a - .
-Doom axial length, min. and max.

-Doom shape curvature, min. and max.
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3

A finite element analysis of the tank model

Maximum principal strain by analysis




2

Calculation of maximum value of fiber direction strain
and CFRP mass per internal volume of the tank

Fiber direction strain
by calculation

14
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Setting randomly selected tank design parameters

3

Creation of finite element analysis model of a tank

3

A finite element analysis of the tank model

Calculation of maximum value of fiber direction strain
and CFRP mass per internal volume of the tank
No &
Repetition about 10,000 times
Yes

-
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\‘, 5K °F Optimal design flow

THE U\m&un of Tmm

T 0.60

15t Generation

0.55

0.50

I
I
I
!
!
I 045

Optimal design tank

by the 15t generation 0.40

0.35 Pareto front line

CFRP mass per internal volume [kg/L]

0.30
0 2 4 G 8 10 12 14

Maximum value of fiber direction strain [%]

¥ vYes

Calculation of Pareto frontline from multi-objective optimization

16
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1t Generation
0.55 O 4t Generation
O 60t Generation

Setting randoml

3

Creation of finite

3

A finite element

Calculation of n
and CFRP mas:
No &
Repetition abou
Yes

Calculation of Pareto frontline from multi-objective optimization

Pareto front lines

CFRP mass per internal volume [kg/L]

0 2 4 i B 10 12 14
Maximum value of fiber direction strain [%]

Determination of the convergence
&4 No

Modification of range of design parameters
by genetic algorithm as the next generation

17
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CFRP mass pe:/na volume [kg/L]
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The smallest CFRP
mass tank
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Pareto front lines

o
L
o

2 4 i B 10 12 14
Maximum value of fiber direction strain [%]

[

‘ Yes

Determination of the convergence mms)F=nd: Output of the smallest
CFRP mass tank

- CFRP design parameters
-Dome shape parameters
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Heat conduction analysis with curing heat generation | | = | Degree of cure_ |,
or_ ¥, FT. FT . i 3
at kXX a 2 kyyay +kZZ 52 +10Q /%/22 ) Temperatre | 24 ¥

0.0

Q=H r% =H r(Kl + Kzam)(l— a)', Ki=A e"(Ei /RT)/ - Curebnrober-tv of resin

—3

Strain analysis by temperature and phase change

1 dv dT a
—— =g, (T)1-a)+ Tla)— sen— i i
(Vo dtj (ﬂgel( )( ) IBCUI’Ed( ) )dt ﬂche_ dt Curlng shrlnkage
. c . . Cs,Ck
Strain relaxatlén by viscosity
61Tk

gel (T) :Ba oo(T) 6144'1c L (T’a): E (T’a)Tg

ﬂ \
— =]
Pures(T) =P = (M=eT+f, o E(T,a)=c,e "¢, e o oM

=0.0 (gel)
o 16(T.2)=G (T.a)Te

g N a=10 T
o i — = |l ran,

BIUK]

oooooo

0 —_

oooooo T [°C]

. : : o , \Voigt model
Coefficient of linear expansion Young’s modulus 19

1.0E+0; T 1o
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Anisotropic Continuum Modeling

Thermal ( T/ :
Conductivit _ _ 14+ nV, k)
y kL= kM, + KTV, Ky = kI <1—sz>
! ( /km) +1
Thermal a, ar
. f m f
ViE; a + VL Eta™ + 2 (v — v Al 1 1

Expansion — Ur Ll ( L L) (a£ + vaa{) Ve + (@ + v*af )V, + - > (kf km>

X VeV [aT +vltal — “T ~— W aA]}/E X Vy Vi [(arTn +vlal) — (“T + v[a{)] — VL

Viscoelasticity

m;j = I(cu(t C,Jt
t
e ( ][cg][ ]+z[c.][1 oo-L) o (- )(0,(0)0

OC aij

20



i 50K 7

(\ ’ The Unevarey o Tosyo

MR

Generalized Voigt Model by Homogenization Method
(Terada et al., 2009)

{e (O} =[c O]{c (1)} [ea] =[o3]"

[C(t)]: Macro-scale Creep Compliance Matrix (7, |[Cal=7al 1]

[c (1)]= [Cg](lJr Tig] + iZ:‘i[ci ](1—eXp(—TLiD ci] [Df]lij
-Hleda i
[’79][(39]:”[1] % =
|:77i:||:Ci:|:Ti|:I:| "‘

1
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Unit Cell Model

Macro-scale Creep Compliance Matrix [C(t)] is identified

through micro-scale analyses of deformation modes by step loading. 2

22



Finite Element Model

V1
c1
G: 1494,1495,1486, ,1498

Metal Boss

140

120

100
80 r

60

40

20
0

T[°C]

0.0 2.0 4.0 6.0
t [h]
Temperature Time-history

[elelotie o siejajnciioln]
Inaevative Simulailen Seftware

Length: 1055.0 [mm]
Intenar Diameter: 147.0 [mm]
Helical Thickness: 0.45 [mm]
Il:laoyze Hoop Thickness: 0.5 [mm]
Volume Flaction: 0.50

|_Plastic Liner

e
e

.
s
L
.
aﬁié

Material Property

Resin Carbon Fiber | Plastic Liner | Metal Boss
Thermal Conductivity: k [W/(m =K)] 2.60x101 8.9 (8.0) 0.48 170
Mass Density: p [kg/m?3] 1.22x103 1.80x103 9.50%x10? 2.70x103
Specific Heat: ¢ [J/(K -kg)] 1.20x103 7.10x10? 2.30x103 9.17x10?

23
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Hoop Strain: &g and Deformation

(b) t=1.67 [h]

(c) t=3.89 [h] (d) t=5.56[h]
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FrontCOMP Software

Dagital Data Processer for CFRP Tank

FrontCOMP_tank Axisymmetric model by continuum model
FrontCOMP_FW Single-FW meso-model
FrontCOMP_FW_multi Multi-FW meso-model

FrontCOMP_FW _shell Multi-FW meso-model by shell elements

FrontCOMP_wind _multi CAM data for Multi-FW

Forming Simulation of CFRP
FrontCOMP_cure Thermoset CFRP
FrontCOMP_TP Thermoplastic CFRP

25
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Local User Sever WHELL Server

INPUT OUTPUT
Design Spec Optimality Criteria - _
. Optimum Desing Search
HAPE.igs ~ . . ]
LAYERS. cav Machine Learning by Macro-scale Model
OUTPUT 2 input £, MicroModel
Micro-scale UPLOAD_OND--- mesh

Mechanical Field

~ Micro-scale Simulation
Micro-defects in resin 3x, Convertion

8, StrcFEM &, CureFEM

OUTPUT
Strain Enhancement Q input 8, MesoModel
UPLOAD_OND-- mesh

Meso-scale Simulation

Filament Winding Process Effects el

2%, StrsFEM 2%, CureFEM

INPUT OUTPUT - £, AxsymModel
Precise Analysis —
oot Macro-scale Simulation
p— ptimum og s .
= | Design Initial Irregularity 8, Convertion
R, StrcFEM 2%, CureFEM
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