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Abstract

Recently, high-pressure vessels made of CFRP
are used for the hydrogen vessels of the fuel-cell
vehicles. Previously, these pressure vessels have
been designed by a design method which is
combination method of netting theory and
membrane theory. But the method was not satisfied
applying to high-pressure vessels, because it was not
considered thickness and damage propagation of
FRP.

In this paper, we’ve proposed a new design
method for high-pressure composite vessels. High-
pressure vessels are designed by finite element
method based on damage mechanics. A prototype
vessel has been made of CFRP. In order to verify, a
pressure test has been curried out and the strains at
each point on surface of vessel have been compared
with the numerical results. It is recognized that the
proposed method is a reasonable design one, since
the numerical result agree well with the
experimental ones.

1 Introduction

Filament winding vessels have some
advantages like lightweight and high-strength. These
vessels are great demand for the fuel cell vehicles
with hydrogen gas. Especially, 70MPa hydrogen gas
vessels have been interested in allowable service
pressure, because the total mileage can be increased
than the current hydrogen gas vessel with 35MPa.

Filament winding vessels has been already
applied to natural gas fueled car and medical
hydrogen cylinder. These filament winding vessels
may be modeled by netting theory and membrane
theory [1]. The concept of netting theory is to
sustain the applied load only by the fiber
reinforcement. Membrane theory is constructed by

the shell as the thickness tends to zero. Therefore,
the initial failure like matrix cracking, the bending
stress etc. are not considered. FRP has the weakness
of bending stress and shows the initial failure mode
like a transverse crack in matrix region and the
complex failure modes such as the debonding or the
delamination. The final failure mode of FRP is the
fiber break. In order to design the FRP vessel, it is
necessary to consider these progressive failure
modes.

In this paper, we’ve proposed a design method
based on damage mechanics. A pressure vessel of
70MPa has been designed by the proposed method
and produced by CFRP pre-preg tape. The
mechanical behavior of the vessel under the inner
pressure has been simulated by FEM based on
damage mechanics. The internal pressurized test has
been carried out, and. the strains on the outer surface
of vessel have been measured by strain gauges. In
order to verify the proposed method, the numerical
result has been compared with the experimental one.

2 Design procedure of Filament Winding Vessels

Fig.1 shows the cross-sectional drawing of the
filament winding vessels. Liner is made of plastic.
The plastic liner is subjected because it is expected
to lighter in weight. Plastic liner needs boss in
order to put a valve, but metal liner does not need
boss because metal liner was machined threading
tap. Filament winding vessels are designed
stiffness enhancement by combining helical
winding and hoop winding.

In Japan, hydrogen vessel of fuel cell vehicles
is designed under Japan Automobile Research
Institute (JARI) standard: JARI S 001(2004) [2]. In
this standard, the safety factor must be bigger than
2.25(157.5MPa). We have proposed a design flow
chat that meets the requirements of JARI standard
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Fig.1 Cross-sectional drawing of filament wound
vessel

Fig.2 shows a flow chart for design procedure
of high pressure vessels. An initial geometry is
determined by conventional design method; a
shape of doom part, a shape of boss and thickness
of CFRP layer. We call this process a rough design.

After that, the design parameters of filament
winding vessels are set to meet the requirement that
the matrix does not break at filling pressure and the
safety factor must be bigger than 2.25. This process
of filling in the gap of the rough design is defined
as detail design.

Rough Design |

| Decision of shape of doom part |

|Estimation of shape of boss and ﬂange|
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Fig.2 Flow chart for design procedure of a high
pressure vessel
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3 Finite Element Method Based on Damage
Mechanics

The modulus of elasticity of unidirectional
composites is changed stiffness by the occurrence
is of matrix crack. Fig.3 shows the typical damage
modes of laminates under loading. In this section,
we introduce finite element method based on
damage mechanics [3].

The failure of unidirectional composites is
classified some damage modes, such as fiber
breaking, transverse cracking and delamination.
These modes affect strongly the mechanical
behavior after the occurrence of damage. The
damage modes of unidirectional composites can be
classified into four types as shown in Fig.4. The
axes L, T, and Z mean the principal coordinates of
orthotropic material, and they correspond to fiber
and transverse directions, respectively.

The occurrence of damage is determined by
Hoffman’s failure criterion [4]. After calculating
the corresponding stress-to-strength ratios for the
different modes, the modulus of elasticity of the
element is reduced if an element is judged as the
damage. The correlation between the stress-to-
strength ratios and damage modes is summarized in
Table 1. The parameters F', F® and F° indicate the
tensile, compressive and shear strengths,
respectively. Finite element analysis based on
damage mechanics has been carried out up to the
final failure.
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Fig.3 Typical damage modes of laminates under
multiaxial loading
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4. Finite element method based on damage
mechanics

4.1 Analysis

The length and the diameter are of vessels are
650mm and 382mm, respectively. Fig.5 shows a
FEM model of the vessel. Although the filament or
the strand for helical winding are crossed over each
other, the FEM model is not so simple.
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Fig.5 A FEM model of the winding vessel

BASED ON DAMAGE MECHANICS

Main axis L is defined as each is element, and
the orientation of fiber is defined as the meridian
direction. Under this condition, the material
properties are calculated a fiber winding status.
Helical winding angle f which is obtained by
Eq.(1), is rolled according to the geodetic line.

. _1 RO
— 24 8 1
B Sin ( )

Ry is radius of boss and R is the radius of the
cylinder as shown in Fig.1. & is the gap in the
geodetic line. § is a design parameter that affects
the stiffness of doom part. Helical winding layer is
regarded as a [+f3], laminate.

4.2 Examination Case-Ply Stacking-

Fig.6 shows Ply stacking model. Model 1 and
Model 2 differ from each other in stacking
sequence as shown in Fig.6.

[ ]Hoop Winding

[ ]Helical Winding+

[ Helical Winding-

(a) Model 1 (b) Model 2

Fig.6 Ply stacking models of Model 1 and Model 2

The shear stresses when the pressure reaches
70MPa are shown in Fig.7 (a) and (b). And it is
cleared that the shear stress appears the big
difference. The ratios of damaged elements for
each model are shown in Fig.8. From Fig.8, it can
be recognized that the number of damages in
Model 2 is larger than the ones of Model 1. The
damage states of two models, at 85MPa are shown
in Fig.9 (a) and (b). The biggest difference appears
in the hoop winding layer.

The damage development in Model 2 at 85MPa
is shown in Fig.10. The early damage is found in
the hoop layer. Fig.10 shows the state of damage
development in Model 2 at 85MPa, too. The initial
damage is generated at the concentrate area of
shear stress in ZL-plane. It can be considered that
the ModeL is influenced bending stress at the
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boundary of cylinder part and doom part. Structure
design for high pressure vessels with analysis
presents a possibility of design.
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5. Testing for prototype vessel

The prototype vessel which is designed by the
proposed method has been manufactured. Fig.11
shows the produced vessels.

Fig.11 A prototype vessel

Fig.12 shows a burst testing system. The strain
gage is attached on the surface of vessel. The strain
is measured under increased pressure of water.

Testing vessel

Fig.12 Burst test system

Fig.13 (a) shows the point of strain gages. The
experimental results and the numerical results are
shown in Fig.13 (b) and (c) and (d). The stiffness
of numerical results has a good agreement with the
experiments.
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Fig.13 Comparison between experiments and
calculation results

Fig.14 shows the wvessel after burst. The
prototype vessel designed by the proposed method
exceed JARI standard in pressure. Fig.15 (a)
indicates the ratio of damaged elements of ModeL,
and the deformation under 180MPa is shown in
Fig.15 (b). It is recognized from the damage
development analysis that the ratio of damaged
elements is increased and severe damage is found
around the dome at 180MPa. In addition, the trend
obtains from analysis and the correction is
confirmed by the burst test.

180



Fig.14 Busted condition of filament winding
vessels
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Fig.15 Damage development in prototype of
filament winding vessels
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6. Conclusion

The proposed design method for filament
winding vessel aims at covering weakness of
traditional design method. The stacking-sequence
is a critical design parameter. It is recognized that
the effect of the stacking sequence damage
propagation can be analyzed by the proposed
method based on damage mechanics. The prototype
vessel has been designed by the proposed method
and been produced. The vessel exceeds the JARI
standard in burst pressure.
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