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effect on burst pressure performance of
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Abstract

In this study, multi-layered composite overwrapped pressure vessels for high-pressure gaseous storage were designed,

modeled by finite element method and manufactured by filament winding technique. 34CrMo4 steel was selected

as a load-sharing metallic liner. Glass and carbon filaments were overwrapped on the liner with a winding angle of

[�11�/90�2]3 to obtain fully overwrapped composite reinforced vessel with non-identical front and back dome endings.

The vessels were loaded with increasing internal pressure up to the burst pressure level. The mechanical performances

of pressure vessels, (i) fully overwrapped with glass fibers and (ii) with additional two carbon hoop layers on the

cylindrical section, were investigated by both experimental and numerical approaches. In numerical approaches, finite

element analysis was performed featuring a simple progressive damage model available in ANSYS software package for

the composite section. The metal liner was modeled as elastic–plastic material. The results reveal that the finite element

model provides a good correlation between experimental and numerical strain results for the vessels, together with the

indication of the positive effect on radial deformation of the COPVs due to the composite interlayer hybridization. The

constructed model was also able to predict experimental burst pressures within a range of 8%. However, the experi-

mental and finite element analysis results showed that hybridization of hoop layers did not have any significant impact on

the burst pressure performance of the vessels. This finding was attributed to the change of load-sharing capacity of

composite layers due to the stiffness difference of carbon and glass fibers.
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Introduction

Composite overwrapped pressure vessels (COPVs) have
been considered as one of the most effective solutions
for high-pressure gaseous storage.1,2 COPVs have
attracted significant attention for potential applications
such as onboard fuel tanks for automotive and aero-
space industries. In addition to reducing fuel consump-
tions of current onboard applications due to its
incredible strength-to-weight ratio, COPVs are desired
to be utilized in order to achieve reasonable storage
capacity at high pressures as demanded by hydrogen
storage. The hydrogen is regarded as the new energy
carrier for the next century due to zero greenhouse

gases emission, higher energy efficiency.3,4 In order to
increase the usage of hydrogen as an energy carrier, and
become competitive to fossil fuels, hydrogen must be
stored compactly and safely as much as possible.5–9

COPVs offer significant weight reduction up to 75%
as compared to metallic pressure vessels for similar
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tasks.10–13 Recently, for high-pressure storage (with 350
bar or higher working pressures), Type-III (metallic
liner fully overwrapped with composite) and Type-IV
(polymer-based liner overwrapped with composite) ves-
sels provided the most practical solution for many com-
mercial applications.

ISO/TS 15869:2009 delivers requirements and safety
factors for each type of pressure vessel to be used in
onboard applications.14 It is very critical to analyze and
determine the burst pressure and damage initiation
mechanisms of COPVs to obtain optimum level safety
at a minimum cost. There are several studies in the
literature, which have investigated the burst pressure
and damage developments of COPVs with distinct
approaches.

Hocine et al. developed an analytical model that pro-
vides an exact solution for stresses and strains on the
cylindrical section of the hydrogen storage vessel. The
theoretical model was validated by manufacturing and
experimental testing of some prototype vessels.15 Shao
et al. produced high-pressure vessels with epoxy and
vinlyester matrices with carbon fiber (CF) reinforce-
ments. Vessels were loaded with internal pressure up
to burst pressure. Deformations during loading were
measured with strain gauges and digital image correl-
ation techniques.16 The influence of filament winding
parameters and the fiber volume fraction on the
strength of COPVs were studied by Cohen17 and
Cohen et al.,18 respectively. These studies indicated
that manufacturing parameters such as laminate stack-
ing sequence, winding tension, and winding time signifi-
cantly affect the final burst pressure of the vessels.17,18

The finite element analysis (FEA) is one of the most
efficient and robust numerical methods to predict the
burst pressure and damage evolution properties of the
COPVs.19 Implementing a progressive failure analysis
on the COPVs provides an accurate prediction for the
damage initiation and burst pressure.20 Leh et al. devel-
oped a progressive failure finite element (FE) model for
hydrogen storage vessel burst. The first model was
based on a mixed FE model, and fully adapted to
future optimization attempts with its low execution
time. The second model contained only solid elements
and contributed to a higher accuracy on the stresses.21

They also defined safe and unsafe burst modes for
COPVs. The safe burst mode occurred in cylindrical
section, without any ejection of the liner or boss mater-
ial during the burst. On the contrary, the unsafe burst
mode occurred at dome sections of the vessel with the
ejection of the liner or boss material. The detection of
these modes during FEA is essential for safety reasons,
as unsafe burst modes should be avoided at all costs.
Xu et al. proposed a three-dimensional (3D) parametric
FE model to predict the damage evolution and failure
strength of the composite hydrogen storage vessels.

They developed a solution algorithm to investigate
the progressive damage and failure properties of com-
posite structures with increasing internal pressure.9

Alcántar et al. developed two methodologies for
weight minimization of hydrogen pressure vessels
which are genetic algorithms and simulated annealing.
They proposed an objective function based on Tsai-Wu
criterion, composite thickness, a safety factor, and a
penalization factor.22 Kim et al. proposed a design
algorithm for filament wound vessels under some inter-
nal pressure. They developed a semi-geodesic path algo-
rithm, a progressive failure analysis, and a modified
genetic algorithm for optimization.23 Thickness and
fiber angle variations on the dome section due to the
filament winding process are critical for determining
unsafe burst modes. Park et al. calculated filament
winding patterns, using a semi-geodesic fiber path
equation. In that way, they were able to calculate the
difference of the fiber angle and thickness on helical
wound layers. FEA performed considering these fac-
tors, and geometrical nonlinearities were verified with
experimental data.24

Almeida et al. investigated the load-sharing ability of
steel and aluminum liners in Type-III COPVs. An FE
model considering nonlinear geometry was developed,
and a parametric study on the effect of liner thickness
on four different cases (bare aluminum and steel liners
with their fully composite overwrapped counterparts)
were performed. The study revealed that metal liners
might share the load on COPV with decreasing effect-
iveness while internal pressure increases. Also, the
mechanical behavior for different regions of a COPV
was observed within the internal surface of the liner by
utilizing the FE model and realization of von-Misses
stresses over the internal surface.25

It is also possible that the hybridization of GFs and
CFs may contribute to the performance/cost of COPVs
for high-pressure storages. Studies on the hybridization
of composites began as early as in the 1970s to attain
the goal of reaching high stiffness as in using CFs at a
lower cost.26 The hybridization of continuous fiber
reinforced composites can be divided into three cate-
gories: (i) inter-layer/inter-ply (layer-by-layer), (ii)
intra-layer (yarn-by-yarn), (iii) intra-yarn (fiber-by-
fiber). The application of inter-layer hybridization to
COPVs is effortless due to layer-by-layer manufactur-
ing nature of filament winding process. Mahdi et al.
investigated the effect of hybridization on the crushing
behavior and energy absorption of filament wound
composite cylinders.27 Different combinations of
carbon and glass interlayer hybrid composites were
examined, and it was founded that failure modes are
significantly influenced by the hybridization. The glass–
carbon–glass alternating combination exhibited high-
energy absorption among all the other configurations.
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Kobayashi et al. performed a burst strength evaluation
of filament wound composite pipe with high and low
modulus CFs.28 A numerical analysis was performed
for burst strength prediction with a maximum strain
criterion employed as a first ply failure theory. It was
reported that analytical burst strength predictions are
consistent with experimental results. Gemi studied low-
velocity impact response of interlayer hybrid filament
wound hybrid composite tubular structures.29 A para-
metric study was performed on the effect of stacking
sequence of glass and carbon layers on the damage for-
mation. This study revealed that carbon–glass–glass
stacking provided higher impact resistance while
glass–carbon–carbon did not show any leakage.
Similarly, Prusty et al. studied the effect of stacking
sequence on the flexural behavior of interlayer hybrid
composites.30 Among several proposed stacking
sequences, seven layered hybrid composite with two
carbon/epoxy plies at both end surfaces (C2–G3–C2)
performed comparable to full carbon/epoxy composite
(C7), having 93% of modulus and 96% strength of the
latter. It was also revealed that the presence of carbon/
epoxy plies at the tensile side of the flexural specimens
lead to enhanced strength and modulus at the expense
of being prone to catastrophic failures.

To put it in a nutshell, modeling and manufacturing of
Type-III COPVs, the following topics have generally been
considered in the literature, i.e. (i) the elastic–plastic
behavior of isotropic metal liner,25,31–35 (ii) the progres-
sive failure analysis of composite section,20,36,37 (iii) the
composite ply thickness and fiber angle variations on the
dome sections due to the nature of filament winding man-
ufacturing technique,22,24,38 (iv) the determination of safe
and unsafe burst modes based on burst failure loca-
tions.21,39,40 In addition to the aforementioned features,
effect of hybridization on filament wound cylindrical
structures was studied in the context of burst pressure,
low-velocity impact, and flexural behavior. A recent work
from Bouvier et al. studied the interlayer hybridization of
Type-IV vessels by replacing T700S CFs with renewable
alternatives, such as basalt, E-glass, flax, and recycled
T700S CFs.41 The study implemented alternative fibers
to several helical layers and investigated the burst pressure
performance. As expected, the performance decayed due
to the usage of the alternative fibers within the COPV.
Moreover, the study also compared the vessel mass, cost
and its environmental impact. It was concluded that for
700 bar vessels, E-glass/carbon hybrid COPVs are the
most cost-effective alternative one. From an environmen-
tal standpoint, basalt/carbon hybrid COPVs also exhib-
ited promising results.

To our knowledge, there is a lack of information in
the literature about the interlayer hybridization effect
on the final burst pressure of the COPVs; the objective
of this study is to investigate the effect of reinforcement

hybridization on the mechanical response of high-pres-
sure vessels with increasing internal pressure. The pre-
diction of final burst pressure was realized by
considering both numerical and experimental analysis.
For this purpose, the high-pressure COPVs with steel
liners were manufactured by filament winding tech-
nique with a winding lamination angle of ½�11�=90�2�3
to ensure a fully overwrapping of closed-end steel liner.
The mechanical behavior of bare steel liner was also
determined for comparison with composite-based
COPVs. In order to observe and analyze hybridization
effects, two different types of pressure vessels were man-
ufactured: (1) fully overwrapped with GFs and (2)
together with an additional two carbon hoop layers
around the cylindrical section. It was assumed that
the burst of the liner and COPVs occurs along the cylin-
drical part of the vessels. Therefore, as the second alter-
native type of the manufactured COPVs, two glass/
epoxy layers were replaced by carbon/epoxy hoop
layers at the cylindrical region in order to maximize
hybridization effect on burst pressure.

The vessels with steel liners were hydrostatically
loaded with increasing internal pressure up to the burst
pressure. During loading, the deformation of vessels and
liners was measured locally with strain gauges. An FE
model featuring a simple progressive failure model for
the composite section was developed in order to com-
pare the experimental and numerical results.

Materials and methods

Materials

GF filaments (1200 tex FWR6, provided from Şişe Cam
Inc., Turkey) and CF filaments (800 tex A-49, provided
by DowAksa Inc., Turkey) were used as the fiber
reinforcement materials. A three-component, high-tem-
perature cure epoxy system from Huntsman Inc. was
selected as the matrix material in this study. This epoxy
system includes Araldite MY740TM epoxy resin,
Aradur MY918 TM curing agent, and DY062TM accel-
erator. 34CrMo4 steel liners with an average wall thick-
ness of 4.5mm were purchased and used for
manufacturing of COPVs. The geometry of the steel
liner is shown in Figure 1. No treatment was done to
the surface of the metallic liners; they were used in the
manufacturing COPVs after cleaning the surface with
acetone. Visual examinations on the metallic liners
revealed that the surface was rough enough.

Manufacturing of composite vessels using
filament winding

The COPVs with steel liners, helical, and hoop compos-
ite layers were manufactured by a filament winding
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machine as shown in Figure 2. One roving was utilized
to overwrap the steel liner with a roving bandwidth of
4mm for GF and 5mm for CF. Furthermore, in order
to ensure that the steel liner was fully overwrapped with
a composite section, 105% degree of coverage was
selected, utilizing CADWIND CAM software.42

Preliminary winding simulations performed with
CADWIND software have demonstrated that the
asymmetric nature of the liner on the axial direction
(the open-end front dome vs. the closed-end back
dome) creates manufacturing restrictions on winding
angle. For the specific liner geometry obtained, it was
observed that only �11� helical winding angle is con-
venient to achieve complete coverage of both front and
back dome sections of the liner. It was determined that
at least three helical and three hoop layers are required
to observe the effect of composite layers over the steel
liner. Analysis of composite constituents was per-
formed on the specimens acquired from the preliminary
COPV samples according to ASTM D3171-15 Test
Method I – Procedure A. Three different samples
obtained from distinct locations were analyzed and
the fiber volume ratio of the composite shell was deter-
mined as 44.7� 1.3wt.%. Two different types of
COPVs were manufactured for investigation of hybrid-
ization effect of glass and CFs. The first type consisted
of only GFs as a fiber reinforcement material. For the
second type, CFs were incorporated as hoop layers over
the glass helical layers to create hybrid COPVs.
Preliminary trials using GF reinforced COPVs
showed that the cylindrical part is the location where
the burst to be expected. Therefore, it was aimed to
improve the capacity for burst by replacing some of
hoop GF layers with CF layers. CF reinforced layers
were implemented into the COPV for creating a posi-
tive hybridization effect. CF/epoxy composite layers
were used to reinforce the metal liner at the cylindrical
region, as the burst failure of the COPVs was expected
at the cylindrical region of the vessel. In the hybrid
COPVs, composite layers consisted of two hoop
layers of CFs on the inner section, three helical layers

of GFs, and one hoop layer of GFs on the outermost
section. Filament winding of the GF/epoxy layer at the
outermost helical layer of a pressure vessel is a common
practice in the manufacturing of COPVs for increasing
impact and corrosion resistance.33,43,44

Winding configurations of manufactured vessels
are summarized in Table 1. After the winding process,
composite vessels were cured at 80�C for 2 h using a
rotating shaft in a curing oven and post-cured at
120�C for 2 h.

Burst pressure testing

COPVs were subjected to hydrostatic pressure in order
to determine the burst pressure. During hydrostatic
tests, three rosette-type strain gages were used to meas-
ure the local hoop and longitudinal strains. The strain

Figure 1. The geometry of the metallic liner (dimensions are in mm).

Figure 2. The winding of (a) a helical layer and (b) a hoop layer

over the metallic liner by the filament winding equipment.
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gages were located at 20mm away from both ends of
the hoop winding region and also at the center of the
cylindrical section of the vessels. Hydrostatic test spe-
cimens before testing with strain gages and strain gage
rosette positions on the vessels are displayed in
Figure 3. The burst pressure test setup has a maximum
test capacity of 2000 bar, and it can increase the inter-
nal pressure with an average rate of 5 bar/s.

FE modeling of COPVs

The burst pressure of COPVs stresses throughout the
liner, and the radial and axial strains during hydrostatic
pressure tests were evaluated by an FE model devel-
oped in ANSYS FEA software package.45

In addition to the available global Cartesian (x, y,
and z) coordinates, a global cylindrical and a material
Cartesian coordinate system were established. To define
the boundary conditions for the sectioned walls and
several hoop and radial strains, a global cylindrical
coordinate system was utilized as r in radial direction,
� in circumferential direction and z in axial direction.
For material and damage modeling, the local Cartesian
coordinates were employed indicating 1 as fiber domi-
nated direction, 2 as matrix dominated direction, and 3
as thickness (out-of-plane) direction.

34CrMo4 steel liner material was defined as an iso-
tropic elasto-plastic material in ANSYS. The bilinear
isotropic hardening model was used for the plastic
region. True stress–true strain behavior of 34CrMo4
steel was acquired from the relevant literature.35 Yield
strength and tangent modulus of the bilinear isotropic
model was calculated from the plastic behavior of the
metal and given in Table 2. Eight node solid hexahedral
elements (SOLID185 in ANSYS) were used for model-
ing the liner. In addition to the liner material, both
carbon and glass reinforced composite material

properties were also obtained from the literature.46,47

Both composite materials were considered as trans-
versely isotropic.

Composite layer orientations were configured as
described in Figure 4 and Table 1. To simulate helical
winding, a composite layer divided into homogeni-
zed� angle plies of winding. The single ply thickness
for helical and hoop plies was chosen as 0.2mm in
accordance with the average of measured values from
manufactured COPV prototypes (Table 1).

The hoop region defined for the cylindrical section of
the model as hoop winding covered only the cylindrical
section of the liner in filament winding manufacturing.
The thickness and angle variations in the filament wind-
ing process were defined to the model based on the data
obtained from CADWIND filament winding simula-
tion, utilizing draping features available in ANSYS
ACP Pre-module. The change of thickness of composite
plies with respect to the nominal thickness (cylindrical
section) and the angle differences occurred in the dome
sections with respect to helical winding angle are given
in Figure 5.

Similar to the metal liner, eight node solid hexahe-
dral elements (SOLID185) were chosen for modeling
overwrapping composite layers to evaluate 3D stress
states of the composite section. A perfect bonding at
the liner/composite shell is considered for all FE
simulations.

In order to decrease the amount of computing time
due to the complete 3D eight-node hexahedral model-
ing, and acquire a uniform mesh, the full vessel model
was reduced to 1/16 by exploiting the axisymmetry in �-
dir. For the sectioned walls of the liner and composite
layers in 1/16 model (sectioned composite and liner
faces A and B shown in Figure 6), the rotation in �-
dir was restricted and displacement in r and axial (z)
direction set as unrestricted. The surfaces, which were

Table 1. Configuration and final dimensions of steel liners and manufactured COPVs.

Specimen Matrix Fiber reinforcement Layer orientation

Total #

of plies

Avg.

diameter (mm)

Avg. ply

thickness (mm)

Avg.

length (mm)

Steel liner

Prototype 1 – – – – 140.25 – 474.50

Prototype 2 – – – – 140.10 – 474.46

GF COPV

Prototype 1 Epoxy Glass fiber [�11�/90�2]3 12 145.25 0.208 486.68

Prototype 2 Epoxy Glass fiber [�11�/90�2]3 12 145.03 0.199 482.93

Hybrid COPV

Prototype 1 Epoxy Glass fiber/carbon fiber [�11�/90�2]3
a 12 146.24 0.250 481.81

Prototype 2 Epoxy Glass fiber/carbon fiber [�11�/90�2]3
a 12 145.46 0.217 484.79

aThe detailed orientation of hybrid vessels is given in Figure 4(b).
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in contact with the testing apparatus, were set as fixed
faces (fixed face A and B).

A comparison with the full model was also per-
formed for axial and radial deformations of the liner

in order to validate the boundary conditions of the
reduced 3D model. It was seen that the displacements
in critical regions for both models showed a negligible
difference (in the order of 10�5 mm displacement).

Figure 3. (a) The schematic illustration of strain gage rosette positions on the pressure vessels and (b) a photograph of the

hydrostatic test specimen before testing.

Table 2. Orthotropic elastic properties and stress limits of glass and carbon fiber reinforced epoxy-based composites and isotropic

properties of the steel liner.

Symbol Description Unit Value Value

Glass fiber/epoxy47 Carbon fiber/epoxy46

E1 Longitudinal (fiber dominated) modulus MPa 38,500 141,000

E2¼ E3 Transverse (matrix dominated) modulus MPa 16,500 11,400

v12¼ v13 Poisson’s ratio (in-plane) 0.27 0.28

v23 Poisson’s ratio (planes 2–3) 0.40 0.40

G12¼G13 In-plane shear modulus MPa 4700 5000

G23 Shear modulus (planes 2–3) MPa 4700 3080

Xt Longitudinal (fiber dominated) Tensile strength MPa 1250 2080

Xc Longitudinal (fiber dominated) Compressive strength MPa �650 �1250

Yt Transverse (matrix dominated) Tensile strength MPa 36 60

Yc Transverse (matrix dominated) Compressive strength MPa �165 �290

S12 In-plane shear strength MPa 86 110

Steel liner35

ESL Young’s modulus MPa 205,000

v12,SL Poisson’s ratio 0.3

ry,SL Yield strength MPa 743

Etan Bilinear isotropic hardening tangent modulus MPa 2600
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A mesh convergence study was also performed to
achieve the optimum mesh size for increasing accur-
acy and optimizing computing time. The result of the
study revealed that a 5mm average element edge
size is the optimum value for both liner and composite
layer modeling for in-plane direction. In thickness
direction, each composite ply is represented by an
element which has a thickness of 0.2mm.
Furthermore, it was confirmed to have at least three
elements through the thickness for the liner meshing.
The final 3D model consists of 12,194 nodes and
11,467 elements (including bonded contact elements
between the liner and composite layers). The final
1/16 COPV 3D model with a mesh structure is
shown in Figure 7.

The damage initiation in composite layers was
defined by the Hashin failure criterion, which is an

interactive failure theory that can identify the initiation
of damage modes as fiber tension, fiber compression,
matrix tension, or matrix compression.48,49 The Hashin
failure criterion has been commonly used for composite
failure modeling as a first ply failure criterion, and it is
also available as a built-in feature in ANSYS.50–52 The
failure modes and corresponding criteria were con-
sidered in the Hashin failure theory for 3D solid elem-
ents given in Table 3. Ff,t, Ff,c, Fm,t, and Fm,c indicate
damage indices of failure modes of fiber tension, fiber
compression, matrix tension, and matrix compression,
respectively. The damage onset occurs when the
damage index of the corresponding failure mode
reaches 1.

Following the onset of damage, material stiffness
reduction occurs immediately. The constitutive rela-
tionship for a damaged material is given as in

Figure 4. A schematic illustration of COPV configurations: (a) GF COPV and (b) hybrid COPV, featuring thickness variations due to

filament winding manufacturing at the front dome section.
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equation (1), where � is the effective stress and " is the
total elastic strain

� ¼ ½D�d" ð1Þ

The damaged stiffness matrix ( D½ �d) can be expressed
as in equation (2) for a transversely isotropic thin com-
posite material in plane stress state.

where A is defined as in terms of undamaged Poisson’s
ratio and fiber and matrix dominated damage variables
(equation (3))

A ¼ 1� v12v21ð1� dfÞð1� dmÞ ð3Þ

Four damage variables (one for each failure mode)
are utilized to measure damage. The fiber and matrix
dominated direction damage variables for calculating
the damaged stiffness matrix are determined as in equa-
tions (4) and (5)

df ¼
df,t, if Ff,t 4 0

df,c, if Ff,c 4 0

�
ð4Þ

dm ¼
dm,t, if Fm,t 4 0

dm,c, if Fm,c 4 0

�
ð5Þ

The shear damage variable ds depends on fiber and
matrix damage variables and can be expressed as in (6)

ds ¼ 1� ð1� df,tÞð1� df,cÞð1� dm,tÞð1� dm,cÞ ð6Þ

A simple progressive damage model which involves
an instant reduction in mechanical properties was
adopted to simulate the damage evolution in composite
plies. This method, also referred as material property
degradation (MPDG) in ANSYS, is compatible with
3D solid elements and the Hashin failure criterion.
This model is similar to ply discount method except
for the fact that the amount of degradation differs
within a range between 0 and 1 for each failure
mode.50,52,54 It was assumed that a failure in the fiber
dominated direction occurs due to failure of the fibers,
and this results with catastrophic fracture or complete
material degradation. Consequently, this causes a mas-
sive instant reduction in the mechanical properties
along the fiber direction. Therefore, the value of 90%

D½ �d ¼
1

A

ð1� dfÞEf ð1� dfÞð1� dmÞv21Ef 0

ð1� dfÞð1� dmÞv12Ef ð1� dmÞEm 0

0 0 Að1� dsÞGfm

2
64

3
75 ð2Þ

Figure 5. Thickness and angle deviations through the axial distance of the COPV.
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reduction of the mechanical properties was selected to
assign the failure in the fiber direction. Compared to
complete reduction of properties, this approach (90%
reduction) improves solution convergence, thus creates

opportunities for observing deformational behavior of
the vessel near burst. Unlike to the fiber direction, the
degradation in matrix dominated direction (transverse
to fibers) begins at the early stages of the loading

Figure 6. Boundary conditions for COPVs (a) left view (b) front view.

Figure 7. 1/16 sectioned 3D model of typical COPV.
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process. In contrast to failure along the fiber dominated
direction, the degradation in matrix dominated direc-
tion associates with matrix cracks and this causes a
minor reduction in mechanical properties. The selected
values for each failure mode in this FE model were
tabulated in Table 3.

Large deformations were expected as it was intended
to observe the post-yielding behavior of the liner mater-
ial, so non-linear geometry setting was enabled in the
FE analysis software. The displacement as the loading
condition was applied linearly up until final time of 1 s
with three different timestep regions. These timestep
regions were defined as 0.05 s up to 0.45 s, 0.00125 s
between 0.45 s and 0.75 s, and finally 0.0001 s until
the last converged timestep. It was intended to grad-
ually reduce the timesteps for improving the conver-
gence of the numerical analysis and higher resolution
of mechanical behavior through the large deformation
region.

A ply-by-ply failure analysis was conducted for
determining the burst pressure. The internal pressure
that the last ply of the composite reinforcement
occurred was determined as the burst pressure of the
vessel. This phenomenon generally observed at the end
(or nearly at the end, depending on the applied MPDG
parameters and parameters that affect convergence) of
the last converged solution of FEA.

Results and discussion

Burst pressure test results (experimental)

The burst pressure test was carried out for steel liners,
GF COPVs, and glass/CF hybrid COPVs. The average
burst pressure of steel liner was measured as 657 bar.
The GF COPVs exhibited an average burst pressure of
899 bar, which is nearly the same as hybrid COPVs
(have an average burst pressure of 905 bar). The
burst pressure test results of the prototype pressure ves-
sels are presented in Table 4 with comparisons of their
corresponding FE simulations.

The burst failure modes of all the pressure vessels
tested are illustrated in Figure 8. It was evident that

the final rupture occurred at the cylindrical section,
and a safe burst mode was reached.

Acoustic measurements performed during hydro-
static testing revealed that matrix cracking developed
first in the composite parts. The fiber breakage
occurred predominantly on the hoop layers, presum-
ably due to the larger strains measured on the hoop
direction. The final rupture was observed on the liner,
as soon as it reached a macroscale failure of the reinfor-
cing composite layer.

Comparison of the results of experimental and
FE analysis

Rosette-type strain gages were utilized to measure the
local strains (axial and hoop) in the above-mentioned
positions (Figure 3). The comparison of experimental
and FE model predictions (the hoop and axial strain
values at the strain gages located at the front, central,
and back cylindrical section of the vessels) is shown in
Figures 9 and 10, respectively. The results indicated
that there is a satisfactory agreement between experi-
mental and numerical strain values, especially in the
hoop direction. In general, a stiffer response was
observed from hybrid vessels as expected. Strain
gauge measurement distortions were observed signifi-
cantly along the axial direction as compared to those
from the hoop direction. This may be due to an order of
magnitude smaller strains in the axial direction and
strain gage sensitivity. The attachment of the axial
strain gauges between the outermost hoop rovings
may also contribute to the observed distortions.

The radial and axial deformation vs. internal pres-
sure curves were plotted for all types of vessels in order
to determine the burst pressure based on FEA as shown
in Figures 11 and 12, respectively. The investigation of
the metal liner behavior revealed that the liner appar-
ently yielded at about 644 bar and then a significant
radial deformation was observed. The yield point of
the bare liner can also be considered as the lower
burst limit of the bare metal liner due to the absence
of any additional reinforcements to keep the liner
intact. The behavior of COPV distinctly differentiated

Table 3. Failure modes with corresponding Hashin failure criteria and material property degradation (MPDG) constants.49,53

Failure mode Failure criteria MPDG constants

Fiber tension �1 � 0 Ff ,t ¼
�1

Xt

� �2

þ �12

S12

� �2

þ �13

S13

� �2

0.9

Fiber compression �1 5 0 Ff ,c ¼ �
�1

Xc

� �
0.9

Matrix tension �2 þ �3 � 0 Fm,t ¼
�2

Yt

� �2

þ �23

S23

� �2

þ �12

S12

� �2

þ �13

S13

� �2

0.1

Matrix compression �2 þ �3 5 0 Fm,c ¼
�2

2S23

� �2

þ �23

S23

� �2

þ �12

S12

� �2

þ Yc

2S13

� �2

� 1

� �
�2

Yc
0.1
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Figure 8. (a) Steel liner, (b) glass fiber COPVs, (c) hybrid fiber COPVs after burst pressure testing.

Table 4. The experimental test results and numerical predictions of the burst pressure values.

Specimen

Experimental

burst pressure (bar)

Predicted FE

model burst

pressure (bar) Difference (%)

Steel Liner Prototype 1 622 644 3.54

Prototype 2 692 �6.94

GF (glass fiber based) COPV Prototype 1 919 953 3.59

Prototype 2 879 8.30

Hybrid (glass/carbon fiber based) COPV Prototype 1 922 943 2.17

Prototype 2 887 6.20
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Figure 9. Comparison of experimental and FEA prediction of hoop strain values of glass fiber and hybrid COPV at (a) front (T1), (b)

central (T2), and (c) back (T3) cylindrical section positions.
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Figure 10. A comparison of experimental and FEA prediction of axial strain values of the glass fiber and hybrid COPV at (a) front

(T1), (b) central (T2), and (c) back (T3) cylindrical section positions.
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from the bare liner since its liner yield occurred at
higher internal pressures (679 bar for glass COPV and
715 bar for hybrid COPV). After yielding of COPV
liners, composite reinforcement was the sole responsible
for resisting the internal pressure, which is observable
from the change in the linearity of radial deformation.

The deformation behavior of COPV, also denoted as
hybrid COPV radial deformation, was significantly

smaller than those for the glass COPVs at the
same pressure, which is an indication of a positive
hybridization effect. COPV burst pressures were mea-
sured as 953 bar for glass-based COPV, and 943 bar for
glass/carbon-based COPV. Both experimental and
numerical findings indicated that no hybridization
effect was present for the burst pressure of the vessels
(Table 4).

Figure 11. The radial deformation vs. internal pressure curves of pressure vessels, obtained from FEA.

Figure 12. The axial deformation vs. internal pressure curves of pressure vessels, obtained from FEA.
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The result of FE analysis showed that axial deform-
ations of the bare metal liner and COPVs differ signifi-
cantly. After yielding of the bare metal liner, the axial
deformation continued to increase up to 718 bar. After
that point, the deformation of the bare liner dominated
by the radial deformation and began to contract axi-
ally. This may not occur during the hydrostatic pres-
sure experiments due to the fact that the final burst
pressures of bare metal liners did not exceed 692 bar.
For bare metal liners, the lower (yielding) and upper
(axial contraction) limits of burst pressures can be iden-
tified as 644 and 718 bars, respectively. COPVs did not
show any contraction behavior. This is owing to the
perfectly bonded composite reinforcement in the FE
model, as the composite reinforcement resists any
expansion or contraction. Only glass helical filament
wound layers reinforce both types of COPVs on axial
direction; therefore, the axial deformation behavior of
both glass and hybrid COPVs were observed as nearly
identical as expected. Similar to the radial deformation
curves, burst pressures of COPVs can also be detected
from axial deformation behavior, for axial deform-
ations increase steeply without any increase in the inter-
nal pressure.

Figure 13 reveals the maximum equivalent (von-
Misses) stress throughout the liner with increasing the
internal pressure. The composite reinforcement effect
can be realized as lower stresses were observed in
COPVs compared to the bare metal liner, particularly
at the linear region of the curves. Figure 13 depicts the
maximum stress of the whole liner through the burst
pressure test. The exact location may change with
increasing pressure, for instance, the maximum stress

may occur in the frontal dome at lower internal pres-
sures and in the central cylindrical section at near burst
pressures.

So in order to further investigate the mechanical
behavior of the vessels, the equivalent stress through
the inner surface of the liner is obtained from FEA at
internal pressure levels of 500 and 700 bar and plotted
in Figure 14. Before yielding of the liner (Figure 14(a)),
the highest stresses occur at halfway through the frontal
dome section. The effect of composite reinforcement
was apparent on stress concentrations at the frontal
and back domes and through the cylindrical region. It
was also observed that the hybridization of composite
hoop layers further contributes to lowering the stress of
the cylindrical section of the vessel.

The maximum stress was reached at near burst
(Figure 14(b)) cylindrical region, as expected. The
bare liner showed the highest stresses at the central sec-
tion of the cylindrical region owing to the fact that it
has no composite reinforcement. COPVs exhibit similar
behavior because of the fact that the liner has signifi-
cantly low load-carrying capability, and that it reached
maximum stress plateau through the cylindrical region
of the vessel.

The experimental results and numerical predictions
with their respective differences of the burst pressure of
the produced vessels and the liner are given in Table 4.
It is obviously seen that constructed 3D FE model with
the Hashin FPF criterion and simple progressive failure
predicts in a range within about 8% of the experimental
findings. The results of the numerical prediction were
slightly higher (except for the bare metal liner proto-
type 2, which was still in the previously identified upper

Figure 13. The maximum equivalent stress of the liner vs. internal pressure curves, obtained from FEA.
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Figure 14. The equivalent stress vs. axial distance along the inner surface of the liner at (a) 500 bar and (b) 700 bar.
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and lower burst limits) in all cases. This may be asso-
ciated with material inhomogeneities such as porosity
and manufacturing issues that were not considered in
the numerical model. Furthermore, the mechanical

properties of all the materials involved in COPVs
were obtained based on the information present in the
literature and the data may not perfectly be represen-
tative of the manufactured COPVs. These explain the

Figure 16. The comparison of failure indices of hoop plies of both COPV types near burst.

Figure 15. A comparison of the maximum equivalent stress vs. internal pressure at the outermost glass/epoxy layer for both types

of COPVs.
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slight overestimation of the burst pressure of the vessels
as compared to those obtained with the numerical
model.

Although the hybridization of carbon hoop layers
positively influences radial deformations and equivalent
stress at the cylindrical section of the liner, both experi-
mental and numerical burst results revealed that
hybridization has negligible effect on the final burst
pressure. This outcome can be explained by the stiffness
difference between the carbon and GFs and the strain
compatibility of the whole composite structure. In
hybrid COPVs, due to their higher stiffness and lower
elongation, the inner CF hoop layers tend to carry load
first to ensure the strain compatibility, thus reducing
the effective load-carrying capacity of the other plies.
Figure 15 shows a comparison of calculated Hashin
fiber tensile failure indices of all plies to demonstrate
this phenomenon. It was evident that stress buildup in
hoop plies was significantly faster than the helical plies
in both types of COPVs. It was also noteworthy to
observe that two CF hoop layers in hybrid COPV sig-
nificantly reduced the failure indices in helical plies and
the outermost GF layer.

The comparison between the hoop plies of the both
COPV types near burst was also made as shown in
Figure 16. The progressive failure of the plies initiated
when the innermost hoop ply reaches fiber tensile fail-
ure index of 1. This was followed by the sequential
failures of the hoop plies from the inner to outermost
direction. Finally, all helical layers immediately fail
after all hoop plies lose their load bearing ability.

Concludıng remarks

GF and hybrid (glass/carbon) COPVs containing both
helical and hoop layers were manufactured with fila-
ment winding technique. An FE model which features
a non-linear material behavior for isotropic liner mater-
ial, a simple progressive failure model for composite
reinforcement, and thickness and fiber angle variations
on the dome sections have been developed to analyze
the mechanical behavior and predict the burst pressure
of the vessels. The FE model yielded good correlations
between experimental and numerical results. In add-
ition to the experimental and numerical agreement of
the mechanical behavior of the COPVs, the model was
also able to predict the burst pressures of the vessels
within 8%. However, the results showed that carbon
hoop layers introduced in hybrid COPVs did not have
any significant effect on the final burst pressure per-
formance. This result was attributed to the significant
increase of the load-sharing capacity of carbon fiber
hoop layers due to the stiffness difference between
CFs and GFs while maintaining the strain compatibil-
ity of the structure. It can be concluded that the

interlayer hybridization is straightforward to imple-
ment considering both manufacturing and modeling
wise with benefits in deformational behavior of the
COPVs. On the other hand, it turned out to be ineffect-
ive for improving the burst performance. Furthermore,
increasing the number of load-sharing carbon hoop
layers at the cylindrical section of the structure may
result with unsafe burst of the COPVs. As indicated
in this study, the experimental validation of the numer-
ical model featuring essential aspects of COPVs is fun-
damental for future development of high-pressure
COPVs, thus enabling widespread adoption of alterna-
tive clean energy carriers such as hydrogen.
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7. Barthélémy H. Hydrogen storage – industrial prospect-

ives. Int J Hydrogen Energy 2012; 37: 17364–17372.
8. Takeichi N, Senoh H, Yokota T, et al. ‘‘Hybrid hydrogen

storage vessel’’, a novel high-pressure hydrogen storage

vessel combined with hydrogen storage material. Int J

Hydrogen Energy 2003; 28: 1121–1129.

978 Journal of Composite Materials 54(7)

https://orcid.org/0000-0002-0967-4680
https://orcid.org/0000-0001-9770-1302
https://orcid.org/0000-0002-5706-2101


9. Xu P, Zheng JY and Liu PF. Finite element analysis of
burst pressure of composite hydrogen storage vessels.
Mater Des 2009; 30: 2295–2301.

10. Rafiee MA, Rafiee J, Wang Z, et al. Enhanced mechan-
ical properties of nanocomposites at low graphene con-
tent. ACS Nano 2009; 3: 3884–3890.

11. Wang R, Jiao W, Liu W, et al. A new method for pre-

dicting dome thickness of composite pressure vessels.
J Reinf Plast Compos 2010; 29: 3345–3352.

12. Bunsell AR. Composite pressure vessels supply an answer

to transport problems. Reinf Plast 2006; 50: 38–41.
13. Johnston B, Mayo MC and Khare A. Hydrogen: the

energy source for the 21st century. Technovation 2005;

25: 569–585.
14. ISO/TS 15869:2009. Gaseous hydrogen and hydrogen

blends/land vehicle fuel tanks.

15. Hocine A, Chapelle D, Boubakar ML, et al.
Experimental and analytical investigation of the cylin-
drical part of a metallic vessel reinforced by filament
winding while submitted to internal pressure. Int J

Press Vessel Pip 2009; 86: 649–655.
16. Shao Y, Betti A, Carvelli V, et al. High pressure strength

of carbon fibre reinforced vinylester and epoxy vessels.

Compos Struct 2016; 140: 147–156.
17. Cohen D. Influence of filament winding parameters on

composite vessel quality and strength. Compos Part A

Appl Sci Manuf 1997; 28: 1035–1047.
18. Cohen D, Mantell SC and Zhao L. The effect of fiber

volume fraction on filament wound composite pressure
vessel strength. Compos Part B Eng 2001; 32: 413–29.

19. Liu PF, Chu JK, Hou SJ, et al. Numerical simulation and
optimal design for composite high-pressure hydrogen
storage vessel: a review. Renewable Sustainable Energy

Rev 2012; 16: 1817–1827.
20. Francescato P, Gillet A, Leh D, et al. Comparison of

optimal design methods for type 3 high-pressure storage

tanks. Compos Struct 2012; 94: 2087–2096.
21. Leh D, Saffré P, Francescato P, et al. A progressive fail-

ure analysis of a 700-bar type IV hydrogen composite

pressure vessel. Int J Hydrogen Energy 2015; 40:
13206–13214.
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