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Abstract: Composite Overwrapped Pressure Vessels (COPVs) are widely used in fields including
aeronautics and by companies such as SpaceX to hold high pressure fluids. They are favored for
these applications because they are far lighter than all-metal vessels, although they demand special
design, manufacturing, and testing requirements. In this study, finite element modeling was used
to conducted stress and damage assessments on a composite overwrapped pressure vessel that
has a 4 mm thick aluminum core cylinder. To develop the optimum COPYV, the lamina sequences,
thickness, and fiber winding angle were considered. The relationship between these variables and
the composite-overwrapped structure’s maximum burst pressure bearing capacity was assessed. The
ABAQUS composite modeler was used to design and generate 14 models of COPVs from carbon
fiber /epoxy plies with a consistent thickness of 6.5 mm and various fiber angle orientations. The
effects of the ply stacking order were analyzed by the finite element analysis approach for all designed
models, which had 13 layers of uniform thickness but a varying fiber orientation. A ply stacking
sequence of [55°, —55°] PP winding pattern had an optimum COPV design profile, with a burst
pressure bearing capacity of 24 MPa. The stress-strain distribution along the geometry of the COPV
was also obtained using the finite element method, and it was found that the distribution is uniform
over the surface of the COPV and that its peak values are found towards the polar boss section of the
COPV. Extreme stress gradients were noticed when the boss nears its geometrical transition to the
dome phase. This factor is evident from the change in the ply thickness caused by the overlapped
fiber orientation. The results obtained from this study are useful for the design and application of
composite overwrapped pressure vessels.

Keywords: burst pressure; composite overwrapped pressure vessel; failure criteria; finite element
method; optimal winding angle; pressure vessel

1. Introduction

The introduction of high-performance Kevlar- and carbon fiber-based composite mate-
rials accompanied with the optimum design of fiber alignment has enabled the production
of filament wound composite overwrapped pressure vessels (COPV) as a vital energy
storage capacity type of equipment per optimal unit mass [1]. COPVs are containers that
are used to hold a liquid under pressure. Based on the composite coverage, there are many
forms of composite pressure vessels (CPV). Among these categories, the type III pressure
vessel is made up of a filament wound aluminium lining and a composite overwrap [2].
A study of early COPV design reported in [3] provides an introduction to the mechanical
difficulties of COPVs. High-performance COPVs'’ structural designs are aimed at opera-
tions demanding fiber stress values of 60 to 70% of maximum stress. The composite strains
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exceed the matrix-cracking and -crazing limit at these stress levels. As a result, liners are
needed to obtain leak-free structures [3,4].

Elastomers and thin metallic liners were researched [5] extensively early on because
of their potential to store a large amount of energy. However, the elastomers tested were
unsuitable for high-pressure gas applications due to tearing and blistering. To eliminate
the bending or creasing of thin metal liners during unloading stages, they must be glued
to the composite overwrap [6]. Therefore, COPV design and analysis should consider the
interaction between the liner and fiber overwrap. Soft aluminum or ductile materials with
limited load-sharing capacity have commonly been used as COPV liners [7].

Plastics have been used as liner materials in recent COPV designs to reduce the
weight of the structures [2,8]. In most cases, the fiber is applied as a strip of several
fibers that is passed through a liquid resin. The vessel liner and the impregnated-fibers
strip-distribution tip operate with respect to one another to wrap the fiber on the liner
in the required shape. For the construction of the cylindrical vessel, the fiber winding
is usually placed in both lengthwise (spiral) and circular (hoop) wraps [9]. The filament
winding method for composite pressure vessel production entails several critical steps,
including determining the resin composition, fiber design, the wrapping tension, and the
wrap arrangement in relation to the liner’s axis and requires the curing temperature of the
impregnated fiber to be at high within the given time [10]. The design of all the vessels
should consider, for the sake of its service, the testing pressures, external stresses due to
mechanical impacts and chemical reactions, lifespan, and the safety factor set both for the
static and dynamic working scenarios of the vessel structures [11]. Figure la depicts a
traditional metal-based pressure vessel production method, whereas Figure 1b,c depict
the filament winding process for Type II-IV COPV, which employ a continuous filament
of reinforcement material wound at varying layers and requiring patterns over a rotating
mandrel to produce type II, I1I, and IV composite overwrapped pressure vessels that can
be used for energy storage [1,2,8].
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Figure 1. (a) Type-I Pressure vessel production method, (b) Filament winding layout for COPV
production (reproduced from [12], an open access article distributed under the terms of the Creative
Commons CC-BY license, which permits unrestricted use, distribution, and reproduction), and
(c) Geometrical overview of vessels type II-IV (Reproduced with permission from [13]; copyright
© 2017 Elsevier Ltd., Amsterdam, The Netherlands).

Type I cylindrical vessels are designed to store hydrogen gas at 20-30 MPa and are
built entirely of metal. They have a low mass storage efficiency, which is about 1% of
the hydrogen stored, and are challenged with fulfilling the stipulated specifications for
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hydrogen energy storage applications. For on-board storage in vehicles, the European
goal for weight efficiency is designated at 4.8 wt% of hydrogen stored in the system [14].
This goal can be achieved with a carbon fiber composite type III or type IV COPV with a
working pressure of 70 MPa [14,15].

As manufacturing technology progresses, pressure vessel applications have spread
swiftly worldwide [16]. Nowadays, there are various commercial algorithms that have used
the mandrel’s form as the primary data to generate filament winding paths. According
to the work reported in [15], a more complex path-generating approach was studied in
order to improve the end performance of the product. The method considers the mandrel’s
changing form as a result of the ply’s uneven thickness distribution from earlier winding
forms. The other approach necessitates the use of sophisticated machines and requires the
purchase of commercial software for path development in order to achieve the optimum
design of the COPV [15,16].

The stress and deformation distribution in actual COPV structures can be non-uniform
due to a variety of variables ([11,12]) including the liner’s relative stiffness to the over-
wrap, the liner-overwrap interface slip characteristics, and the occurrence of incompatible
curvature changes. In regions where the liner thickness is constant, the overwrap may
appear to act as an elastic base that cradles the liner [16]. For cylinders subjected to internal
pressure, numerical analyses have been used to assess the stress and damage of COPVs
with aluminum liners [6,16]. Both the tension and compression of the fiber and the matrix
have been investigated as failure modes for the composite material [10]. This research
investigated the impact of damage evolution on the burst pressure and auto-frettage pres-
sure. When the cylinder was subjected to the service pressure, the matrix fracture damage
was discovered on the head of the vessel and fiber tensile damage on the central section
of the cylinder. The study also indicated that auto-frettage has a minor impact on stress
amplitude but a big impact on mean stress.

To optimize pressure vessel design parameters, an analytical solution and numerical
analysis in finite element analysis (FEA) were applied [9]. The materials chosen for the
comparison in this study were stainless steel and fiber-reinforced composite materials. For
a specific lay-up configuration, the thickness of the pressure vessel is determined by the
fiber orientation and material type. In comparison to stainless steel pressure vessels, the
composite pressure vessel has better weight savings. The damage evolution and failure
strength of composite hydrogen storage tanks under internal pressure were predicted using
a 3D parametric finite element model [17], where the FEA was limited to the cylindrical
portion of the pressure vessel. The cylinder was made of 10 layers of carbon fiber/epoxy
composite material and the liner was made of 6061-T6 aluminum alloy. According to the
studies reported in [6,9], the structural damage was predicted based on four failure criteria,
among which the Tsai-Wu failure criteria were found to be the most accurate.

Pressure vessels with a thermoplastic liner and glass filament wound reinforcements
were studied in [13]. Accordingly, the mechanical behavior of pressure vessels under
internal pressure to failure was investigated using the commercial software ABAQUS. The
FEA results were then compared with experimental results. The advancement of filament
winding technology is boosting composite material use in emerging COPV markets [17].

For years, filament winding has been used to manufacture axisymmetric fiber-reinforced
polymer structures such as pipes, pressure tanks, pipe fittings, and drive shafts [10]. Robotic
advancements have also enabled the production of composite components with more com-
plex shapes [18]. Compared to traditional all-metal structures such as pressure vessels,
filament winding can produce structures with extremely high stiffness-to-weight and
strength-to-weight ratios [12]. The aerospace industry benefits from rocket propellant tanks
and solid rocket motor casings, while the automotive industry benefits from high-pressure
fuel storage tanks for hydrogen-powered cars [19]. The design optimization of the compos-
ite pressure vessel was studied by FEA and empirical validation with respect to a variety of
structural applications to acquire the optimum winding angles of composite overwrapped
pressure vessels [20]. Due to the complicated nature of the composite structure, an experi-
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mental verification of FEM derived results is also essential. In the work reported in [21],
research was conducted utilizing the conventional laminated plate and Tsai-Wu failure
theories. They observed that the optimal inter-ply angles varied with the type of material,
with values of 52.1° and 54.1°. Another study reported in [22] was performed to visualize
the problems of internal pressure single-sided composite pipe optimization. They looked
at E-glass, carbon, and Kevlar fiber-reinforced composites and found that three winding
orientations, 53.2°, 54.3°, and 54.9°, were optimal.

Another study [23] was performed on the cylindrical section of four-layer vessels
considering both the hoop and polar winding angle. The burst pressure was estimated as
a function of the different fiber orientation angles. They determined that the orientation
angle & & 45° was the best among the possible fiber orientation angles studied.

A comprehensive literature study on the effects of the fiber winding angle, the ply
sequencing pattern, and the ply thickness for composite overwrapped pressure vessels
subjected to internal pressure stress and damage analysis indicates that more studies are
still needed despite the significant prior studies focusing on the impact of various loads on
the mechanical damage of vessels made of composites. Furthermore, from the reported
literature, limited emphasis has been placed on the parameters’ effect on the geometrical
profile of COPV. To address some of the observed limitations in the literature, the objective
of the current study is to examine the design of composite overwrapped pressure vessels to
provide optimized variables with a focus on two major issues: (1) performing FEA on a
composite overwrap pressure vessel that has been designed with a variety of layers and
orientations to withstand a maximum burst pressure, and (2) examining the stress and
damage characteristics of COPV designs with a uniform fiber angle orientation but different
ply sequences.

2. Materials and Methods

Carbon fiber is commonly used in construction of both computational and physical
models of COPV because it has a high-modulus of elasticity and high-strength with a low
coefficient of thermal expansion as well as high fatigue strength [24]. Since the COPV has
an inner layer made of aluminum alloy, the AL6061 physical properties were used to model
it. The physical properties of the used carbon fiber reinforced polymer composite (CFRP)
and AL6061 to model the COPV were adopted from [25,26], whose values are shown in
Table 1.

Table 1. Physical property values of Aluminum linear and CFRP (T800S and TCRUF 3325-95).

Property Units Value
Density (kg/m3) 1570
Aluminum Young’s modulus GPa 74.12
(AL6061) Poisson’s ratio (v) - 0.3
Ultimate shear strength GPa 0.6
Young’s modulus in direction 1 (E1) GPa 176.8
Elasti Young’s modulus in direction 2 (E2) GPa 10.3
astic Poisson’s ratio in direction 12 (v12) - 0.23
Shear modulus in direction 12 (G12) MPa 4.8
Tensile strength in direction 1(XT) GPa 33
Compressive strength in direction 1 (X©) GPa 1.7
Hashin’s parameters Tensile str?ngth in dire.ctio.n 2 (YT) . GPa 0.096
Compressive strength in direction 2 (Y™) GPa 0.289
Shear strength in direction 1 (S&) GPa 0.096
Shear strength in direction 2 (sT) MPa 0.096
Longitudinal Tensile Fracture Energy (Gt MJ /mm? 984.778
Damage Evolution Longitudinal Cqmpressive Fracture Er}tergy (Gl MJ/ mmi 277.9966
Transverse Tensile Fracture Energy (G") M]/mm 7.02575
2

Transverse Compressive Fracture Energy (G') MJ/mm 117.694
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2.1. Analytical Study of the Composite Overwrapped Pressure Vessel

The geometrical representations of the studied pressure vessel, as well as the accom-
panying nomenclature, are shown in Figure 2. According to shell theory, the fiber path
must be satisfied for balanced stress levels in the dome region. If the strains in the shell are
modest enough, it should be ignored in comparison to unity [26].

~

(a) (b) T (c) g

Figure 2. COPYV: (a) fiber geodesic path on dome, (b) schematic view of vessel coordinates, and
(c) fiber path on cylinder.

The normalized dome profile of the pressure vessel is plotted using y as a function of
the axial coordinate x yielding an elliptic integral of the third kind [26].

x3d,

v=-] [(1—2)(2 —ay) (22 — ay)] "

1/2
sy~ (182) 1] s 4] ()" 1]
The constant of integration is evaluated from the fact that y = 0 when x = 1.
Integration of Equation (1) will produce the coordinates of the dome contour geometry.

The initial winding angle of COPYV is calculated using the relation in Equation (2) that
relates to the non-geodesic winding method [27].

R—Rp \"
x(R) =sin"! (I;0> £+ (Rﬂ — R00> 2)

where R is the radial distance from the centerline to a point in the layer, Ry is the radius
of the polar axis, and Ry is the radius at the dome—cylinder tangent line. The exponent n
controls the variation from the tangent line to the turnaround point [28].

+C )

PR
NZ = 7/ Ne =PR (3)

Axial and hoop stresses can be calculated as in Equation (4):

Ny PR No PR

Taxial = T = E/ Ohoop = T t (4)
According to [27], the thickness of the filament wound reinforcement at each point of
the dome is obtained using Equation (5):

Xeyl COS ey
x cosa(R)

©)

where

¢y = winding angle at cylinder or dome junction;

teyy = thickness of composite at cylinder dome juncture;
Xcy = radius at cylinder dome juncture.
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Barlow’s equation, Equation (6), is also used to determine the thickness of the cylindri-
cal shell of the inner linear [29]:

T = Pg x (6)

2 X0y
where Pp is the burst pressure of the liner in MPa, ¢y, is the ultimate strength of the material
in MPa, T is the thickness of pressure vessel in mm, and D is the inner diameter of pressure
vessel in mm.

Windenburg and Trilling Equation (Equation (7)) is used to determine composite shell
critical pressure [28]. Accordingly, the critical pressure P, can be found by considering the
thickness of the shell (t), diameter of the cylindrical shell (d), length (spacing) between the
stiffeners (I), Young’s Modulus (E), and Poisson’s ratio (v) as follows:

242E[£]*
- v2]0.75 [é B 0.45[5}0.5]

Py = @)

According to maximum shear stress theory of failure ([28-31]), material failure is
predicted when its maximum allowable shear stress reaches the stress at which it would
yield in a tensile test, and this is expressed as

S o — 0
Tmaxzﬁz% 8)

This theory can also be used to determine the wall thickness () of the inner liner
aluminum cylinder of inner diameter D; subjected to internal pressures (P;), which is

given by:
Dl' T
=2 em ] ©

The Hashin failure criterion, which comprises four typical failure modes, the matrix
tension and compression, the fiber tension and compression, and the initiation of damage
to the composite layers, was used in this study to forecast failure [10].

Fi= (2L ’ a2 i Fiber tension (07 > 0) (10)
=\ % S, 12
=2 : Fiber compression (7 < 0) (11)
f=\ X, P !
Ft— 02 . 06 . . .
n= || +| < | Matrix tension (c2 > 0) (12)
Yr St

2 c N\ 2 2

Y
E, = (2(;1) + (2'5T> -1 % + (gi) Matrix compression (07 < 0) (13)
According to Tsai-Wu failure theory [32], delamination characteristics of the com-
posite lamina that are subjected to plane stress conditions can be determined using

Equations (14) and (15)

Fioy1 + Faogp + Fi110% + Fapo3y + Fes0oy + 2F1001102 (14)

where Fy, Fp, F11, F22, F12, and Fgg are determined based on the used materials strength
parameters as formulated in Equation (15).

1 1 1 1 1 1 1 1
=%, T xbTy Ty T yy e 5 V2 Fe = o (15)
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2.2. Finite Element Modeling of Composite Pressure Vessel

The pressure vessel model was created using the composite modeler of ABAQUS
software using the steps shown in Figure 3, and the finite element analysis was completed
using ABAQUS standard/explicit model. The required vessel profile was created as a full
quarter model (90-degree sweep) using a cylindrical coordinate system with a 5-segment
shell element. After that, an ABAQUS/CAE package was also used to generate the pressure
vessel geometry, load-sharing metallic liner, and composite overwrap.

Define geometry
and mesh

}

Define material

Choose material
properties for layup

Define plies
Flat pattern Define layup including ply Layup
generation arrangement verification

]

Calculate section definition
for given layup

Define constraints, boundary
conditions and load cases

}

Analysis and result
visualization

Figure 3. Modal analysis steps used in ABAQUS/CAE composite modeler.

The overall geometrical shape configuration of the inner linear and pressure vessel was
determined as ASTMD 2585 standard for COPV, which was adopted from [33]. Accordingly,
the vessel was made with a 240 mm length and 145 mm diameter, with an inner aluminum
layer that was 4 mm thick. Using dome shape estimations, the geometry of the vessel was
then plotted. However, developers can specify such a geometry after creating the CAD
model and importing it as a part drawing by the provided analytical data. Figure 4a—c show
the linear geometrical description, the 3D model, and stack sequence profiles, respectively.

Section: "Section-ASSE
= Total thickness: 10.500000,
k 2 Plok of plies 1 to 14, of 14,

1

(e

Figure 4. COPV: (a) Dimensions’ layout, (b) 3D model of the linear, and (c) Stack sequence of lamina.
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For the COPYV, a composite lay-up consisting of 13 fundamental plies was created.
When modeling the material properties of COPV in ABAQUS packages, engineering
material attributes were added, and boundary conditions were created using the load
module. The top face of the sectioned COPV was subjected to the boundary condition on
x-axis (i.e., axis 1). Thus, the radial and circumferential displacements of COPV model
were set to be in fixed position. The symmetric side faces were assigned to be boundary
conditions on the y-axis (2) and the z-axis (3). Then, for the finite element optimum model
iteration, the number of layers and layer sequence, the hoop angle, and the helical angle
were varied in different scenarios to obtain a model that absorbs the maximum burst
pressure. Using the load manager from the load module of ABAQUS software packages, a
uniform pressure of 30 MPa was applied to the internal face. Figure 5 illustrates how mesh
was created using quadratic hexahedral elements.

ia) ih)
Figure 5. COPV FEM: (a) Boundary condition and loading (b) meshed model.

It is important to use different levels of mesh densities to ensure that FEM results
can converge. Analyses with a coarse mesh may cause inaccurate results. The results of
finite element simulations must converge to a fixed value by introducing mesh refinement.
However, finite meshes lead to increased use of computational power. Therefore, finding
the coarsest mesh that is still accurate enough is important. A mesh convergence study
was carried out before proceeding to detailed analyses. For this purpose, four different
mesh densities were used. For the present case, the S8R mesh generation element type was
selected. The first model was used to analyze the convergence of the results. Figure 6 shows
the models of four different mesh densities with the corresponding convergence results.

1,250 Elements 5,000 Elements 9_ 200 Elements 4000 Elements

Figure 6. COPV implemented mesh densities for convergence study.

The computational study of the developed model was divided into two groups
based on the fiber orientation and number of laminas employed in 14 COPV models.
The maximum stress and strain, as well as Hashin’s damage criterion, were used to com-
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pute the developed burst pressure on each of the COPVs. The applied load was considered
as the burst pressure at which the COPV was expected to fail when the failure index is
greater than one. Figure 7 depicts a commonly used failure criterion evaluation approach
that was employed in this study.

Apply load, |
P="P,
Calculating stress Increase
using Failure Theory load

Is failure
index>1?

Check wi;ch failure
criteria

Is failure
observed?

Failure mode
identified _>< S )

Figure 7. Flowchart of failure criterion.

The first 8 models were used to investigate the effect of orientation angle, while the
next 6 models were used to investigate the effect of the layers. These numbers were selected
randomly. For the first 8 models, the number of layers was taken from analytical approach
analysis as 13 layers and changing the winding angle, and the internal pressure of 30 MPa
was applied gradually with the small increments. The next 6 models (model 9-14) were
analyzed by varying the number of layers without changing the orientation angle. In all
models, the thickness of the composite was considered the same as the calculated value
from the analytical approach, which is 6.5 mm.

3. Results and Discussion

The finite element models of the COPVs were created using S8R, and an eight-node
thick curved shell with three-point integration components. The 3D models of the ASTM D
2585 vessel, as well as the composite lay-up, are shown in Figure 4a,b. The purpose of the
computational study was to find the optimum winding angle for a COPV that could bear
the highest burst pressure. Selecting the right mesh size is vital in achieving acceptable
results with the least amount of processing resources. The chosen mesh sizes have an
impact on the results of the computational study, where choosing a fine mesh will increase
the number of the model’s element-level computations, resulting in a high processing cost.
As aresult, finding the smallest mesh with an acceptable result was one of the approaches
employed in this study. Therefore, a mesh convergence study was conducted prior to
undertaking a detailed evaluation of the COPV models. The mesh sensitivity was also
examined by varying the element sizes, with the final optimized mesh being employed in
the analysis. The optimum composite overwrapped pressure vessel was obtained using
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a total of 14 different models, as shown in Table 2. The mesh convergence analysis led
to the selection of a COPV model built with 9800 elements as an input model for further
simulation study.

Table 2. FEA-based burst pressure analysis results for ASTM2585 based COPV.

Case No. No. of Layers Winding Angle [°]/Ply Sequence Preizll,li-lél?{t:jgl:l:ﬁtl’a) BE;:?;’?:silﬁ‘;ezl\angfa)

1 13 PP* [15, —15] s - -

2 13 PP [30, —30] s - -

3 13 PP [45, —45] s 19.7-20.5 20.1
4 13 PP [55, —55] s 20.7-27.756 24.228
5 13 PP [60, —60] s 17.7-24.75 21.225
6 13 HH** [75, —75] s 13.95-29.772 21.861
7 13 HH [89, —89] s 13.35-15.9 14.175
8 13 PHP [25/—-25/87.5/—25/87.5/—25/87.5] s - -

9 5 PP [55, —55] s 20.115-28.515 24.315
10 8 PP [55, —55] s 21-27.99 24.495
11 14 PP [55, —55] s 20.7-27.9 243
12 20 PP [55, —55] s 20.859-27.759 24.309
13 21 PP [55, —55] s 20.706-27.756 24.231
14 27 PP [55, —55] s 20.8566-27.756 24.3063

P* stands for polar winding angle and H** stands for hoop winding angle.

The performance of the composite vessel is mostly determined by the toughness and
strength of the composite layers, which are significantly related to the parameters of the
fiber, the fiber’s principle orientation, the stack sequence, and the geometrical size [34].
The model designated on the 10th case model shown in Table 2, which was designed with
eight layers at a fiber orientation of [55°, —55°] s PP pattern, showcased an FEA-based
result of a burst pressure of about 24.495 MPa and 20.1 MPa through an analytical method
that performed as an optimal design alternative for the influence of the ply sequences
evaluation for its stress bearing characteristics.

3.1. Burst Pressure Analysis

The failure load step value was observed to calculate the burst pressure by increasing
the internal pressure by a small increment, where the critical burst pressure was obtained by
multiplying the maximum internal target pressure set by the failure load step. To examine
the failure index, based on the FEA report, the 10th model with eight layers of COPV plies
bore a burst pressure of 24.495 MPa, which is indeed the optimum design for layering
and sequencing the composite plies. This model was made with eight layers at [55°, -55°]
and has a good combination for its maximum burst pressure, as can be seen from Table 2.
According to the FEA results of models 1-3 and model 8, the failure index of the theoretical
values is less than one. As a result, the failure pressure of COPVs is not determined by this
load increment time step. The maximum strain failure indicators (MSTRN) for amplitudes
of 0.925 and 0.93 are depicted in Figure 8. At a 0.93 amplitude, the MSTRN values are
greater than one, as indicated in the large hoop part of the COPV half section. Accordingly,
this load step duration is referred to as the failure pressure. At its amplitude, the burst
pressure can be obtained or calculated as (0.93 x 30 MPa) = 27.9 MPa.

The maximum stress failure indices (MSTRS) are shown in Figure 9, in which it
is shown that the maximum strain failure index is less than one for a 0.83-time frame-
loading and larger than one for a 0.835-time frame-loading. This time frame failure in-
dex is a multiple of one and is found in the vessel’s massive cylindrical section. As a
result, the loading step time was used as a function to determine the burst pressure. Ac-
cording to the maximum stress failure criterion, at this step time, the burst pressure is
(0.835 x 30 MPa) = 25.05 MPa.
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Figure 8. Maximum strain failure index: (a) at load step 0.925 and (b) at load step 0.93.
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Figure 9. Maximum stress failure index: (a) lower than 1 at load step 0.83 and (b) greater than 1 at
load step 0.835.

The Tsai-Hill failure indexes (TSAIH) are shown in Figure 10. As can be observed
from Figure 10b, a major section of the vessel hoop portion has values greater than one at
step time 0.7. At this step time, the calculated burst pressure is (0.7 x 30 MPa) = 21 MPa.
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Figure 10. Tsai-Hill failure index (TSAIH): (a) lower than 1 at load step 0.695 and (b) greater than 1
atload step 0.7.

The model was also analyzed using the Tsai-Wu failure index (TSAIW), whose results
for the step times 0.72 and 0.725 are shown in Figure 11. The TSAIW failure indices are
lower than one in Figure 11a in all the areas of the model. Hence, this step time of the load
is not considered as the burst pressure. However, in Figure 11b, the TSAIW contour at
step time 0.725 is shown and the values are larger than one in the large hoop areas. This
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increment loading is taken as the burst pressure. Thus, the burst pressure at this step time
is (0.725 x 30 MPa) = 21.75 MPa.
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Figure 11. Tsai-Wu failure index: (a) lower than 1 at load step 0.72 and (b) greater than 1 at load
step 0.725.

The Hashin fiber tension damage criterion (HSNFTCRT) contour plot is another
composite material characterization criterion and the analysis performed on the model
of this study is presented in Figures 12 and 13. The burst pressure was achieved when
the Hashin fiber tension damage value exceeded one. Accordingly, Figure 13b illustrates
the contour plot phenomenon of the HSNFTCRT that occurred at the loading step for a
time frame of 0.76. At this point, the COPYV fibers are completely damaged. Therefore,
the burst pressure is equal to the loading increase. The burst pressure at this step time is
(0.76 x 30 MPa) = 22.8 MPa.
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Figure 12. Hashin fiber compression failure index (HSNFCCRT): (a) lower than 1 at load step 0.735,
and (b) greater than 1 at load step 0.74.
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Figure 13. Hashin fiber tension failure index (HSNFTCRT): (a) lower than 1 at load step 0.755, and
(b) greater than 1 at load step 0.76.
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3.2. Effect of Stacking Sequence of Layers

According to the finite element study on the stacking sequence of composite plies,
shown in Figure 4c for the construction of a COPV with identical ply thickness, there is no
great difference in the induced burst pressure among the analyzed models. The numerical
computation results on the COPV model for case 9 to case 14 with a fiber orientation at
[55°, —55°] s revealed the significant effect of the ply quantity. Accordingly, the burst
pressure varies as the number of plies varies. The maximum induced burst pressure for
the researched models was found to be 24.495 MPa, which was induced on model case 10,
whose details are given in Table 2. Figure 14 depicts a COPV made at a [55°, —55°] fiber
orientation, with an inverse correlation between the burst pressure and plies quantities.
As a result, as the ply quantity increases, the burst pressure falls.
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Figure 14. Effects of an increasing number of layers on burst pressure.

3.3. Fiber Angle Orientation Effect on Burst Pressure

An internal pressure in the continuous fiber enabled the composite pressure vessels
to induce burst stress. Loading inconsistencies on pressure vessel structures lead to the
formation of burst pressure and ruptures. Fiber breakage, inter-laminar matrix cracks, and
interfacial cracks between plies can all result from a poor fiber orientation, resulting in
catastrophic COPYV failures. The burst pressure for the CFRP made the COPV pressure
increase as the angle of orientation of the fiber increased, as indicated in Table 2. Figure 15
depicts the change in the burst pressure as a function of the fiber winding angle. Accord-
ingly, the burst strength decreases as the fiber orientation increases. However, the optimum
fiber winding angle for COPV is [55°, —55°].
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Figure 15. Variation of average burst pressure with winding angle.
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3.4. Fiber Stress—Strain Distribution in the COPV

The pressure vessel’s stress—strain response would determine its performance under
any loading condition. In dealing with small elastic deformations, the linear model is
frequently preferred. As a result, at elevated pressures, the displacement would surpass
the elastic modulus, contradicting linear theory. Netting analysis has been used to predict
stresses by different researchers [9,14,20]. The axial and hoop stress distributions of a multi-
layered COPV varied depending on the fiber orientations as the ply quantity increased.

Fiber stress—strain values were extracted across the surface of the COPV, with the
polar boss region having the highest stress—strain. As the boss approaches, the stress levels
increase sharply, resulting in high stress gradients. This consideration is evident due to the
variations in the composite thickness at various locations on the COPV. Figure 16 depicts
the stress—strain effect variations for the case 10 model of this COPV study. According to the
FEA, the maximum in-plane primary stress decreases up to 45° before rapidly increasing
from 45° to 90°, as depicted in Figure 17.
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Figure 16. Variations of stress—strain for case 10 model.

8.0
6.0}

.................................................................................

4.0

Max In =plane principal strain

200

0.0l

20. 30, 0. 50, 60. F0. 8. Q0.
Winding angle [(Degree)

Figure 17. Variation of maximum principal strain with winding angle increase.

In the numerical analysis of the stress—strain profile of the composite structures, the
Tsai-Wu failure theory found the burst pressure with more reliability [35]. Designs that
use the tensile strength of fibres for resistance to loads caused by gases will outperform
others [9]. Similar to other measurement variables, burst pressure is principally determined
by the vessel material and the stored content dynamics or statics. The fiber strength rises
as the fiber volume ratio rises, and so adopting the proper fiber orientation resulted in
larger burst pressure accommodations. The three main factors that had to be taken into
consideration when designing the COPV were the winding angle, the ply thickness, and
the stacking sequence. These are necessary to generate an optimum and robust composite
overwrapped pressure vessel for mitigating burst pressure issues. This is a lesson learned
and to be expanded upon as a potential area of study for future researchers. The findings of
the analysis and the FEA techniques utilized on 14 different models to determine the burst
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pressure were determined to be acceptable. Utilizing the Tsai-Wu, Hashin, and maximum
shear stress criteria, the maximum stress that caused the development of burst pressure
was also established. The burst pressure that resulted in failure underwent a thorough
analysis. The study included several scenarios with alternate stacking orders, different
fiber orientations, and various ply thicknesses to illustrate how the COPV responds to
internal pressure.

4. Conclusions

According to scholarly studies, the aviation industry uses the COPV principle for the
development and production of solid rocket motor casings and rocket propellant tanks.
Meanwhile, the steam producer and user industries benefit from the design and production
of lightweight, high-pressure liquid storage tanks with the option of having a variety of
inner lining materials. COPVs have also been commonly utilized as an efficient method of
storing the highly compressed hydrogen required to drive green cars.

In a computation-based analysis of 14 models, two groups of COPV design case
studies were used. A composite overwrapped pressure vessel with an internal pressure
of 30 MPa entails the intended conditions that COPV models are expected to undergo in
a performance evaluation. The performance indicators for the developed COPVs in both
the constant and variable variants included the fiber orientation and ply sequence. Using
FEA, the effect of the ply stacking order was examined for each proposed model, which
had a variable fiber orientation but the same thickness. The optimum COPYV design profile
could bear a 24 MPa of burst pressure with eight plies of carbon fiber and a [55°, —55°] PP
winding pattern. The FEA method was also used to determine the distribution of stress
and strain along the shape of the COPV. It was found that the distribution was constant
over the surface of the COPV and that its highest values were observed in the polar boss
area. As the boss prepared to advance geometrically into the dome phase, extreme stress
gradients were observed.

When modeling and simulating the COPV type IV with an inner liner made of alu-
minum 6061 class in ABAQUS/CAE, the researchers used ASTM D2585 standards. Each of
the COPV models were rigorously designed and individually analyzed while accounting
for varying the fiber orientations and a set number of plies and sequences. A [55°, 55°] s PP
fiber orientation pattern is the optimum COPYV design out of the eight models that were
constructed and independently tested for the case-1 study category. In accordance with
other scholars’ findings, the fiber orientation at an angle of [55, —55] s was the better fiber
orientation that could withstand the maximum burst pressure of the cylindrical COPV.

For determining the COPV’s failure mode, many techniques were used to develop
various failure criteria. Many scholars prefer to analyze composite structure failure using
the Hashin damage initiation criterion due to the polynomial-based Tsai-Hill and Tsai-Wu
criteria’s single equation for damage initiation prediction. As a result, when studying the
failure of the fiber and matrix used in the design of COPVs, the Hashin damage initiation
criterion was taken into consideration. In addition, the burst pressure of the inner liner
was estimated using the maximum stress failure criterion, and the burst pressure of the
composite part was determined using the Tsai-Wu failure criterion. Furthermore, the burst
pressure calculated using the maximum stress and strain criteria is more conservative,
whereas the Hashin damage criterion produces a high value, which could indicate that
it is an optimum failure index of the COPV damage initiation. For the advanced design
and production of COPVs with optimum structural integrity, more emphasis should be
placed on the netting design and the analysis of the fiber winding angle, ply thickness,
manufacturing techniques, and novel fiber or lamina bonding materials.
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