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Design by analysis of deep-sea type III pressure vessel

Valter Luiz Jantara Junior*, Mayorkinos Papaelias

School of Metallurgy and Materials, University of Birmingham, Birmingham, UK

Abstract

This paper explores the potential of hydrogen as an energy carrier for deep-sea
applications. Finite element analysis of a type III pressurised cylinder to the
intended working pressures of 300 bar internal and up to 600 bar external were
carried out for different designs and safety factors. Design parameters such as
helical angle, liner, helical, and hoop thicknesses were studied and optimised.
A buckling analysis was carried out for the optimised designs and recommenda-
tions to increase the maximum allowable external pressure are given.
Keywords:

deep-sea pressure vessel, nonlinear buckling analysis, finite element analysis,

eigenvalue analysis, design by analysis

Data statement

The raw (finite element models) and processed data are open and fully avail-
able at Ref. [].
1. Introduction

Hydrogen is an energy carrier with significant potential as an alternative to
conventional fossil fuels and batteries. There are different methods for hydrogen

storage including pressure vessels, cryogenic tanks and various metal hydrides

*Corresponding author
Email address: v.1.jantarajunior@bham.ac.uk (Valter Luiz Jantara Junior)

Preprint submitted to International Journal of Hydrogen Energy December 11, 2020



20

25

30

35

[2]. Each of the aforementioned storage methods has its own advantages and dis-
advantages. Thus, in choosing the most appropriate hydrogen storage approach,
the intended application and its nature should be taken into consideration be-
forehand. The volume versus energy density requirements of the application as
well as the type of use (i.e. interrupted or continuous hydrogen consumption
for power generation) need to be determined [3]. So far the majority of the
applications have focused on the use of pressurised gas cylinders for hydrogen
storage. These can be categorised in five types based on their characteristics.
Type I pressurised gas cylinders are made of aluminium or steel. Type II pres-
surised gas cylinders are made of steel or aluminium with glass, aramid, or
carbon filament winding added around the metal (in the hoop area only). Type
IIT pressurised gas cylinders are made of a glass fibre/aramid or carbon fibre
filament wound composite wrapped around the entirety of the pressure vessel,
with a steel or aluminium liner. Type IV pressurised gas cylinders are made of
carbon fibre reinforced composite with a thermoplastic polymer liner [4]. More
recently, Type V pressurised gas cylinders have been developed from a composite
material without lining [5].

Pressurised hydrogen gas cylinders have been studied extensively in recent
years, with the main application focus being primarily related to automotive
[6] and secondarily, to decentralised power generation for backup power. The
use of pressurised hydrogen gas cylinders in maritime transport applications has
been considered previously to a limited extent. However, no studies presently
exist on the design requirements and performance of pressurised hydrogen gas
cylinders exposed to a deep underwater operating environment, with external
pressure greater than 150 bar.

Several authors have studied methods to improve the design and lifetime of
pressurised gas cylinders [7, [8, @, 10, 11, 12 13, 14]. Zhang et al. [I5] review
different failure prediction and analysis methods for composite pressurised gas
cylinders, but the literature on externally loaded pressurised gas cylinders is
scarce, particularly when deep-sea applications are concerned, as most of the

studies focus on pressures external pressures of 120 bar or below.
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Laboratory tests performed on composite cylinders under hydrostatic pres-
sure showed that finite element analysis could predict the buckling loads accu-
rately [16}[I7]. Herndndez-Moreno et al. [18] chose two different winding patters
for a composite cylinder under hydrostatic pressure. They observed no influence
of the winding pattern on the buckling behaviour. The use of sliding stiffeners,
on the other hand, can increase the buckling resistance up to 41% when com-
pared with a conventional unstiffened cylinder made of aluminium [19]. Cai et
al. [20] employed the reliability-based load and resistance factor design (LRFD)
method to design a type III pressure vessel for subsea applications subjected to
an external pressure of 120 bar. Molavizadeh and Abdolmajid [2I] employed
finite element analysis in order to optimise the geometry and winding angle of a
composite pressure vessel. They found out that a winding angle of 45° was the
optimum angle for a geodesic filament winding pattern, and estimated failure
based on the progressive failure criterion.

With the increasing use of hydrogen by underwater Automated Unmanned
Vehicles (AUVs) and submarines as an alternative energy source to batteries,
there is an increasing need to better understand the design requirements for
pressurised gas cylinders subjected to greater pressure and establish accurately
appropriate safety factors and margins of safety before widespread commercial
use can be achieved.

The present paper provides for the first time a detailed investigation of the
loading characteristics and design requirements for a Type III pressurised gas

cylinder exposed to significant external loads during deep underwater operation.

2. Finite element setup

To optimise the space in the autonomous underwater vehicle (AUV), the
pressure vessel was designed with a cylinder radius of 150 mm and length of
800 mm (internal dimensions), as shown in Figure [T} Hemispherical domes with
the radius of 150 mm form the dome. A type III pressure vessel (aluminium

liner fully wrapped by carbon fibre composite [22]) was chosen to withstand the
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intended working pressure of 300 bar.
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Figure 1: Drawing showing dimensions and finite element mesh of pressure vessel, units in

mim.

The commercial finite element code SIMULIA Abaqus 2017 [23] was used in
this research study. The liner material of choice was aluminium 7075-T6 with a
Johnson-Cook plastic constitutive rule. The parameters used are shown in Table
The wrapping composite material employed was T700 carbon fibre/epoxy
composite. Table[2land Table[3|show the material parameters for the composite.

Table 1: Material parameters for aluminium 7075-T6 [24].

Elastic parameters Johnson-Cook parameters
Young’s modulus (GPa) Poisson’s ratio | A (MPa) B (MPa) n
71.7 0.33 473 210 0.3813
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Table 2: Elastic material parameters for for T700 fibre/epoxy [14].

Young’s modulus (GPa)

Shear modulus (GPa)

Poisson’s ratio

E, E, E,

G;cy G:cz Gyz

Vey Vgz Vyz

141 114 114

71 7.1 7.1

0.28 0.28 04

Table 3: Strength material parameters for for T700 fibre/epoxy [14].

Strength parameters (MPa)

Fibre direction

Transversal direction

Shear

Tensile strength (X7)

Compressive strength (X€)

Tensile strength (Y1)

Compressive strength (Y)

Shear strength (S)

2080

1250

60

290

110

The composite layers were added as a composite layup on top of the liner
(and thus the interface between layers is assumed perfectly bonded) using the
same mesh as the liner. Additional layers with different orientations were added
as required, each corresponding to one composite ply. The cross-sectional be-
haviour between plies was calculated from section integration points during the
analysis.

First, a mesh convergence analysis was performed in order to define the final
mesh to be used in all subsequent simulations. The pressure vessel was designed
with full integration linear shell elements (S4), and this element type was used
in all subsequent simulations, including linear and non-linear analysis. The
converged mesh had a total of 19,992 elements. The failure criterion chosen in
this study was the maximum stress failure criterion. This choice was based on
the study by Rafiee and Torabi [25] where they have compared several failure
criteria to the experimental results from refs. [26] 27]. They have found that
the maximum stress failure criterion was the closest to the experimental data.

The maximum stress failure criterion (f) is shown in Equation |1} where o,
is the stress in the fibre direction, o, is the stress in the transversal direction,

and oy, is the shear stress [28]. It is a noninteractive theory, meaning that the
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interaction between different stress components is not considered.

~ max <0z g Oy Ty %y> M

Xt xeryr'ye’ g

In this mesh convergence study, the stacking sequence of the composite was
antisymmetric ([+a,-a,/2) with the helical angle () being 45° and no liner
material nor composite hoop (90°) layers present. The number of helical layers
(n) was 80, resulting in a thickness of 40 mm as each layer is 0.5 mm thick.
The vessel was subjected to the internal working pressure of 300 bar. The mesh
convergence analysis (Figure[2]) shows convergence is achieved to less than 0.1%
with around 20,000 elements. The element size for this mesh is 5 mm. Three

integration points were used per layer. The converged mesh is shown in Figure
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Figure 2: Maximum stress and maximum damage criterion as a function of number of elements

showing convergence at around 20,000 elements.

In the next section of this study, several parameters are varied and studied,
such as the helical angle, number of helical layers, number of hoop layers, and
liner thickness. For simplification, 10 different designs were selected, based on
the liner thickness and whether or not reinforcing composite hoop layers are

present. In this sensitivity study, the winding angles were varied 5° increments



and the composite layer thickness was fixed at 0.5 mm. Whenever present, the
hoop layers were always added after all the helical layers. The helical layer
stacking sequence is always antisymmetric. The 10 chosen designs are shown in

10 Table El

Table 4: Configuration of different designs considered.

Design #  Liner thickness (mm) Reinforcing hoop layer

1A 0.0 X
2A 2.5 X
3A 5.0 X
4A 7.5 X
5A 10.0 X
1B 0.0 v
2B 2.5 v
3B 5.0 v
4B 7.5 v
5B 10.0 v

3. Results and discussion

3.1. Design optimisation

The main objective of the design optimisation is to find the thinnest con-
figuration for each design of the pressure vessel able to withstand the working

us  pressure of 300 bar safely, thus maximising the volume of hydrogen per cylinder
and consequently the AUV autonomy. The optimisation was carried out by first
reducing the number of helical layers, followed by the hoop layers, if these are
present. Two different versions of each design were designed, for safety factors

of 2.25 (fail pressure of 675 bar) and 3.0 (fail pressure of 900 bar). The safety

0 factor (SF) was calculated according to Equation[2] [I3]. These different versions

will allow a more complete understanding of the buckling behaviour of different
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designs, calculated in the next subsection.
SF = — (2)

In order to find the optimum design for each version, a parametric study was
conducted. The results for designs 1A to 5A (without hoop reinforcement) are
shown in Figure 3] As expected, Figure [3h shows that increasing the thickness
of either the liner or helical layer increases the safety factor of the pressure vessel
of all simulated helical angles. Figure[3p, on the other hand, shows the optimal
helical angle for different designs. For a safety factor of 2.25, the helical angle
of 50° is optimum for designs 1A, 2A, and 3A. The angle of 55° takes over as
the optimum helical angle for pressure vessels with liners of 7.5 mm (4A) and
10 mm (5A). For a safety factor of 3.0, the helical angle of 50° is optimum in
all cases, except for design 5A, where an angle of 55° is optimum.

The same analysis was carried out for designs containing hoop reinforcement
(1B to 5B). The results for a safety factor of 2.25 and 3.0 are shown in Figure
[h and [@b, respectively. Note that the helical layer thickness was fixed, and the
specific dimensions can be seen in Tables[fland [6] Differently from the pressure
vessels without hoop reinforcement, when hoop layers are present, the helical
angle of 45° was found to always be the optimum helical angle. For the 45°
case, the safety factor increases as the number of hoop layers increase, until a
maximum value is reached. At this point, increasing the hoop layers will not
significantly increase the safety factor. On the other hand, helical angles of
50° and 55° show an inverted parabolic relationship with hoop layer thickness.
Initially, for these angles, the cylinder area of the pressure vessel is the weakest
part of the pressure vessel. Hence, increasing the number of hoop layers will
increase the safety factor. This is true until a certain point, which is when the
dome area of the pressure vessel overcomes the cylinder as the weakest part.
This happens in the transition area between the cylinder and the dome, as
shown in Figure [5] For the helical angle of 45° the transition between cylinder
and dome is almost imperceptible. As the helical angle increases, however, so

does the failure criterion between dome and cylinder. Helical angles of 40° and



60° were also simulated for the hoop reinforced designs. However, as the safety

faction was always lower than 2.0, these are not shown.

(a) (b)

Figure 3: Safety factor for designs without hoop reinforcement as a function of: (a) helical

thickness and helical angle, and (b) helical thickness and liner thickness.

(a) (b)

Figure 4: Safety factor for designs with hoop reinforcement as a function of liner thickness and
hoop layer thickness, aiming for a safety factor of 2.25 (a), and 3.0 (b). The helical thickness
of each design can be seen in Tablesand@ Refer to the dataset [I] for the interactive version

of the graph.
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Figure 5: Maximum stress contour plot of the last helical ply (in contact with first hoop ply)
for design 2B, safety factor 3.0, at different helical angles. Refer to the dataset [I] for the

interactive version of the graph.

We have simulated around 800 different configurations in order to obtain the
final optimised designs, for the two different safety factors. The final optimised
dimensions are shown in in TablesBland[6l It can be seen that the total thickness
will usually decrease as the liner thickness increase, whereas the weight increases.
The only exception is the linerless design without hoop reinforcement (1A) which
is the heaviest for both safety factors, as shown in Figure [} In addition, the
designs that contain the hoop reinforcement are lighter than their counterparts
without reinforcement. This is due to the fact that the reinforcing material is

only employed in the most critical area of the vessel, which is the cylinder.

Table 5: Optimised parameters for all designs (safety factor of 2.25).

Design  Liner thickness (mm) Helical thickness (mm) Hoop thickness (mm) Helical angle Dome thickness (mm) ~Cylinder thickness (mm) Weight (kg)
1A 0.0 2.5 - 50 2.5 33.6
2A 2.5 19.0 - 50 21.5 31.4
3A 5.0 16.0 - 50 21.0 32.5
4A 7.5 13.0 - 55 205 33.7
5A 10.0 10.0 - 55 20.0 34.9
1B 0.0 18.0 4.5 45 18.0 22.5 28.6
2B 2.5 15.0 4.5 45 17.5 22.0 29.7
3B 5.0 12.0 4.0 45 17.0 21.0 30.5
4B 7.5 8.5 5.0 45 16.0 21.0 31.8
5B 10.0 5.5 4.5 45 15.5 20.0 32.6

10
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Table 6: Optimised parameters for all designs (safety factor of 3.0).

Design Liner thickness (mm) Helical thickness (mm) Hoop thickness (mm) Helical angle Dome thickness Cylinder thickness Weight (kg)

1A 0.0 33.0 - 50 33.0 45.3
2A 2.5 26.0 - 50 28.5 41
3A 5.0 23.0 - 50 28.0 424
4A 7.5 20.0 - 50 275 43.4
5A 10.0 17.0 - 55 27.0 44.5
1B 0.0 24.0 6.0 45 24.0 30.0 38.1
2B 2.5 21.0 5.5 45 23.5 29.0 38.8
3B 5.0 18.0 5.5 45 23.0 28.5 40
B 7.5 14.5 6.0 45 22.0 28.0 40.9
5B 10.0 11.0 6.0 45 21.0 27.0 414
50
1
45 4+ | L. 0
T . o
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ottt O eeemmmmnt
~ 404 .- o--"""
2 | o
N2 > - "
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g 35 -
30
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Figure 6: Weight versus liner thickness for the optimised designs in Tables and|§|

The Von Mises stress contour plots can be seen in Figures [7] and [§] for de-
signs without and with hoop reinforcement, respectively. As expected, we can
see higher stresses for the version with a safety factor of 2.25 as there is less re-
inforcing material in these configurations. In all cases, the internal stress tends
to decrease as the liner thickness increases. The cylinder is always the most

stressed part of the pressure vessel.

11
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SF 2.25
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Figure 7: Von Mises stress contour plots for the first and last material layers for designs

without hoop reinforcements for both safety factors subjected to 300 bar internal pressure.

12
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Figure 8: Von Mises stress contour plots for the first and last material layers for designs with

hoop reinforcements for both safety factors subjected to 300 bar internal pressure.

3.2. Buckling analysis

As the AUV is designed to be submerged to depths up to 6000 m (600 bar
external pressure), we need to understand the buckling behaviour and max-
imum pressure the pressure vessel can be subjected to. We have tested the
most severe case, which is submerging an empty cylinder, i.e. no internal pres-
sure. First, an eigenvalue buckling analysis was conducted for all optimised
designs. The eigenvalue analysis only takes into account the linear behaviour of
the material, disregarding any material or geometric nonlinearities. Hence, it
produces an inaccurate result. However, running this method is an important
part of the analysis as the resultant deformation can be used to “seed” material
imperfections in the nonlinear buckling analysis.

The nonlinear analysis employs the modified Riks method [29], which solves
simultaneously for loads and displacements. In this analysis, plasticity is taken

into account and geometric imperfections were added from the previous eigen-

13
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value analysis. Table[7] shows a comparison between the eigenvalue and nonlin-
ear analyses, with the relative error being as high as 75%. This is in line with

what is reported in the literature [30] 311, [32], B3].

Table 7: Eigenvalue and nonlinear buckling pressures for different designs and safety factors.

Safety factor 2.25 Safety factor 3.0

Design _Eigenvalue buckling pressure (bar) Nonlinear buckling pressure (bar) Relative error | Design _Eigenvalue buckling pressure (bar) Nonlinear buckling pressure (bar) Relative error

1A 853 -13% 1A 1682 1531

21 731 -40% 24 1332 974

37 764 196 -54% 3A 1371 856
4 756 494

4A 1303 820

5A 770 191 5A 1389 824 -69%

1B 544 183 1B 1053 913 -15%
5 2B 1210 834 -A5%
3B 1326 819 -62%

1B 1378 809 70%

2B 675 464

3B 723 165

B 771 499

5B 755 188 -55% 5B 1363 782 A%

The radial displacement as a function of the external pressure for all op-
timised designs is shown in Figure [0] The buckling pressure for the higher
safety factor version can be up to double the lower safety factor version, while
the weight increase is only as high as 35%. Figure shows a comparison be-
tween the buckling pressure for different designs. The designs without hoop
reinforcement have a higher buckling resistance than their reinforced counter-
parts. However, this difference decreases as the thickness of the liner material
increases. The main reason behind this behaviour is the nature of the buck-
ling pressure, which is hydrostatic and hence equal in all directions. The hoop
layers are placed only in one direction, and thus are greatly anisotropic. The
helical layers, on the other hand, were placed at an angle with an antisymmetric
stacking sequence and were optimised to distribute the stress around the pres-
sure vessel evenly. The aluminium liner is an isotropic material, and hence the
thicker it is, the more evenly the stresses are distributed around the pressure
vessel. In addition, it is observed that the linerless designs without hoop rein-
forcement have a much greater resistance to buckling than the designs where
the aluminium liner is present. This can be explained by Figure[6] which shows
that due to the lack of liner, the designs without hoop reinforcement need more
helical layers, leading to a much thicker and heavier layup. This leads to a
bulkier pressure vessel, which is more resistant to buckling.

In order to safely fulfil the task of submerging to 6000 m, a design without

14
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hoop reinforcement and safety factor of 3.0 is recommended. An intermediary
configuration between designs 1A and 2A would be ideal, as the use of a linerless
design is challenging due to high hydrogen permeation. A compromise between
these designs would thus be ideal.

The buckling modes for designs without and with hoop reinforcements are
shown in Figures [I1] and [I2] respectively. These deformation contours are the
result from the simulations shown in Figure[9] All pressure vessels buckle in a
similar way, with the buckling being concentrated in the cylinder area of the

pressure vessel.

1600 1000

1200 +

Pressure (bar)
Pressure (bar)

Displacement (mm) Displacement (mm)

+ O-1A (SF3.00y O -2A (SF3.00) V+3A (SF3.00) 7 -4A (SF3.00) O -5A (SF3.00) = 0+1B (SF3.00) O -2B (SF3.00) V=3B (SF3.00) 7 -4B (SF3.00) < -5B (SF3.00)
—®—1A (SF2.25)—@—2A (SF2.25)—A—3A (SF2.25)—¥—4A (SF2.25)—#—5A (SF2.25) —8—18 (SF2.25)—8—2B (SF2.25)—A—3B (SF2.25)—¥—4B (SF2.25)—4—5B (SF2.25)

(a) (b)

Figure 9: Radial displacement as a function of external pressure for designs without hoop

reinforcement (a), and with hoop reinforcement (b).

15
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Figure 10: Fail pressure for different optimised designs (see Tables [5| and H for details).
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Figure 11: Buckling modes showing first and last material layers for designs without hoop

reinforcements for both safety factors.
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Figure 12: Buckling modes showing first and last material layers for designs with hoop rein-

forcements for both safety factors.

4. Conclusions

In this research paper we present a thorough finite element analysis of exter-
nally loaded type III hydrogen pressure vessels intended for underwater applica-
tions with operating working pressure conditions of 300 bar internal and up to
600 bar external pressure. A parametric analysis of several design parameters,
including liner, helical, and hoop layer thickness, as well as wrapping helical
angle was carried out for the working pressure condition. Several designs with
different liner thicknesses were optimised so that the composite layer would be
as thin as possible. For hoopless designs, the optimum helical angle of 50° was
ideal for liners up to 5 mm thick, whereas from 5 to 10 mm thick liner an angle
of 55° was found to be ideal. When hoop layers were present, a helical angle of
45° always provided the best thickness to safety factor ratio.

These optimised designs were then subjected to a buckling analysis, which

17
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showed that the designs with a safety factor of 3.0 would be able to withstand
the intended work depth of 6000 m without problems in the most severe load-
ing condition (i.e. empty cylinder). We have found that designs without hoop
reinforcements perform better under buckling, especially for liner thicknesses
of 5 mm and lower. The analysis also shows that for the chosen designs, an
increase in the liner thickness (of the pre-optimised designs) reduces the maxi-
mum external pressure that the pressure vessel can bear. Therefore, in order to
maximise the external pressure bearable by the pressure vessel, an intermediary

configuration between designs 1A and 2A is recommended.
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