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Abstract Due to the problems of fossil fuel exhaustion and environmental pollution, the
use of hydrogen fuel has been increasing gradually, so there is also need of commercialization
of hydrogen fuel cell vehicle. In order to increase its fuel efficiency, light-weightning and struc-
tural design, which are to optimize thickness and shape of the pressure vessel (end closure
and boss) and winding angle of composite, have been required. This study has carried out as
follows to obtain structural safety of hydrogen pressure vessel (type 4) under working pressure
(700 bar). Plastic liner was designed using dome shape with isotensoid curve and spherical
shape not to slip in the dome region while filament winding. After calculating the initial thickness
of composite by netting theory, the composite thickness in both cylinder and dome parts to
satisfy structural safety were obtained by FEM, changing the thicknesses calculated from the-
ory. Also, optimal design of aluminium boss shape was performed using the response surface
method to achieve light-weightning and increase of inner capacity. Based on the above resullts,
structural safety of the optimal hydrogen pressure vessel (type 4) with the composite layer and
boss shape finally determined was verified through FEA.

1. Introduction

The emissions from the use of fossil fuels have caused harmful substances, which threaten
human health and the earth's environment, so there is an increase in the demand for clean and
safe energy, and renewable energy is needed to be used to achieve sustainable energy sys-
tems [1, 2]. Especially in the public transport necessary for people's lives, hydrogen storage
pressure vessel is one of important devices for new energy vehicles. As the air pollution be-
comes more serious, safe and lightweight energy storage pressure vessel is inevitable re-
quirements for development of the automotive industry. There are four types of pressure vessel
as shown Fig. 1, and their brief description is as follows [3, 4]:

Type 1 : Steel or aluminium alloy metal structure. The load is entirely borne by the metal.

Type 2 : Steel or aluminium liner. The cylinder part is made of a hoop wound long fiber rein-
forced composite pressure vessel. The load is shared by metal and composite.

Type 3 : Metal liner (typically aluminium) with full composite overwrap. Composite materials
carry structural loads.

Type 4 : Non-metal liner (plastic liner). A carbon fiber composite is filament wound over a
thermoplastic liner, and composite carries structural loads.

In the previous studies relating to composite pressure vessel, Ramirez presented the results
of burst simulations performed on a pressure vessel (type 4) using commercial software
ABAQUS [5]. Hayato studied the new design that has notch and optimized dome shape about
the CFRP cryogenic tank, it can reduce energy release rate near the cap and prevent crack
propagation [6]. Cho carried out a series of the hydraulic burst tests and the structural analyses
for the composite cylinders (type 4) with different dome curvatures [7]. Alcantar proposed the
use of genetic algorithm (GA) and simulated annealing (SA) using the Microsoft Visual Studio
Tool Wintempla to optimize the composite weight of two pressure vessels (type 4) [8]. Roh
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Fig. 1. Four types of pressure vessel.

identified the most vulnerable failure points in a 700-bar H2
storage tank (type 4) and proposed methods to reinforce the
tank using a reduced amount of carbon fiber as compared to
conventional filament winding techniques [9]. Hua studied on
reducing the composite weight with modeling assessment of
conventional tanks without doilies that utilize lower cost resin
that also has a low density [10]. Leh presented and qualified an
FE model taking into account progressive damage of the com-
posite structure manufactured by filament winding and de-
signed for a new optimization procedure developed specifically
[11]. Lei studied the optimal shapes and fiber architectures of
non-geodesics-based domes for pressure vessels upon the
condition of equal shell strains [12]. Barboza performed burst
pressure testing of LLDPE/HDPE liner, on both small-scale and
full-scale, and the results of maximum hydrostatic pressure
were compared to the ASME Boiler and Pressure Vessel Code,
Sec. VIII, Division dimensioning procedure. And FEA was used
to predict the vessel mechanical behavior [13]. Considering the
previous studies, which were focused on shape of dome part
and design and fracture of composite part for hydrogen pres-
sure vessel (type 4), optimal design of it including shape of
aluminium boss part to install valve for rechanging and supply-
ing hydrogen, is needed.

This study has carried out design of pressure vessel (type 4)
as shown Fig. 2 to obtain structural safety under working pres-
sure (700 bar). The shape of plastic liner was designed using
dome shape with isotensoid-spherical curves not to slip in the
dome region while filament winding. And after calculating the
initial thickness of composite by netting theory, the composite
thickness in both cylinder and dome parts to satisfy structural
safety were obtained by FEM, changing the thicknesses calcu-
lated from theory. Also, optimal design of aluminium boss
shape was performed using the response surface method to
achieve light-weightning and increase of inner capacity. Based
on the above results, structural safety of the optimal pressure
vessel (type 4) with the composite layer and the boss shape
finally determined was verified through FEA.

2. Design of pressure vessel (type 4)
2.1 Design of isotensoid dome

Isotensoid dome is the most stable shape for filament wound

Carbon fiber composite

Plastic liner —
Carbon fiber composite

Aluminium liner —

-«

TYPE 3

TYPE 4

composite pressure vessel, and it provides the dome structure
with the minimum weight and maximum carrying capacity [14].
Dome shape of pressure vessel is rotated by a meridian axis,
so equation for the meridian is needed to be established to
obtain dome shell. A point (P) and a micro-element (ds) on the
meridian line are illustrated in Fig. 3. ‘' is radius of the parallel
circle from z-axis to ‘P, and ‘O’ is center point of isotensoid
curve. ‘ry’ is the meridian curvature radius, and 'r,’ is circumfer-
ential curvature radius. ‘r;’ and r,’ are radii of cylinder and boss,
respectively, and ‘ ¢ * is angle between r, and z-axis.

The geometric relationship between ry and r, is expressed as

Eq. (1).

v, _r-cotp-do (1)

n dr

According to the membrane shell theory shown in Fig. 4,
circumferential line load ( N, ) and meridian line load (N, )
subjected to internal pressure (P) are calculated by Egs. (2)
and (3), and the static equilibrium equation of the rotating shell
is written as Eq. (4) [15].

Nazlnp[Z—iJ, (2)

2° i

N =L 3)
P 2 2p7

N, .

e _n 4
N, p (4)

Based on the netting theory, circumferential line load ( N, )
and meridian line load (N, ) on the dome part are calculated
by Egs. (5) and (6) as shown in Fig. 5 [16], and the relationship
between N, and N, is expressed as Eq. (7). Where ‘o’ is
laminated angle wound along a geodesic specified by the
Clairaut shown in Eq. (8), without slippage on the dome part
during the filament winding process, and o, is a longitudinal
tensile strength of composite.

N,=0,-t-sif’a, (5)

N,=0,-t-cos’a, (6)
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Fig. 3. Shell of revolution of isotensoid curve. Fig. 4. Loads in membrane shell.
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From Egs. (4), (7) and (8), the mechanical relationship be-
tween ‘ry" and r,’ is rewritten by Eq. (9)

RERR J 9)

2.2 Design of dome with combined isotensoid-
spherical curve

Isotensoid curve is denoted as Eq. (10) from Egs. (1) and (9)
where, {=z/r, p=r/r,, and p,=r, /r. [14,15].

1 3
(=2 (10)
P -p _p :
l_poz

Isotensoid dome shapes by varying ‘p,’ (= 0, 0.2, 0.3 and
0.4) were obtained using Eq. (10), and inflection points were
observed at the ends of the isotensoid curves as shown in Fig.
6. Therefore, a part of the isotensoid curve with inflection point
is needed to be removed, and then its substitute curve should
be combined with the remaining isotensoid curve.

This study adopted spherical curve, and curvature radius (R)
of shpere at a point (P,) on the isotensoid dome, and angle
(@,) between O,,,.p and z-axis, origin coordinate of the

sphere

Tol—0

Py
=

P
,
@p ‘” ,

Osphere (xo' YO)

Fig. 7. Isotensoid curve combined with spherical curve.

sphere, Ogpnere (Xo, Yo) is calculated by using Egs. (11)-(14) as
shown Fig. 7.

R=_"" L(rpz i J (11)
sing  r° 1-7
1

@, =sin i (l—ru ), , (12)
rpz rz)}

(r —yo)2+( ) (13)

tan (90° — 14

an( ) yo )

2.3 Design of composite layer

The cylindrical section of pressure vessel (type 4) is rein-
forced with helical and hoop windings, while only helical wind-
ing extends to the vessel head. Netting analysis through Eq.
(15), which assumes that all loads are to be carried exclusively
by the fiber with no assistance from the resin, is used to esti-
mate the thicknesses of the helical and hoop layers in the cy-
lindrical part [17]. Where, r. : radius of cylinder, Py : burst
pressure, o, :longitudinal | tensile strength, and «, (r=r,) :
helical angle of cylinder part, which is calculated by Eq. (8).

v, P,

t — bmvz
helical —
2-0,- cos’

(15)

r

c burst

thovp - m

The thickness of composite layer in dome part is varied ac-
cording to the dome radius, because the number of fiber ag-
gregates on all cross-sections of the dome is the same as
shown in Fig. 8. The thickness of helical layer in dome part is
expressed as Eq. (16) [18, 19], where, ‘&’ means laminated
angle of helical layer not slipping during filament winding ac-
cording to variations of dome radius.

7, -cosa,
t=-= “Lhetical * (16)
r-Ccosa
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Fig. 9. Dimension of liner for pressure vessel (type 4) adopted in hydrogen
automobile.

3. Design of pressure vessel (type 4) using
finite element analysis

3.1 Simulation of dome part

To design liner shape of pressure vessel (type 4) as shown
in Fig. 9, Isotensoid dome curve is generated using Eq. (10)
when p, is 0.2 (r, = 300 mm/r, = 150 mm), however, a com-
bination with a spherical curve is required to remove some part
of isotensoid curve because the inflection point is occurred as
shown Fig. 6.

Spherical curve can be combined at an inflection point of
isotensoid curve as shown in Fig. 7. When r, of Fig. 3 is , it
means r, /=0, and the inflection point (ry) is defined by Eq.
(9)as Eq. (17).

PN (17)

7

The radius (R), and angle (¢, ) between P/’ and z-axis on
the inflection point were calculated as 382.5 mm and 6.37° by
Egs. (11) and (12), and X, (-289.3 mm), y, (0 mm) were calcu-
lated by Egs. (13) and (15). Based on the coordinates of the
inflection point calculated above, isotensoid curves combined
with spherical curve at the inflection point were obtained as
shown in Fig. 10.

3.2 Simulation of composite layer part

3.2.1 Calculation of thickness in the cylinder part
Thicknesses of helical and hoop layers in the cylinder part
based on Egs. (8) and (15) are 4.85 mm and 9.11 mm, respec-
tively. Where, the longitudinal tensile strength (o, ) of compos-
ite is 2539 MPa, and the burst pressure (P) of pressure vessel
is 157.5 MPa, which is 2.25 times of working pressure
(70 MPa) according to ASME Code [20]. Thickness per ply in
the helical layer is 0.6 mm and that in the hoop layer is 0.3 mm,
so total thicknesses of helical and hoop layers are 5.4 mm

Table 1. Design of composite layer for cylinder part.

Initial value Values by calculation
Pourst 157.5 Mpa a, 11.54°
o, 2539 MPa bycticar 54 mm
T, 145 mm
Lhoop 9.3mm
r, 30 mm
r
70
60
50 \
a0l Inflection point

______

30 \ E a'/ E
20

10 P

Fig. 10. Isotensoid-spherical curves combined at the inflection point ( p, =
0.2).

Winding angle(°)

140 110 80 50 20
‘Radius of dome part(r) |

. r
theticqr: 5-4mm] -

il Liner

Composite of dome part
1.:150mm N

Zogoy: 90.41mm

7z:92.25mm

» to: 21.18mm
i 7,:30mm

Fig. 11. The thickness according to the composite angles and radius.

(9 plies) and 9.3 mm (31 plies), respectively, and are shown in
Table 1.

3.2.2 Calculation of thickness in the dome part

Variations of thickness and laminated angle of composite
layer according to dome radius (r. : 150 mm ~ r, : 30 mm) were
calculated as shown in Fig. 11. When the dome radius is
30 mm, the laminated angle is 90° by Eq. (8), the thickness of
composite by Eq. (16) is diverged at the inflection point. So the
composite thickness at more than 98 % of the axial length of
the dome (90.41 mm~92.25 mm) is the 21.18 mm, which is the
thickness with the axial length of 90.41 mm.
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Fig. 12. 3D model of composite layer using ANSYS ACP-Pre.

Resin

Hoop(9.3mm) ——
Helical(5.4mm)
Liner(5mm)

(a) Full 3D model of composite layer (hoop and helical layer)

Resin(Yield strength : 54.6MPa)
NC : Helical
4 Hoop

*Helical
“~Hoop

(b) Scheme of composite layer with resin

Fig. 13. Full 3D model of type 4 pressure vessel.

3.2.3 Modeling and boundary conditions

In order to verify the design method of laminated angle and
thickness of composite layer calculated in Sec. 3.1, structural
analysis was conducted using ANSYS workbench ver. 19.2.
3D model of the pressure vessel (type 4) was created for struc-
ture analysis. Laminated angle and thickness of composite
layer was generated using ANSYS ACP-Pre as shown in Figs.
12 and 13(a) shows full model with plastic liner, aluminium
boss and laminated composite layer. For in the actual field
manufacturing hydrogen pressure vessel using composite, a
number of helical layers and hoop layers are repeatedly
stacked, and resin is filled in the empty space at the end of the
hoop layer as shown in middle part of Fig. 13(b). In this study,
3D modeling of the composite layer was performed with the
thicknesses (helical : 6 mm, hoop : 9.3 mm) calculated by net-
ting analysis, and its resin (yield strength : 54.6 MPa) filled in
the empty space at the end of the hoop layer during simulation
was modeled as shown in left part of Fig. 13(b). Mechanical
properties of composite (T700/epoxy), and aluminium alloy are
shown in Table 2, where X is longitudinal direction and Y, Z
and are transverse direction.

The composite and liner with aluminium boss part used
3D_8 node and 6 node structural solid element repeatedly, and
a total 134900 nodes and 72182 elements were generated
show Fig. 14.

The burst pressure (157.5 MPa) and the constraint condi-
tions (fixed and displacement supports) are imposed as shown
Fig. 15, and the coefficient friction was given as 0.4 between
composite and liner [21].

Table 2. Material properties of composite (T700/epoxy) and aluminium

6061-T6.
Compoiste(T700/epoxy)
Young’s modulus X direction

(longitudinal) E+(GPa) 137

Young's modulus Y, Z direction E,=E; (GPa) 9.1

(transverse)

Posison’s ratio XY, XZ Vi, =V, 0.34
Posison’s ratio YZ Vs, 0.43
Shear modulus XY, XZ G2 = Gy3 (GPa) 4.7

Shear modulus YZ Gy; (GPa) 3.1
Tensile X direction o, =0, (MPa) 2539

Aluminium 6061-T6

Young’s modulus (GPa) 71
Poisson’s ratio 0.33
Yield strength (MPa) 280
Tensile strength (MPa) 310

Fig. 14. Generated mesh of composite (left) and liner with boss part (right).

[ Fixed Support [] pisplacement

Components 0,0, Free mm

Fig. 15. Load and boundary conditions.

3.2.4 Results of simulation

The results of structural analysis regarding to inside/outside
helical layer and inside hoop layer are obtained according to
the axial direction of vessel. Most of loads are supported by the
longitudinal tensile strength of composite. From maximum prin-
cipal stresses in shown dome part of Fig. 16, they were de-
creasing near the boss part in case of the outside of helical
layer and increasing in case of the inside of helical layer, and
maximum stress occurred in the knuckle part, verified structural
safety of isotensoid-spherical dome. When the burst pressure
was imposed on the inner surface, maximum principal stress
(0,)= longitudinal tensile strength (o) have to be satisfied.
The maximum principal stresses inside hoop layer and outside
helical layer were 2542.6 MPa and 2545.2 MPa, respectively,
which are similar values to the longitudinal tensile strength
(2539 MPa), but that inside helical layer was 2811.2 MPa in the
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Fig. 16. Maximum principal stresses of hoop and helical composite layers
according to axial direction.

(a) Principal stress distribution of composite (inside helical layer)

16787
13956
11125
22935
54624
26312 Min

(b) Principal stress distribution of composite (outside helical layer)

(c) Principal stress distribution of composite (hoop layer)

Fig. 17. Maximum principal stresse distribution of composite layer (helical:
5.4 mm, hoop: 9.3 mm).

dome part, which is much higher than the longitudinal tensile
strength as shown in Fig. 17, so it is needed to conduct re-
design of helical layer in the dome part.

When structure analysis was carried out till the thickness of
helical layer was 6 mm, the maximum principal stresses are
2501.3 MPa (inside hoop layer), 2280 MPa (inside helical
layer) and 2523.1 MPa (outside helical layer), and it was
satisfied with the design condition (o, = o, ) as shown Fig. 18.
So the optimal thicknesses of helical and hoop layers on the
cylinder part were determined as 6 mm and 9.3 mm,
respectively, and the composite thickness at more than 98 % of
the axial length of the dome (90.41 mm~92.25 mm) is the
23.5mm, which is the thickness with the axial length of
90.41 mm.

3.3 Optimum design of the aluminium boss

In order to achieve light-weightning and increase of inner
capacity in hydrogen pressure vessel, optimal shape design of
aluminium boss part was carried out using response surface

(b) Principal stress distribution of composite (outside helical layer)

(c) Principal stress distribution of composite (hoop layer)

Fig. 18. Maximum principal stresse distribution of composite layer (helical:
6 mm, hoop: 9.3 mm).

L:25mm
£:7mm
H : 80mm
6 :90°

Fig. 19. Design parameter relating to boss shape.

method using ANSYS 2020 R1.

3.3.1 Determination of design parameters

Design parameters relating to the boss shape were deter-
mined as L, t, Hand 6, as shown in Fig. 19, and their ranges
are as follows: Ly : 75~25mm, t;: 2~7 mm, H; : 35 ~ 80 mm,
D;:45~90°.

The sampling points (25) were generated using OSF
(optimal sapce filling) method, and the input parameters (L, H, t,
6) and the output parameters (maximum equivalent stress,
mass) were set.

3.3.2 Optimal shape of boss part

Structural analyses of pressure vessels with 25 different
boss model samplings were conducted. All models have the
same composite shape (thickness of helical layers : 6 mm,
thickness of hoop layers : 9.3 mm) suggested in Subsec. 3.2.4,
and the test pressure of 105 MPa (70 MPa x 1.5) and the
burst pressure of 157.5 MPa (70 MPa x 2.25) were imposed
on the inner surface. Based on the above 25 case analysis, the
response surface created using the genetic aggregation for
optimal design of aluminium boss part, and goodness of fit was
analyzed to verify quality of the response surface as shown Fig.
20. The predicted and observed chart shows the values pre-
dicted from the response surface versus the values observed
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Table 3. The results of response surface optimization.

Table 4. Results of optimal design obtained from response surface method.

Under burst pressure (157.5 MPa)

1st step

Maximum Tensile strendth Range of design L:25~75mm,t:2~7 mm,
Al boss equivalent stress 9 parameter H:35~80mm, 6:45~90°
290.3 MPa < 310 MPa Candidate point L:67.2mm,t:2mm,H:46.6 mm, &:88.7°
Under test pressure (105 MPa) predicted from 0,.. - 290.3 MPa (burst pressure)
- response surface O, - 2719.9 MPa (test pressure)
Maximum Yield strength :
Al boss equivalent stress g . 0, 297.7 MPa (purst pressure) <
< Structure analysis 310 MPa (tensile strength)
279.9 MPa = 280 MPa of candidate point 0, : 289.9 Mpa (test pressure) >
280 MPa (yield strength)
State Unsafe
]
& ' 2nd step
= 0.9 o Maxi St . oSS
@ os Maximum stress(burst pressure) Range of design L:60~70mm,t:2~7 mm,
2 ~ = Maximum stress(test pressure) parameter H:40~65mm, 6:70~90°
0.7
;?0'6 * Mass of al liner Candidate point L:70 mm, t:9mm, H:43mm, 6:89°
r:: o5 —Identity line predicted from O, - 290.3 MPa (burst pressure)
= 0; response surface 0,,. : 279.9 MPa (test pressure)
S 03 O, - 334.9 MPa (burst pressure) >
= o Structure analysis 310 MPa (tensile strength)
;3 ) of candidate point O, - 285.9 Mpa (test pressure) >
i 280 MPa (yield strength)
i 0 02 04 0.6 0.8 1 State Unsafe
Observed from design points 3rd step
Fig. 20. Verification of response surface using goodness of fit. Range of design L:69~72mm,t:5~7 mm,
parameter H:40~50 mm, 6:89~90°
from the design points. This scatter chart enables determina- Candidate point L:72mm,t:7mm,H:455mm, 6:89°
tion if the response surface correctly fits the points of the de- predicted from 0, 1 305 MPa (burst pressure)
sign points-table and refinement-table. The closer the points response surface O, 1 279.9 MPa (test pressure)
are to the diagonal line, the better the response surface fits the . 0., : 306.5 MPa (burst pressure) <
points. It was found that the identity line was well in agreement Structure analysis 310 MPa (tensile strength)
ith the desian points of candidate point O, - 279.5 Mpa (test pressure) <
with the design points. , , , 280 MPa (yield strength)
Optimization was performed to determine the optimal design St Sofo

of the aluminium boss part using the generated response sur-
face, and the three requirements are as follows: maximum von-
Mises stresses must be less than yield strength and tensile
strength under test pressure (105 MPa) and burst pressure
(157.5 MPa), respectively, and the mass (kg) of aluminium
boss should be minimal. The candidate point of optimal shape
(L:67.2mm,t:2mm, H:46.6 mm & : 88.7°) was determined
through response surface, and the maximum equivalent
stresses at the aluminium boss part were 290.3 Mpa (under
burst pressure) and 279.9 MPa (under test pressure), respec-
tively, which are lower than the tensile strength (310 MPa) and
lower than the yield strength (280 MPa) as shown in Table 3,
so it was predicted that plastic deformation does not occur in
the boss shape recommend from response surface method.

To evaluate its validation, structural analysis about candidate
point (L : 67.2 mm, t:2mm, H:46.6 mmand &: 88.7°) was
conducted, the results are 297.7 MPa (under bust pressure)
and 289.9 MPa (under test pressure) as shown in Fig. 21
which exceeded the yield strength (280 MPa) of aluminium
boss, so that it is needed to re-design boss shape.

To improve the quality of the response surface for obtaining
high reliability of optimal design, it is necessary to create a new

Fig. 21. Evaluation of validation of candidate point using structure analysis
(1" step).

response surface with 25 design points by narrowing the
ranges of the design parameters based on the first optimal
model. The optimal boss shape to satisfy design conditions
(vield strength 280 MPa, tensile strength 310 MPa) was ob-
tained through 3 times above procedures repeatedly, and the
results were shown in Table 4.

Aluminium boss shape obtained from candidate points was
shown Fig. 22, and results of its structural analysis were 306.5
MPa (under burst pressure) and 279.5 MPa (under test pres-
sure) as shown in Fig. 23.
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Fig. 22. Dimension of aluminium boss part from obtained response surface
method.

Fig. 23. Evaluation of validation of candidate point using structure analysis
(3" step).

23084
14526 Min

(b) Principal stress distribution of composite (helical outside layer)

(c) Principal stress distribution of composite (hoop layer)

55.005
29.755
3.6045 Min

(d) Equivalent stress distribution of aluminium boss

Fig. 24. Stress distribution of the optimal model under the working pressure
(70 MPa).

3.4 Structural safety verification of the optimal
model

Structure analysis of the optimal pressure vessel with com-
posite layer (helical : 6 mm, hoop : 9.3 mm) and the boss part
(L:72mm, t:7 mm, H:47.5mm, 6:89°) was conducted
under the working pressure (70 MPa), and the stress distribu-

Table 5. Resutls of structure analysis of type 4 pressure vessel under
working pressure (70 MPa).

Helical layer Maximum
(inside) principal stress ( o, )
1095 MPa <
Helical Maximum Longitudinal tensile
elcal fayer principal stress ( o, ) strength (o, )
(outside) A
996.4 MPa < (2539 MPa)
Maximum
Hoop layer principal stress ( o, )
1121.6 MPa <
Maximum von-Mises )
Al boss stress Yield strength
239 MPa < 280 MPa

tions are shown in Fig. 24. The maximum principal stresses
occuring at the composite are 1095 MPa (inside helical), 996.5
MPa (outside helical) and 1121.6 MPa (inside hoop), respec-
tively, which are little lower than the longitudinal tensile strength
(2539 MPa), and the maximum equivalent stress occuring at
the boss is 239 MPa, which is lower than the yield strength
(280 MPa), as shown in Table 5, so that structural safety of the
optimal model was verified.

4. Conclusions

This study has carried out to obtain structural safety of hy-
drogen pressure vessel (type 4) under working pressure
(70 MPa). The results of the study were summarized as follows.

1) Isotensoid-spherical dome was designed for filament
wound without slip, and thicknesses of composite layer to sat-
isfy structural safety were determined as follows.

- Cylinder part: Helical and hoop thickness = 6 mm, 9.3 mm.

- Dome part: Helical thickness = 23.5 mm.

2) Maximum principal stresses occurring at the composite
were decreasing near the boss part in case of the outside of
helical layer and increasing in case of the inside of helical layer
and occurred in the knuckle part, which was seem to be similar
trend of vessel and verified structural safety of isotensoid-
spherical dome.

3) The shape of aluminium boss obtained using response
surface method 3 times to improve the quailty of it was as fol-
lows:

- Optimal shape: L=72 mm, t=7 mm, H=475mm, 6=
89°.

4) Safety of the hydrogen pressure vessel with the optimal
shape of boss part obtained from response surface method
and the optimal thicknesses of composite layer by FEM was
verified under working pressure (70 MPa).
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Nomenclature

: Meridian curvature radius
: Circumferential curvature radius

r

r

N

r, : Ridius of boss
r, : Ridius of cylinder
N : Circumferential line load

@

N : Meridian line load

-

o, : Longitudinal tensile strength of composite

o, : Maximum principal stress

0., .Maximum equivalent stress

t : Thickness of helical layer on the dome part

twop - Thickness of hoop layer on the cylinder part

t.eu - Thickness of helical layer on the dome part

a : Laminated angle of helical layer on the dome part
a, : Laminated angle of helical layer on the cylinder

P : Internal pressure
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