International Journal of Pressure Vessels and Piping 212 (2024) 105315

FI. SEVIER

Contents lists available at ScienceDirect
International Journal of Pressure Vessels and Piping

journal homepage: www.elsevier.com/locate/ijpvp

i
Pressure Vessels
and Piping

eators

Impact of stacking sequence on burst pressure in glass/epoxy Type IV
composite overwrapped pressure vessels for CNG storage

Lucas L. Agne®, José Humberto S. Almeida Jr™", Sandro C. Amico “, Maikson L.P. Tonatto *

@ Group on Mechanics of Materials and Structures — GMEC, Federal University of Santa Maria, Cachoeira do Sul, Brazil

Y Department of Mechanical Engineering, LUT University, Lappeenranta, Finland
¢ PPGE3M/PROMEC, Federal University of Rio Grande do Sul, Porto Alegre, Brazil

ARTICLE INFO ABSTRACT

Keywords:

Composite pressure vessel
Finite element analysis
Burst pressure

CNG storage

Filament winding

The shift from metallic to composite pressure vessels for storing compressed natural gas (CNG) is driven by the
goal of reducing environmental impact by using lighter higher-performing structures. This work focuses on
enhancing the internal pressure strength of a type IV composite overwrapped pressure vessel (COPV) by opti-
mising the stacking sequence of the overwrapping composite layers. Parametric finite element (FE) models are
developed to reveal symmetry effects. In these models, both the thickness build-up and fibre angle variation at
the turnaround zones are accurately modelled. Subsequently, the stacking sequence is optimised with the
objective function of maximising burst strength. The parametric modelling demonstrates that representing the
COPV as an axisymmetric continuum reduces computational costs in 5400 x while yielding results comparable to
full 3D continuum models. Experimental burst tests are carried out to validate the numerical predictions, and the
difference in pressure between them is 12.6 %.

Seq2_varl, 2, 3 and 4
SG-A, B, Cand D
RAM

Variations 1, 2, 3 and 4 of the reference stacking sequence 2
Strain gauge A, B, Cand D
Random access memory

1. Introduction

High-performance fibre-reinforced polymer composites play a
crucial role in energy storage and transportation due to their very high
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Abbreviati . . . .
reviations strength-to-weight ratio compared to conventional material (e.g., steel),
i high corrosion resistance, design flexibility, long-term performance and
ggg ;g zz:ltlmuum high cost-effectiveness [1]. Modern mobility using cleaner and renew-
AC Axisymmetric continuum able fuel sources can mitigate the ever-growing climate issues. Yet
AS Axisymmetric shell increasingly lighter and stronger structures are needed to store large
CoPV Composite overwrapped pressure vessel volumes of fuels under high pressure, allowing higher payload [2,3].
CNG Compress natural gas Current market solutions for CNG storage involve pressure vessels,
CNC Computer numerical control . . . .
- known as types I, II, and III, which use metallic materials like steel.
FE Finite element K i X K
FW Filament winding These well-established solutions are not as suitable for transportation
IF Failure index due to the heavy weight of steel and its negative environmental impacts.
Seql, 2,3, ...21 Stacking sequence 1, 2,3 ... 21 Type IV, consisting of composite layers overwrapping a polymeric liner,
Seq2 _ref Reference stacking sequence 2

also known as COPV, offers improved performance since the composite
layers provide lightweight and strength, while the liner acts as a barrier
to contain the fluid [4,5].

CNG is stored in compressed form in pressure vessels that operate at
pressures within 20-25 MPa to offset its low energy density [6,7]. CNG
fuel tanks were all metallic (type I) but issues related to weight and
corrosion led to the development of tanks with composite reinforce-
ment, which enhanced their commercial appeal [8]. Despite the devel-
opment, high-pressure storage may lead to failure, posing significant
risks related to vehicle damage and fatalities of the occupants, so CNG
cylinders for vehicles must adhere to stringent safety standards [9].
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Safety is paramount for structures that carry compressed gas. How-
ever, conducting experiments to test COPV under internal pressure is
costly, and computational models appear as a cost-effective means to
evaluate these structures. For instance, Sharma et al. [6] used the
Tsai-Wu and Tsai-Hill failure criteria to numerically determine the burst
pressure of a type IV cylinder for CNG storage, reaching 80.1 MPa, very
close to the experimental value, 82.4 MPa. Failure prediction using
equivalent stress was also employed to study COPV failure, as in Sharma
et al. [10]. This involved a straightforward comparison between the
working pressure, the resulting tensile stress in the fibre direction of the
composite, and its strength. Sharma et al. [11] applied Tsai-Wu and
Tsai-Hill failure criteria to determine the burst pressure of type III COPV
for hydrogen storage, reaching 79.6 MPa, nearly the same as the
experimental value (79.7 MPa).

Nebe et al. [12] studied the effect of the stacking sequence on
laminate quality, structural deformation and burst pressure for a type IV
COPV. Higher winding angles on outer layers increased the compaction
of inner layers, leading to lower porosity and higher fibre content. Later,
Nebe et al. [13] carried out an experimental and numerical study on a
similar COPV under internal pressure and reported that the impact of
circumferential ply drop locations on the burst pressure was heavily
influenced by the stacking sequence, where sequences with circumfer-
ential layers and high-angle helical layers positioned as inner layers
exhibited high sensitivity to any ply drop retraction. Conversely, for
stacking sequences with circumferential layers and high-angle helical
layers as outer layers, changes in burst performance were negligible. The
difference in behaviour was attributed to the layer interfaces and the
associated development of interlaminar damage. Hu et al. [14] inves-
tigated numerically and experimentally the dome of type IV COPV for
hydrogen storage and concluded that the variations in dome shape can
reduce the amount of composite material by 5.5 % without compro-
mising the burst pressure.

From the literature review, it appears that computationally efficient
finite element (FE) models to accurately simulate the performance of
type IV COPV structures are not yet available, and it remains unclear
how important is the stacking sequence on the burst pressure, and how
helical and hoop layers can be most efficiently allocated. This paper
aims to address these issues by parametrically modelling a type IV COPV
with different symmetry and finite elements (axisymmetric shell, 3D
shell, axisymmetric continuum, and 3D continuum), carrying out a
sensitivity analysis of the geometric parameters, and finally optimising
the stacking sequence focusing on higher burst resistance and lower
weight.

2. Computational modelling
2.1. The FE modelling

The computational modelling of this work was carried out in Abaqus
FE platform. The detailed design of the COPV, especially the winding
angle variation and thickness build-up at the turnaround zones, is car-
ried out in WoundSim, a dedicated software for filament-wound struc-
tures. The elastic properties also change locally according to the fibre
angle and thickness of each finite element. The stacking sequence
optimisation is performed in the same software, interfacing with
Abaqus.

In this study, linear elastic analysis was used, therefore, the first-ply
failure method is adopted. This may be deemed as a limitation, since
progressive damage is not considered. Temperature variations and fa-
tigue induced by loading/unloading cycles are also disregarded. And the
composite model considers balanced layers, so for every +a orientation,
there is a —a orientation.

The initial step in this study is to analyse the influence of symmetry
and type of element in terms of computational cost. For that, linear-
elastic FE models are built and the COPV is subjected to internal pres-
sure. Firstly, axisymmetric and 3D with a quarter of symmetry models
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are developed for the parametric study, validating it based on the work
of Kangal et al. [15]. The dimensions of the COPV used in this analysis
are shown in Table 1.

For the parametric study, the elastic properties of polyamide 6 were
used [14] to represent the liner. For the FE model validation study, the
elastic properties reported by Kangal et al. [15] were employed. To
simulate the experimental results, the tensile properties of high-density
polyethylene have been experimentally measured., yielding Young’s
modulus (E) of 299.4 MPa and Poisson’s ratio (v) of 0.46. All material
properties are presented in Appendix I.

For the prototype modelling, a quarter symmetry is applied, and
boundary conditions and symmetry planes are shown in Fig. 1. A cy-
lindrical coordinate system was used. A set is created on the outer
contour of the liner geometry, which is then exported to WoundSim to
design the composite overwrapping layers. A tie constraint with perfect
contact is used between the external surface of the liner and the inner-
most composite layer. The pressure is applied to the inner surface of the
liner.

The fibre path trajectory cannot be selected arbitrarily due to the
inherent stability requirements of the FW process and the need for
synchronisation between fibre trajectory and liner dimensions. The fibre
path is directly influenced by the fibre slippage over the liner surface. An
inappropriate fibre path leads to winding instability, deviations in fibre
positioning, and high vibration levels in the winding equipment [16].
Considering that the inner radius of the liner is 160 mm in the cylindrical
region of the COPV and 23 mm at the boss, fibre slippage was investi-
gated using Clairaut’s relation. The variation of non-slipping fibre angles
with the liner radius R for the actual geometry is presented in Fig. 2.
Based on that, ~12° is considered here the lowest possible winding angle
for this geometry.

Usually, before the FE modelling, netting analysis is employed in the
design of COPV due to its simplicity and compliance with safety stan-
dards. For that, it is assumed that i) only the composite layers bear the
load, and the fibres only bear the load along the fibre direction; ii) all
fibres have the same strength; iii) the influence of the matrix and the
fibre tensioning is disregarded. As output, the required fibre thicknesses
at the cylindrical region of the COPV in the hoop, helical or polar di-
rections are provided, which are useful to define the number of com-
posite layers and/or tow bandwidth [6].

The initial thickness estimate used for the hoop layers is given by:

ana2
PR<1—[ ;>>
7 @

thoop =
p oy

where P is the applied pressure (defined as 47 MPa), R is the radius at the
cylindrical region, and oy is the hoop tensile strength.

The calculated thickness is 5.65 mm, which is rounded up to 6 mm
and divided by the layer thickness (0.5 mm) resulting in a total of 12
hoop layers. Given that the number of helical layers equals the number
of hoop ones, and considering that helical layers are twice as thick, the
total composite thickness in the cylindrical region is 18 mm. The layers
used in the stacking sequence can be checked in Table 2.

Definition of layer thickness as a function of the radius, based on the
volume conservation method, is given by:

ty @ cos(6y)

tn = cos(6,) @)

Table 1
Dimensions of the COPV used in different steps of the current study.

Parameter Kangal et al. [15] Parametric study and prototype
External radius, R, (mm) 70 160

Dome length, Lp(mm) 78 126

Cylinder length, L¢(mm) 183 522.5

Cylinder thickness, tc(mm) 4.5 10
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Fig. 1. Characteristics of the axisymmetric FE model used for the parametric models.
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Fig. 2. Non-slipping angles using Clairaut’s relation.

Table 2
Design of the number of layers to be used in the parametric study.

Parameter Number of layers

Winding angle (°) 12 18 24 30 36 42 48 54 60 89
Number of layers 4 1 1 1 1 1 1 1 1 12

where t; is the thickness on the tangential line, 6, is the winding angle
on the tangential line, and 6, is the winding angle calculated for the
defined radius.

The helical layers are considered to follow a geodesic path, and its
final deposition is automatically calculated, while for the hoop trajec-
tory, the boundaries can be manually adjusted. A mesh convergence
study is carried out to avoid a mesh-dependent behaviour, which is
performed using the axisymmetric continuum model with CAX4 and
CAX3 elements for the liner and composite, respectively. The converged
FE mesh has 17,856 CAX4R elements and 23,688C3D8R elements.

Subsequently, the model with the generated composite layers is
exported to Abaqus and attached to the liner using a tie constraint.
Different FE mesh approaches were studied for the composite material:
(i) in the axisymmetric shell model with 150 SAX1 elements; (ii) the
Axisymmetric continuum model with 36,594 CAX8R and 53 CAX6

elements; (iii) the 3D shell model with 4500 S4R elements, and (iv) the
3D continuum model with 444,900C3D20R and 3500C3D15 elements.
In shell models, the number of elements is significantly lower compared
to their continuum counterparts of the same dimension due to fewer
elements required in the thickness direction of the mesh. The four ap-
proaches are schematically depicted in Fig. 3.

2.2. Sensitivity analyses of geometric parameters

A comprehensive literature review identified various stacking se-
quences for COPV ([8,11,13-15,17-21]). Based on that, 21 stacking
sequences (see Appendix II) were selected and considered in the current
study aiming to obtain the highest burst pressure. The number of layers
was adjusted to produce comparable thicknesses, reducing or adding the
layers, and maintaining the repeating pattern of the sequences.

After selecting one stacking sequence, a sensitivity analysis was

(@ ) )

Fig. 3. Geometry of mesh (a) axisymmetric shell, (b) axisymmetric continuum,
(c) 3D shell and (d) 3D continuum.

(d)
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conducted. The hoop layers and the layer distribution in the thickness
direction were kept constant, but the angles of the helical layers were
varied at 10 % and 20 % increments above and below the reference
value, corresponding to sequences Seq varl, Seq var2, Seq var3, and
Seq_var4, respectively. The layer configurations for each stacking
sequence are detailed in Table 3.

3. Experimental

In the construction of the COPV, the liner is produced using the
rotational moulding (rotomoulding) process to obtain the 3-D geometry.
The thickness of the liner is ~ 10 mm, with no significant variation along
its length. Metallic boss and counter-boss are placed at the ends. A
filament winding machine with four axes from CNC Technics is used to
deposit the fibres, controlled and programmed with CADFIL software.
Table 4 presents the orientation and number of layers in the
manufacturing cylinder, with a bandwidth of 36 mm.

A prototype of the COPV using the Seq2_ref stacking sequence was
produced, and subsequently cured at 100 °C for 6 h. Later, the COPV
underwent hydrostatic testing based on the ISO 11439 standard. The test
setup, shown in Fig. 4, positions the COPV horizontally in an isolated
environment. Four strain gauges (SG) are positioned at both radial and
axial directions of the COPV, as depicted in Fig. 4, named SG-A, SG-B,
SG-C, and SG-D. The cylinder is filled with water, and the pressure is
increased at a rate of 0.21 MPa/s. The maximum pressure reached
before the structure fails is considered the burst pressure.

4. Results and discussion
4.1. Parametric FE modelling

Mesh selection is initially performed with a mesh convergence study
for the two models, axisymmetric continuum and 3D continuum. The
maximum normalised stress in the fibre direction as a function of the
number of elements is shown in Fig. 5a-b for both models, respectively.
The two dashed lines represent a +1 % difference from the maximum
value (denser mesh). Results within these limits are considered
converged. Therefore, for the axisymmetric models, 400-500 elements
were used in the contour of the cylindrical region and dome. In the 3D
models, 150-200 elements were used in the cylindrical region and
dome, and 50 elements in the revolution. The selected meshes are
highlighted in the graphs. The meshes selected for the continuum
models are also adopted for the shell-type models.

The influence of the type of model was studied by examining the
stresses in the first hoop and helical layers under an internal pressure of
30 MPa, which were the most stressed hoop and helical layers of all
models. Fig. 6 shows the normalised stress (with the maximum stress
value obtained in the numerical analysis) in the fibre direction along its
path on the mandrel contour. The hoop layers exhibit similar stress
along their length, except for the axisymmetric shell (AS), which shows
lower values. This can be attributed to the simplification of the model,
resulting in reduced stresses. In the helical layers, the stresses for

Table 3
Stacking sequences used for the sensitivity analysis.
Name Stacking sequence
Seq2_ref [+12/88/+12/+42/885/+35/+30/+23/885/+18/+12/883/+42/

883/+35/430/+23/883/1+185/+£12/883]

Seq2_varl [+13/88/+13/+46/885/+39/+33/4+25/883/+20/+13/883/+46/
883/+39/4:33/425/883/120,/+13/883]

Seq2_var2 [+11/88/+11/+38/885/+32/+27/4+21/883/+16/+11/883/+38/
883/432/+27/421/885/+16,/+11/883]

Seq2_var3 [+14/88/+14/+50/885/+42/+36/4+28/883/+22/4+14/883/+50/
883/+42/436/+28/883/1+22,/+14/883]

Seq2_var4 [+10/88/+10/+34/885/+28/+24/+18/883/+14/+10/883/+34/

883/4+28/+24/+18/885/+14,/+10/883]
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Table 4
Design of the number of layers to be used in the prototype.

Parameter Number of layers

Winding angle (°) +12 +18 +23 +30 +35 +42 88
Number of layers 4 3 2 2 2 2 19

axisymmetric continuum (AC) and 3D continuum (3DC) models are
nearly identical, and this is also true for axisymmetric shell (AS) and 3D
shell (3DS) models. However, the shell models exhibit lower stresses in
the dome region compared to the continuum models. This may be due to
the greater thickness in the dome region, as the shell models do not
account for deformation in the thickness direction, which can affect the
results in this region.

The type of FE model also impacts computational performance. The
numerical modelling and simulation on a workstation with 12 process-
ing cores and 96 GB of RAM took 65 s for the axisymmetric shell model
but only 20 s for the axisymmetric continuum model, despite having
more elements than the shell models. The 3D shell model took 81 s, and
the 3D continuum model was the slowest, with 7283 s. Comparing the
two continuum meshes, the 3D model required 2 h, while the 2D model
took only 20 s, yet both produced similar results.

Thus, the axisymmetric continuum model demonstrated superior
computational performance and produced results comparable to the
more complex 3D continuum model, being more suitable for simulating
the burst pressure of the COPV. The 3D models may be better fitted for
simulations involving non-symmetrical loads, such as the 45° drop test
required by certain standards. Shell models are appropriate for struc-
tures with low thickness relative to their length. The axisymmetric
continuum mesh is frequently employed in the literature for numerical
models subjected to internal pressure and for burst pressure analysis [5,
14,22-25].

4.2. Comparing the FE model with literature results

The COPV in the work by Kangal et al. [15] was employed to validate
the modelling methodology used in the current work. This included
verifying the first ply failure criteria and comparing the numerical
deformation with experimental values. Fig. 7 displays the pressure as a
function of the strain gauge readings in the axial and hoop directions.
The experimental strain gauge is located at the geometric centre of the
COPV, on the outermost layer. The experimental curve from Kangal
et al. [15] and the numerical curve of the present study are very similar
in the linear region of the graph, up to ~60 MPa. Above that, the nu-
merical model shows relatively lower pressures.

For this model, the burst pressure was evaluated using several failure
criteria: Tsai-Wu, Tsai-Hill, Hashin, maximum stress, and equivalent
stress. Since the Hashin criterion is not available in the UVARM list, a
script based on Hashin [26] was developed. The results are shown in
Table 5 and compared to the experimental burst pressure reported in
Kangal [15] for comparison. The burst pressure was determined when
the failure index (IF) reached 1. The simulated values were all below the
experimental value, relatively close to each other, except for the
equivalent stress failure criterion and Hashin fibre tension mode, which
was very close to the experimental value (error of 0.9 %), even closer
than the numerical result reported in the referenced work (error of 3.6
%).

The experimental failure region in the study of Kangal et al. [15]
refers to the cylindrical region of the COPV. The simulation here also
shows failure in the cylindrical region for the equivalent stress criterion.
For a 3-D visualisation of the COPV, the axisymmetric model was used as
it showed the best balance between computational cost and prediction
accuracy Failure occurs in the hoop layers, with stress increasing in this
region due to the yield of the metal liner, a similar behaviour reported by
Kangal et al. [15].

The significantly different values from the Tsai-Wu, Tsai-Hill,
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Fig. 4. The experimental burst pressure setup.
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Hashin, and maximum stress failure criteria are due to the consideration
of transverse stresses. The equivalent stress criterion, on the other hand,
only considers tension and strength in the fibre direction. The four
Hashin failure modes are presented, with the activated failure mode
being matrix tension, as it shows the lowest burst pressure among them.
The helical layers are subjected to higher transverse stress in the cylin-
drical region, leading to the initial failure since the transverse strength
of the composite layer is low. Even so, in most cases, the final failure of
the composite is due to the failure of the hoop layers in the fibre di-
rection, as they are aligned with the load in the cylindrical region. As a
result, the Tsai-Wu, Tsai-Hill, Hashin, and maximum stress criteria un-
derestimate the prototype capability using first-layer failure analysis.
Therefore, a simple stress analysis cannot accurately predict burst

pressure, as it does not account for matrix cracking, interlaminar failure,
and final fibre fracture during loading [21]. A potential alternative to
increase accuracy of the numerical prediction for burst pressure is to
incorporate progressive damage into the failure analysis, so that the
stiffness matrix of the composite material is updated as the first layers
fail. Even so, the equivalent stress criterion was also used in Sharma [6],
and the numerical result for burst pressure was again close to the
experimental value, with an error of 2.36 %.

4.3. Stacking sequence selection

In designing the stacking sequence of the prototype, 21 simulated
models were evaluated. The selection prioritised models with the
highest burst pressure, specifically those that induce failure in the cy-
lindrical region. As described by Hu et al. [14], failure in this region is
deemed safe and is marked by longitudinal failure of the hoop layers in
the cylindrical region. Failure in the dome region is considered unsafe
because it can cause the boss to be ejected from a project.

The burst pressure results were normalised based on the maximum
burst pressure from the analyses. Fig. 8 shows the normalised burst
pressure for 21 models using the equivalent stress failure criterion,
which aligns closely with the burst pressure when comparing the FE
model with the literature results [15]. Stacking sequences that failed in
the dome region were excluded since they are considered unsafe and are
therefore excluded from the design selection. The sequences exhibiting
the highest burst pressures, namely Seql, Seq2, and Seq21, were chosen.

Fig. 9a displays the burst pressures for Seql, Seq2, and Seq21 for first
ply failure from Tsai-Wu, Tsai-Hill, Hashin, and maximum stress criteria.
Fig. 9b compiles the theoretical masses of the composites for each
model, the mass of the liner and boss was not included because it was the
same for all models. Seql has the lowest mass but also the lowest burst
pressure, Seq2 offers higher burst pressure with intermediate mass, and
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Table 5

Comparison of estimated burst pressure, using different failure criteria, with the experimental result of Kangal et al. [15].

Tsai-Wu Tsai-Hill Hashin Max. stress Equivalent stress Kangal et al. [15]
Tension Compression
Matrix Fibre Matrix Fibre
Burst pressure(MPa) 37.8 37.9 36.9 87.7 62.8 73.1 37.0 91.1 91.9
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Fig. 9. Estimated burst pressure (a) and mass of the composite (b) for three stacking sequences.

Seq21 has the highest mass and intermediate burst pressure. Seq2 is
deemed superior combining burst pressure and weight results. Addi-
tionally, Seq2 exhibits the largest relative difference (51 %) in burst
pressure between the dome and cylinder, enhancing equipment safety,
much higher than those for Seql and Seq21 (23 % and 30 %,
respectively).

The COPV prototype following Seq2 was manufactured. Fig. 10
shows the geometric cuts made in the prototype to measure composite

thickness at different regions, namely Section A-A, a dome-cylinder
transition position, Section B-B, the central position of the cylinder,
and the final region of the boss. The cylindrical region was 18 mm thick.
Given the 49 layers of composite, the average layer thickness is 0.367
mm. This value was updated in the numerical model to perform vali-
dation with the experimental, resulting in a cylindrical region thickness
of 17.98 mm. In section A-A, the model estimated a thickness of 11.50
mm, while the actual manufactured thickness was 10 mm, a 13 %
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Section A-A
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Fig. 10. Comparison of the numerical and experimental dimensions of the COPV.

difference. In the final region of the boss, the manufactured composite
thickness was 30.00 mm, compared to 26.19 mm in the model, a 14.53
% difference. The mass of the manufactured composite was 44.00 kg,
while the model estimated 45.68 kg, a 3.68 % difference.

For the sensitivity analysis, Seq2 incorporated angle variations as
outlined in the methodology. The burst pressure was determined when
the failure index (IF) reached 1. The results, shown in Fig. 11, display the
normalised burst pressure for the Tsai-Wu, Tsai-Hill, Hashin, and
maximum stress failure criteria. The burst pressure increases with the
layer angle for Seq2_varl and Seq2_var3 and decreases when the layer
angle is reduced for Seq2 var2 and Seq2 var4. This analysis overlooks
the incomplete filling in the dome area for layers at high angles. As the
angle increases, the layers become more aligned with the loading di-
rection. This alignment decreases the transverse stress in the helical
layers within the cylindrical region, thereby increasing the burst pres-
sure based on the first ply failure criteria. The Hashin criterion, partic-
ularly its matrix tensile (MT) failure index activation, indicates a
predominance of transverse stresses. Therefore, an ideal stacking
sequence should provide adequate coverage of the dome area and high
burst pressure, as demonstrated by Seq2 ref. The variation in burst
pressure is considered insignificant.

To further analyse the effect of the angle of the helical layers, Fig. 12
presents the stress in the fibre direction for an internal pressure of 20
MPa for Seq2_ref, Seq2_varl, Seq2_var2, Seq2 var3, and Seq2_var4
models. Only the most stressed helical and hoop layers of each model are
included, being the first helical and hoop layers in all models. The hoop
layers experience the highest stress in the cylindrical region, displaying
a constant stress distribution along their length. Similar findings are
reported by Hu et al. [14,23], where the hoop layers in the cylindrical
region also exhibit greater tension due to their alignment with the radial
loading. being vital for maintaining structural integrity in that region.
Additionally, Hu et al. [14] shows that inner layers are more heavily
stressed. However, in the dome-cylinder transition region, near 500 mm
in length, tension in the hoop layers gradually decreases while tension in
the helical layers increases.

In the dome region, the stress distribution exhibits significant

S
3

----- Seq2_ref (hoop)
Seq2_ref (helical)
----- Seq2_varl (hoop)
Seq2_varl (helical)
----- Seq2_var2 (hoop)
Seq2_var2 (helical)
----- Seq2_var3 (hoop)

w
3
=}

]
1%
=]

Stress in the fiber direction (MPa)

150| Seq2_var3 (helical)
----- Seq2_var4 (hoop)
Seq2_var4 (helical)
50 Centre of geometry [Boss]
0
200 400 600 800

Fibre path (mm)

Fig. 12. Sensitivity analysis of the stacking sequence effect on stress in the
fibre direction.

oscillations along its paths, as also reported by Hu et al. [14,23]. These
oscillations likely result from changes in fibre orientation due to the
actual winding path in this area. An increase in the angle of helical layers
helps reducing tension in the hoop layers. However, it also leads to
higher stress in the helical layers and a greater stress concentration in
the dome region.

Fig. 13. Actual prototype after the burst test.
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Fig. 11. Burst pressure resulting from the sensitivity analysis of the stacking sequence.
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4.4. Validation of the FE model

A comparison of the burst pressure between the experiment and
simulation for Seq2 was performed. Fig. 13 shows the actual prototype
after the burst test, with failure near the cylindrical region, at the end of
the hoop layers, agreeing with the numerical model. The numerical
burst pressure obtained is 25.68 MPa, 12.62 % lower than the experi-
mental value, 29.39 MPa. This is comparable to the values in the liter-
ature, as in Ramirez et al. [22] who reported 7.74 % using a model with
progressive damage, and Hu et al. [23] who found 9.8 % using a similar
approach.

The test and simulation comparison also included the analysis of
strain at the 0° and 90° strain gauges. Fig. 14 displays the numerical
(num.) and experimental (exp.) results for strain gauges A to D. The
numerical model demonstrated higher stiffness than the manufactured
COPV in both strain directions for all strain gauges, with a more pro-
nounced difference in the dome region. This can be attributed to the type
of numerical model used, since the first ply failure model does not ac-
count for progressive damage, and therefore does not reflect the
decrease in structural stiffness as damage progresses. This simplification
likely explains the observed differences in stiffness.

Only one burst test was performed with strain data, and more
experimental tests are needed to ensure the reliability of these results.
Thickness in the cylindrical region was confirmed to match the experi-
mental setup, ruling out this factor as the source of differences in stiff-
ness for strain gauge D. Other factors include actual lamina properties
and thicknesses of individual layers due to manufacturing. Indeed, the
simplification of assuming equal layer thicknesses may explain the
greater differences observed in the dome region.

The greater difference in stiffness for strain gauges A, B, and C,
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located at the dome region, can also be attributed to this simplification.
The slope of the analytical strain closely matches that of the numerical
model for strain gauge D, also validating the numerical results. Using the
equivalent stress criterion, the estimated analytical burst pressure is 57
MPa, higher than both the numerical and experimental values. The
analytical model considers only an infinitesimal element of the cylin-
drical region of the COPV, approximated by a plane laminate. Since
failure occurs at the end of the hoop layers, and not in the cylindrical
region, the discrepancy in the analytical prediction of burst pressure is
significant.

5. Conclusions

This work focused on the influence of the stacking sequence on the
burst pressure of filament wound COPVs for CNG storage. The first step
was to select the type of mesh to be used in the composite numerical
model, observing its effect on the burst pressure. Using more elements
increased simulation time, and the axisymmetric continuum mesh
offered the best balance between simulation time and element count.
The numerical reproduction of the COPV from Kangal et al. (2020)
validated the modelling methodology, with numerical results in axial
and radial directions aligning well with experimental data.

The equivalent stress criterion closely matched the experimental
burst pressure, whereas other criteria underestimated it. This discrep-
ancy is associated with the initial failure of low-angle layers of the COPV
due to high transverse stresses, which reduce rigidity but do not cause
immediate bursts. While composite laminate design aligns fibres with
loads, the winding of type IV cylinders demands low-angle layers to
suitably cover the dome region, leading to significant transverse
stresses.
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Fig. 14. Pressure vs. strain from simulations and experiments for SG-A (a), SG-B (b), SG-C (c), and SG-D (d).
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The geometric comparison between the manufactured prototype and
numerical model showed close alignment, with a maximum thickness
difference of 14.53 % and a composite mass difference of 3.68 %.
Sensitivity analysis revealed that burst pressure increases for higher
angles, aligning fibre orientations with loads, and the chosen stacking
sequence balanced radial and axial loads, covering the dome region
effectively and yielding high burst pressure.

During the validation of the numerical model against the prototype,
a 12.62% difference in burst pressure was observed, while greater dis-
crepancies in strain were noted, attributed to model simplifications The
equivalent stress criterion proved effective for initial burst pressure es-
timates, providing faster and more reliable results. For more accurate
analysis, more complex models incorporating progressive damage into
the failure analysis are necessary, as well as manufacturing and testing
of additional COPVs. These represent the next steps of this research.
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Material properties of the composite and liner used to validate the preliminary computa-

tional models [15].

Properties of the composite material Values
Modulus of elasticity in direction 1 E; (MPa) 38500
Modulus of elasticity in direction 2 E, (MPa) 16500
Modulus of elasticity in direction 3 E3 (MPa) 16500
Poisson coefficient in plane 12 %0 0.27
Poisson coefficient in plane 13 Vi3 0.27
Poisson coefficient in plane 23 Vo3 0.4
Shear modulus in plane 12 G2 (MPa) 4700
Shear modulus in plane 13 Gy3 (MPa) 4700
Shear modulus in plane 23 Ga3 (MPa) 4700
Tensile strength in direction 1 (6D (MPa) 1250
Compressive strength in direction 1 (69)uie (MPa) 650
Tensile strength in direction 2 (6)ure (MPa) 36
Compressive strength in direction 2 (©%)uie (MPa) 165
Transverse shear strength (t12)ut (MPa) 86
Properties of the steel liner Values
Modulus of elasticity E (MPa) 205000
Poisson coefficient v 0.3
Yield stress Sy (MPa) 743

Table 1.2

Material properties of the composite and liner used in the geometry and finite element

parametric study [6].

Properties of the composite material Values
Modulus of elasticity in direction 1 E; (MPa) 132950
Modulus of elasticity in direction 2 Ey (MPa) 8400
Modulus of elasticity in direction 3 E3 (MPa) 8400
Poisson coefficient in plane 12 V12 0.34
Poisson coefficient in plane 13 V13 0.34
Poisson coefficient in plane 23 Va3 0.41
Shear modulus in plane 12 G2 (MPa) 3850
Shear modulus in plane 13 Gy3 (MPa) 3850
Shear modulus in plane 23 Go3 (MPa) 2970
Tensile strength in direction 1 (61D ure (MPa) 1860

(continued on next page)
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Appendix II

Table 1.2 (continued)

International Journal of Pressure Vessels and Piping 212 (2024) 105315

Properties of the composite material Values
Compressive strength in direction 1 (6$)uic (MPa) 1470
Tensile strength in direction 2 (o%)ult (MPa) 76
Compressive strength in direction 2 (©%)uie (MPa) 85
Transverse shear strength (T12)ut (MPa) 98
Properties of liner (PA6) Values
Modulus of elasticity E (MPa) 1880
Poisson coefficient v 0.4

Table 1.3

Material properties of the composite and liner used in the converged FE models to validate

experiments.
Properties of the composite material Values
Modulus of elasticity in direction 1 E; (MPa) 43490
Modulus of elasticity in direction 2 E, (MPa) 9720
Modulus of elasticity in direction 3 E3 (MPa) 9720
Poisson coefficient in plane 12 % 0.267
Poisson coefficient in plane 13 Vi3 0.267
Poisson coefficient in plane 23 Va3 0.267
Shear modulus in plane 12 G2 (MPa) 3106
Shear modulus in plane 13 Gi3 (MPa) 3106
Shear modulus in plane 23 Go3 (MPa) 3106
Tensile strength in direction 1 (6Duic (MPa) 683.97
Compressive strength in direction 1 (c‘f)uh (MPa) 562.6
Tensile strength in direction 2 (cE)uh (MPa) 7
Compressive strength in direction 2 (©9)uie (MPa) 74.3
Transverse shear strength (T12)ut (MPa) 40.42
Properties of liner (PEAD) Values
Modulus of elasticity E (MPa) 336.762
Poisson coefficient v 0.46

In the following Table, all stacking sequences studied numerically are presented.

Table II.1

All stacking sequences used in the numerical simulations.

Name Stacking sequence

Seql [885/+103/883/+173/883/+55/88/+55/883/+173/883/+103/88,]

Seq2 [+12/88/+12/+42/883/+35/+30/+23/883/+18/+12/883/+42/883/+35/+30/+23/883/+185/+12/883]

Seq3 [89,/88,/872/86,/852/842/832/822/815/+40/+37.5/435/+32.5/430/+27.5/+25/4+22.5/+20/4+17.5/+£15/+12.5]
Seq4 [£15/+20/+25/4+30/+35/+40/+60/+80/9016/+30/+15]

Seq5 [+80/+60/+40/+35/+30/+£25/+20/+15/9016/£12/£10

Seq6 [+20/+17.5/+15/+12.5/+£10/+80/+60/+40/9016/£12.5/+10]

Seq7 [90°5/475°/+65°/4+55°/+45° /+35° /+25° /+20° /+15°/+15° /+£20° /+25° /+35° /+45° /+55° /£65/+75/90-]

Seq8 [+12/89.5/+12/+42/89.5/+35/+30/+23/89.5/+18/+12/89.5/+42/89.5/+35/+30/+23/89.5/+18/+12/89.5,]
Seq9 [89.512/4+12/442/+35/4+30/+23/+18/4+12/+42/+35/+30/+23/+18/+12]

Seql0 [9016/4+149]

Seqll [902/+11]9

Seql2 [+30/+23/+18/+12/+9/4+80/+55/+42/9016/+12/49]

Seql3 [+30/4+23/+18/+12/+9/4+80/4+55/4+42/9016/1+12/49]

Seql4 [902/4+55/+42/+35/4+30/+23/+18/+12/+9/+55/4+42/+35/+30/+23/+18/4+12/+9/90,]

Seql5 [£16/+63/+45/903/4+30/+25/903/4+24/903/+20/902/4+15.6/+60/+15.63/90]

Seql6 [89.52/4+10/412/+15/89.53/4+17/+20/425/89.53/455/+63/89.55/4+63/+55/89.53/+25/420/+17/89.53/4+15/+£12/+10/89.5,]
Seql7 [902/49.43/903/+9.43/903/+9.43/90/+9.43/903/+9.43/903/+9.43/90-]

Seql8 [+23/89.5/+15/+12/89.5/4+15/+12/4+42/89.5/+35/+30/4+23/89.5/+18/+15/+12/89.5/+42/89.5,/4+35/+30/4+23/89.55/+18/+15/4+12/89.53]
Seql9 [89.514/4+63/4+55/+42/+30/+23/+17/+15/+12/+10/+63/+55/+42/+30/+23/+17/+15/+12/+10]

Seq20 [907/+63/+55/+42/+35/+30/+23/+18/+12/4+9/4+63/+55/+42/4+35/+30/+23/+18/+12/4+9/907]

Seq21 [£16/+63/+45/883/+30/+25/883/+24/883/+22/883/4+20/88/+20/+605/+302/+155/88]
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