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Abstract: Recently, hydrogen energy has been in the spotlight as an alternative to diminishing fossil fuels and as
a potential solution to environmental pollution. The development of hydrogen-fueled vehicles and the demands for
improved fuel efficiencies have resulted in the need to increase the volume of the hydrogen pressure vessels.
Pressure vessels having an elliptical bottom, as opposed to one that is hemispherical, allow for a greater capacity.
However, there are insufficient studies on the feasibility of the forming process required for an elliptical bottom.
In this study, the liner capacity is calculated according to the ratios of the major to the minor axes of the
elliptical bottom part in a hydrogen pressure vessel. Structural safety is verified through finite element analyses,
and the results are compared to the theoretical results. The feasibility of the proposed elliptical shape of the
pressure vessel bottom, while filled to maximum capacity, is validated through forming analysis.
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Fig. 1 Hydrogen pressure vessel (Type III, 700bar)
with aluminum liner and composite material
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Fig. 2 Variation of hoop stress according to increase
of ratio of major to minor axis
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Table 1 Comparison of capacities of hemispheric
type and elliptical type pressure vessels

Hemispheric type Elliptical type

;mmm Dome part _LSOmm
Dome part
Vessel
Cylinder part 520mm
shape
Bottom part
Bottom part Tgom
Capacity 94.1L 113.40L
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Table 2 Capacities of pressure vessels according to
the ratios of major to minor axis of
elliptical bottom

Rat.io of Minor axis Cylinder Capacity
major to length length
minor axis (mm) (mm) @©
1:1 240 200 94.1
1:1.1 218.18 243.64 96.73
1:1.2 200 280 96.73
1:1.3 184.62 310.77 100.78
1:1.4 171.43 337.14 102.37
1:1.5 160 360 103.75
1:1.6 150 380 104.95
1:1.7 141.18 397.65 106.02
1:1.8 133.33 413.33 106.97
1:1.9 126.32 427.37 107.81
1:2 120 440 108.57
1:3 80 520 113.4
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Fig. 3 Elliptical curves and 3D modeling of vessels
according to the ratios of major to minor
axis
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Table 3 Material properties of aluminum 6061 for
structural analysis

Density Elastic Poisson’s
3 modulus Z, X
(kg/m?) (GPa) ratio, v
2800 73 0.33
Yield strength Tensile strength
(MPa) (MPa)

276 310

Fig. 5 Internal pressure (7MPa) working at the liner
of vessel
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Table 4 Results of structural analyses according to
ratios of major to minor axis

Maximum Hoop | Meridional
equivalent stress stress
stress (MPa) | (MPa) (MPa)

1:1 171.87 156.08 | 172.87 stable
1:1.1 180.77 149.12 | 191.22 stable
1:1.2 186.96 134.86 | 203.66 stable
1:1.3 195.55 91.41 218.51 stable
1:1.4 212.94 74.35 233.95 stable
1:1.5 240.96 3222 | 205.6 stable
1:1.6 271.97 7.92 271.23 stable
1:1.7 302.19 -15.76 | 292.25 unstable
1:1.8 334,51 -33.62 | 312.81 unstable
1:1.9 373.83 -47.58 | 345.47 unstable
1:2 421.19 -82.56 | 365.48 unstable

271.97 Max
25578
230.50
22339
207.2
191.01
174.82
158,63
142.44
126.25 Min

(a) Maximum equivalent stress

20816 Max
183.62
155.08
134.54
110

85.458
60918
36378
11.839 X
-12701 Min %

(b) Hoop stress

27852 Max
2628
247.08
231.36
215.64
199.92
184.2
16848
152.76
127.04 Min

(c) Meridional stress

Fig. 6 The result of structure analysis regarding to
the proposed pressure vessel
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Table 5 Comparison of stress components obtained
from theoretical calculation with those of

FEM
Ma).umum Hoop Meridional
equivalent
stress stress
stress
Theoretical 154.61 72.38 177.52
calculation MPa MPa MPa
154.73 71.50 171.16
FEM MPa MPa MPa
Error 0.08% 1.21% 3.58%
B Crown
Knuckle|" Knuckle

>
A
Compressive hoop stress

Fig. 7 Knuckle and crown part of elliptical bottom

191.01
174.82
15863
14244
126.25 Min

(a) Maximum equivalent stress

184.2
16848
152.76
137.04 Min

(c) Meridional stress

Fig. 8 The stress analysis results of crown part
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Table 6 Strain-flow stress relational expression of
aluminum 6061 for simulating bottom
forming

m my m, myle mee mg-mgT
UfZAelT9624(1+) e ‘e

A: 260.49451 my: 0
m: -0.00168 mg: 0
my: 0.16992 m9: 0
m;: 0.0184 Temperature:

20~250
my: 0.00073 ()
ms: 0 Strain: 0.04~3
mg: 0 Strain rate: 0~500

1% stage 20 stage 3t stage

D 1t punch D 21 punch [ 3 punch

= Drawing | l Redrawing |
die die
Ironing Ironing
| I die 1 die

Ironing
die 2

Elliptical
bottom shape

Fig. 9 D.D.I. process for forming the liner of hydrogen
pressure vessel
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Fig. 10 Bottom shape of liner after bottom forming
in 3" stage

Punch
Billet
Elliptical
shape

Fig. 11 Analysis model of bottom forming
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Fig. 12 Symmetric condition of 1/9 model to carry
out bottom forming

Fig. 13 Meshes to carry out bottom forming
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Fig. 14 The forming loads according to the time
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Wwon Mises Equivalent Stress [30

Unit: MPa

Frin
252709
2281289
203548
178.968
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129608
105228
80.6481
58065
314679
890778

Fig. 15 Equivalent stress of the bottom when
maximum forming load occurs (6s)
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Fig. 16 Temperature of the bottom when maximum
equivalent stress occurs (6s)
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Fig. 17 Strain-flow stress and tensile strength of
aluminum 6061 (86.7C)
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