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Development of a Numerical Toolbox for the Computer
Aided Design of Composite Over-Wrapped Pressure
Vessels

Eugenio Brusa' and Matteo Nobile”

Abstract: Lightness of high pressure vessels is currently assured by composite
materials. Construction of over-wrapped composite pressure vessels with inner
metallic liner is for instance compatible with standards requirements of the hydro-
gen technology of energy storage. Therefore a typical layout manufactured by some
industries consists of a cylindrical vessel with covering of carbon-epoxy laminates
and metallic impermeable liner. To allow the filament winding of the composite
fibres are used hoop and helical layers, respectively. A single nozzle is usually
built. It requires that the vessel material is reinforced. This need imposes to have
a variable thickness in the composite layer. In practice, fibres orientation angle
and thickness are both variable. These aspects make hard a straight design opera-
tion by means of analytical approaches. In this paper a numerical design toolbox
is developed. It includes a preliminary definition of the fibres network, found by
the so-called netting analysis, the theory of composite laminates and the structural
optimisation through the Finite Element Method. An industrial prototype was used
as a test case to validate the proposed approach. Burst and auto-frettage pressures
for the liner were predicted and a preliminary analysis of the fatigue life was per-
formed.

Keywords: High pressure vessel, Carbon fiber laminates; Finite Element Method;
Filament winding.
1 Introduction

Emerging technologies aimed at converting and storing energy motivate the cur-
rent demand of safe and light high pressure vessels to store large volumes of gas,
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e.g. compressed Hydrogen [Lark (1977); web(1)-(19); Aceves (2000); Tacheichi
(2003); Jansenn (2004)]. Since they are used in transportation systems lightweight
is a priority of the design operation. To fit this requirement over-wrapped compos-
ite pressure vessels are manufactured [Krikanov (2000), Parnas and Katirci (2002),
Tam (2002), Vasiliev (2003), Ko (2005)]. An inner liner made of Steel, Aluminium
or polymers is reinforced by the outer shell made of fibre reinforced composite
material. Metals are currently still preferred for the liner, although polymers avoid
the brittleness caused by the Hydrogen [web(4), (7), (18)]. Liner assures tightness,
lightness and an easy manufacturing process. Geodesic ends reinforced by a fil-
ament winding of carbon fibres, with hoop and helical layers, assure the required
uniform strength [Zickel (1962), Krikanov (2000); Jae-Sung (2002), Tam (2002);
Cheol-Ung (2005)]. Nevertheless, design operation is rather difficult. The actual
condition of slip and friction at the interface between the composite and metallic
layers is unknown [Chang (2000). Kabir (2000)]. To allow the filament wind-
ing of the composite fibres are used hoop and helical layers, respectively [Cohen
(1997); Cho-Chung (2000); Cheol-Ung (2005)]. A nozzle is designed to store
the gas. It requires that the vessel material is reinforced in correspondence of
the opening. Therefore a variable thickness in the composite layer is imposed
[Cho-Chung (2000)]. Moreover, helical fibres have a variable orientation angle
in the vessel heads to assure the equilibrium of the composite material [Zickel
(1962); Sun (1999), Krikanov (2000)]. Analytical approaches were proposed to
perform the stress analysis of the over-wrapped composite vessels [Chang (2000);
Cho-Chung (2000); Cheol-Ung (2005); Jae-Sung (2002); Akbarov and Mamedov
(2009)]. They simultaneously deal with the primary and secondary stresses fore-
seen by the standards [Fryer and Harvey (1997)]. Unfortunately they need to know
at least the composite layout and the angle orientation of the helical fibres. In prac-
tice, for the design operation is rather difficult to implement a procedure only based
on those analytical approaches, as it was demonstrated in [Kabir (2000)]. Neverthe-
less, current practice of the manufacturers may help the development of a numerical
toolbox for the vessel design. They are used to define preliminarily the layout of the
composite fibres network, by means of the so-called “netting analysis” [Krikanov
(2000)]. A rough prediction of the fibre orientation angle in the composite layer
is found by supposing that the material strength is only assured by the fibres. The
contribution of the composite matrix is just considered in terms of volume [Co-
hen (2001)]. Currently, design is only based on this step and a vessel prototype is
usually built up and then tested [web(2,13-16)]. Burst pressure and fatigue tests
allow the manufacturer refining the vessel geometry by a sort of trial-and-error ap-
proach [Sih (1986); Kam (1997); Sun (1999); Chang (2000); Parnas (2002)]. It
looks effective at the end of the procedure, but the number of tests performed is
too large. This approach is too expansive. In this paper, an alternative method is
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developed. Netting analysis is quickly implemented to have a preliminary defini-
tion of the composite parameters. Theory of composite laminates is then applied to
complete the composite layout design. Finite Element Method (FEM) is finally ap-
plied to study all the localized stress concentration and the fatigue behaviour of the
whole vessel, where the composite covering interacts with the metallic liner [Tam
(2002)]. This method was implemented in MATLAB (©The Mathworks) and in-
terfaced with the ANSYSO code. An industrial prototype was built and analysed to
perform a preliminary experimental validation of the proposed approach. Actually,
the static behaviour, the autofrettage and burst pressures were correctly predicted.
A structural optimisation of the prototype was evenly performed. Prediction of the
fatigue life of the metallic liner was set up, but it still needs for an assessment based
on more experimental results.

2 Design criteria and vessel layout

Design criteria for the composite vessel are defined by the ISO 11439 [ISO (2000)]
and ASME Sec.X [ASME (2007)] standards, respectively. Few important ratios
will be here recalled since they will be used in the implementation of the design
algorithm. Pressure values have to fit these requirements:

Pb 5035 P qos. )

Ds Ps

where p;, is the burst pressure, p the service pressure, maximum value at which
the gas is stored and p. is the peak of the cyclic loading pressure, applied in case of
the fatigue test. Safety factor is defined by means of the so-called “stress factor”:

n— Omax, fibre (Pb)
Omax, fibre (ps)
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where Gy fibre 18 the maximum value of stress acting on the composite fibre cor-
responding to the pressure indicated within the brackets. This factor is 2.35 for the
carbon fibre composite [ISO (2000)]. In the over-wrapped composite pressure ves-
sel, mechanical strength is assured by the outer cover, built by the filament winding
technique [Cohen (1997)]. Hoop fibres are oriented up to 88°-90° with respect to
the shell meridians and helical fibres are usually deposited as two superimposed
layers, whose orientation with respect to the meridians is £¢. Carbon fibre assures
the strength of material, while the epoxy matrix allows a good adhesion with the fi-
bres. Tightness is the main role of the liner. Welded joints are avoided. Hot rolling
process is used to build heads and nozzles. Low alloy steels are preferred. In case
of the Hydrogen technology they are tested in the related atmosphere, to evaluate
the embrittlement effect [Parnas and Katirci (2002)]. Basically the vessel layout is
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depicted in Fig.1. Main design parameters are the liner outer diameter, D, the outer
and inner diameters of the nozzle, D, and d, respectively, and the shell length, L.
Design requirements are the volume, V, and the service pressure, p;.

Do

Composite

Figure 1: Design parameters of the over-wrapped composite pressure vessel

3 First step: netting analysis and preliminary composite layout
3.1 Equations

To have some required geometric parameters to implement the theory of composite
laminates, the so-called “netting analysis” is performed [Zickel (1962)]. Vessel is
supposed to be covered by a network of fibres and pressurized. Static equilibrium
among fibres actions is then imposed. Composite material is assumed to be a con-
tinuum, where loading direction and material mechanical properties are those of the
fibres [Ochoa and Reddy (1992); Cohen (2001)]. Only membrane stresses can be
computed [Jones (1986); Ko (2005)] Axis-symmetry allows computing two princi-
pal stresses, i.e. along meridians, ,,, and along parallels, o;. Laplace’s equation
correlates those stresses [Fryer and Harvey (1998); Timoshenko (2000)]:

P_On O 3)
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being p the pressure, ¢ the thickness, r,, and r; the shell radius in the meridian (7,,)
and parallel (7;) planes (Fig.2). To solve the problem, a second equilibrium equa-
tion is written along the direction of the symmetry axis [Harvey (1985)]. These
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stress components allow computing easily those acting along the fibres, whose ori-
entation is described by angle «. To allow the accessibility to the liner surface in
deposition, ¢ can not be constant along meridians. To avoid any accidental slip in
deposition process [Cho-Chung (2002); Cheol-Ung (2005)], & is found by impos-
ing null tangential stresses on the vessel surface. This assumption corresponds to a
stable equilibrium of the deposited fibres, even in presence of resin.

Figure 2: Principal planes (left) and stresses (right) defined of a generic infinitesi-
mal portion of the vessel shell.

Fibres are loaded only by tensile stress. Stress is assumed to be constant along
their length to assure an uniform strength. These two conditions of a null tangential
stress and a pure tensile stress on the fibres were applied by Clairaut to compute
angle a as follows [Zickel (1962)]:

dv

R-(Rd> =C = R-sina = C = const. “4)
s

For a given position on the vessel shell, R is the local radius of the vessel measured
in the meridian plane (Fig.3). Reference frame depicted in Fig.3 assumes that z is
the symmetry axis. Curvilinear coordinate s is used to follow the path described
by the helical fibre. Angle « is the orientation from the meridian direction. It is
fixed for a given value of R, being C a constant. Condition a=90° corresponds to
the hoop fibres, winded only on the cylindrical shell. In this case C is equal to R.
Angle ¢ describes the angular position in the parallel plane, while angle is used to
localize the fibre in the meridian plane. The local curvature of the fibre is described
by radius 7, being measured in a plane containing both the fibre and the origin of
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Figure 3: Reference frame and coordinates used in the netting analysis to describe
a composite fibre loading.

the reference frame. It does not corresponds to neither of the coordinated planes of
the vessel, since the fibre is skewed.

3.2 Shell

Cylindrical shell includes layers with two plies and is built with two laminates
[Jones (1986)]. A sketch is proposed in Fig.4. Equilibrium equations on the com-
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Figure 4: Actions applied to the composite layer.
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posite material are written for the two layers as follows [Jones (1986); Sih (1986)]:

Ny = Z2-Nfl. -cos® (ot

&)

N = 0oy ’tlayer :Nt/2

In Eq.(5) the composite layer thickness is #/4y.,, Rc is the cylinder radius, N are the
loads acting along the meridians, (N,,), the parallels (N;) and the fibres (Ny). Fibre
angles in the two laminates, referred to as land 2, respectively, are 0, = — Q2 =
a,. Angle o, is constant on the whole cylinder. Solution of Eq.(5) gives an optimal
value of o, equal to 54.74°, being assuring a stable equilibrium. Unfortunately,
nozzle obliges varying o, near to the opening to allow winding the fibres [Lark
(1977)]. In practice, the manufacturing process leads to have even on the cylindrical
shell a lower value of @, than the optimal value above computed near the nozzle.
Strength of layers looks therefore higher along the meridians. Hoop layers are
introduced to reinforce the structure. Analysis is performed for two layers including
both the hoop (1) and helical (2) fibres. Loads are Ny; and fibre orientation o;. In
this case equilibrium is given by [Jones (1986)]:

N; =2Ny, - sin’ (Qe,) + 2Ny, -sin’ (a,)
Ny = 2Ny, -cos? (&, ) + 2Ny, - cos? (e, ) (6)
2 layers = Ny, , &t , Ny, , O,

Angle o in the hoop layer is set at 90°. Angle a,, is chosen by considering the
ratio between the diameters of the nozzle and the head, respectively. In practice,
stress occurring in the fibre has to be compared to the strength of the material.
Stresses in the fibres are therefore computed:

_ thel _ 2thel . Nflwop . 2Nf hoop
Ohel = - s Ohoo p — -
tply,hel tlayer,hel tply,hoop tlayer,hoop

y  Iply = Etlayer @)

Subscript “hel” indicates helical component, while “hoop” corresponds to the hoop
direction. Thickness values 7}y, f/4yr introduced in above Eq.(7) correspond only
to the fibre. Design operation has to define the complete thickness of the composite
layer, by including the composite matrix. To obtain the total thickness the following
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identity is imposed [Cho-Chung (2002)]:
tlayer “Nigyer = ttot,layer : Vf (8)

Vr is the ratio between the volume of fibres and the total volume of the composite
layer [Cohen (2001)]. Stresses can be written as a function of the total thickness:

Ohel = p-Re
¢ 2. Vf “Trot layer,hel cos? ((XC) )
p . RC l 2 :|
Ohoop — ————— |1 — =tan” (,
oop Vf “tor layer,hoop |: 2 ( C)

According to the Stress Ratio (SR) between the helical (o) and hoop stress
(Ohoop) imposed by the Standards a direct expression of the total thickness of each
layer in the cylindrical shell can be found:

PR 1
Ttot layer,hoop = m |:1 — 5 tan’ (OCC):|

Pb- Rc
2-SR- Oy fip - V5 - cos? ()

10)

tt()t,l ayer,helical =

Typical values of SR are 0,6 to 0,8 [ISO (2000); ASME (2007)]. In the following
example value 0,7 will be assumed. Above Eq.(10) includes the burst pressure,pp,
and the ultimate tensile strength of the fibres material, 6. 7.

3.3 Head

Angle o, was found in the shell by imposing a constant and maximum stress
for each point of the fibre. To apply this assumption evenly to the vessel head
the geodesic shape is usually preferred [Cho-Chung (2002); Jae-Sung (2002)]. If
the material is isotropic the spherical head satisfies this requirement, while in the
case of composite over-wrapped vessel the corresponding shape has to be defined.
This task is performed by completing the preliminary design based on the netting
analysis. A reference sketch is depicted in Fig.5. Constant stress along the fibre
corresponds to:

Rsin o, = const. (11)

Since radius varies on the head it can be understood that even angle o, changes.
It follows a determined law which can be found. It is known that at the pole of the
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Figure 5: Layout of the geodesic head with upper nozzle.

head it is equal to 90°. Since it varies proportionally to the head radius up to the
nozzle, having radius R):

. (Rp
0, = arcsin R

. R,
O yans = arcsin R (12)

trans

. R,
Omax = arcsin R, +2B .

In practice, in Eq.(12) the first relation states that fibre angle at any point of the head
is computed by inputting the local radius R and the nozzle radius R,. There is a
critical section of the vessel corresponding to the transition between the cylindrical
shell and the head. The related angle is @45, While the local radius is Ry,4,s. B is
the winding bandwidth [Tam (2002)]. It is a typical process parameter. A maximum
value is computed of ¢ in the last relation of Eq.(12). It is worthy remarking
that to avoid a mathematical singularity a minimum value of the radius written at
the denominator is introduced. It is suggested by the industrial practice [web(5)].
Stress concentration at the nozzle requires to increase the thickness. According to
[Tam (2002); Ko (2005)] thickness ¢ can be computed by imposing a constant flux
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of fibres on the head and a constant stress on the helical fibre:

o, R
f = s - (COS trans) . < trans) (13)

cosQ R

This expression can be substituted in Eq.(9). After a long elaboration [Nobile
(2005)], the dome shape can be found. For a given radius R , the dome coordi-
nate x (Fig.3) is:

de 1 R (14)
dR Rt3rans RZ*R%} RS .

2 2 6
Rfmnx —R V4 R trans

Above Eq.(14) can be difficultly integrated. Finite Difference Method (FDM) is
usually necessary. This aspect makes very expensive computing the dome shape.

52

42

=

Figure 6: Analysis of the dome shape in the pressure vessel.

A faster solution is here originally implemented. In practice, the geodesic curve is
locally approximated by arcs of circumference. In Eq.(3) radius 7, is approximated
by the circumference radius:

Ny . N R

p:; 7 rt:sin((p)

5)
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while radius r,, is defined by substituting the above expression (15) into the equi-
librium described in Eq.(5):

R 1 R 1
Yy, = . = .
" sin(@) 2—tanfa  cos(®,) 2—tana

(16)

To make easier the following discretization of Eq.(15) angle ¥, is introduced. It
corresponds to the angular distance between r; and R in Fig.3. Discretization is
then operated as follows:

Ro=Rirans =Re; x0=0; 0= Qrans; Umo=0
R, 1
cos (Vyi1) "2 — tan? (ai_1)
AR; = 1y iADy, isin (B i—1)
Ax; = Ty iADy i COS (B i—1) a7n
Ri=R;i 1 —AR;; R,=Rpnn=R,+2-B; xi=x;1+Ax
O = Vi1 + A

' (RC)
o; = arcsin | —
R;

Actually, few iterations allow drawing the dome shape. In practice, this approach
achieves a result comparable to the FDM, but quite easier. The two solutions are
almost superimposed, but in the case of the prototype here analysed the proposed
approach required only 294 points instead of 10000 needed by the FDM.

~ _
Ymi = Tm,i—1 =

4 Second step: composite layout refinement and stress analysis based on the
theory of composite laminates

4.1 On the role of the composite matrix

Industrial practice demonstrates that in some over-wrapped composite pressure ves-
sel the structural failure is detected in the composite matrix [Kam (1997); Chang
(2000)]. Unfortunately, this event occurs even during the manufacturing process. It
cannot be predicted by the netting analysis, since matrix structural contribution is
neglected. This aspect needs of applying the theory of composite laminates [Jones
(1986)]. It can be remarked that this theory can be easily applied after a prelimi-
nary design based on the netting analysis because the composite layout is already
defined. Shell is firstly analysed. Material is orthotropic, on each layer, and the
principal directions are identified by means of angle . If a plane stress assump-
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tion is made for the thin shell, the constitutive laws of material are [Jones(1986)]:

v Ey
o1 1V1%V21 lf\gzvzl €l
Oy | = 2 0 &
I=viavar 1=viavy
T12 0 0 G Yi2
Q (13)
Gx _ 8x
= |0 | =Q:|¢&
Txy Yy

Directions 1,2 are principal and the stress components in a generic reference frame
x,y can be obtained by applying a rotation & to matrix Q, becoming Q, whose for-
mulation is described in [Jones (1986)]. If the composite layers are symmetric and
only the membrane stresses are considered, the related strains in the same reference
frame are [Jones (1986)]:

8)C NX n
£ =A'"'N N= N, Z Q,J (2 — 2k—1)
to ny (19)
N, Ny 2Xe
N=|N|=|N PR,
0 0 0

In Eq.(19) n is the number of plies in the composite shell, z the coordinate of each
interface between two plies, measured from the mid-plane. Bending effect is ne-
glected, but on the cylindrical shell stress is constant, along the principal directions
and the above model is applicable. Directions x and y correspond to the meridians
and the parallels, respectively. Shear stresses, caused by the interlaminar actions,
are not yet included, since in this model only the edges are loaded [Chang (2000)].
It is known that the complete equilibrium among the composite plies is assured by
the interlaminar actions. They will be analysed at the next step by means of Finite
Element Method [Kabir (2000)]. If the elastic properties to be inputted into Eq.(17)
are not available, they can be found by applying the micromechanical model pro-
posed by Halpin and Tsai, [Kardos (1990)]. Some new approaches were recently
proposed for even wore cases, but it looked unpractical their implementation in this
case [Guz et al.(2008), Guz and Dekret (2009)]. Composite material is damaged
when a brittle rupture occurs within the fibres. Rupture occurs for different values
of the load for each layer. A first critical stress referred to as “First Ply Failure
(FPF)” causes the failure of the most loaded ply [Kam (1997)]. When even the last
ply collapses the ultimate strength of material is achieved. Mechanical properties
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of the composite material have to be defined by considering the gradual failure of
the plies. The stress—strain curve depicted in Fig.7 gives and overview of the partial
failure of plies. In particular, each ceiling corresponding to a constant stress value
identifies the failure of one ply.

FPF

[

Figure 7: Stress computation in the geodesic head region.

It can be remarked that in case of pressure vessel used to store the hydrogen the
role of the matrix has to be evaluated at different temperatures [Parnas and Katirci
(2002)]. From the point of view of the burst pressure matrix can affect the maxi-
mum value of pressure allowed, because of the hoop effect played on the liner. It
has a certain importance on the strength of the fibres, if a stiffening effect due to
the biaxial tensile loading is applied, for higher values of pressure. In case of liquid
and gas storage a long term period of loading is foreseen [Takeichi (2003); Janssen
(2004)]. Temperature changes may be significant and sometimes very fast. Filling
operation at low temperature could be critical [Aceves (2000)]. Carbon fibres look
thermally stable, while the matrix may suffer the creep effect. These aspects are
not yet included here, but they have to be further discussed in a future work. In this
paper a preliminary stress analysis is performed to allow a preliminary structural
design suitable to define some basic geometric parameters and the shape of the
whole vessel. It looks suitable to identify the critical points of the vessel, in case
of constant temperature. After this preliminary design both the thermo-mechanical
and fatigue issues should be discussed.
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4.2 Composite failure analysis

In the specific case of the hydrogen gas storage the metallic liner assures the ves-
sel tightness. Design operation is therefore based on the ultimate strength of the
composite material. A partial damage due to the rupture of some plies is some-
where accepted [Ko (2005)]. A critical issue for design is the selection of the
failure criterion for the composite material. Zinoviev, Tsai-Wu and the Maximum
Normal Stress are all proposed [Jones (1986); Sih (1986); Muscat (2003); Ziehl
(2003)]. Manufacturers [web(3,5-8)] are prone to apply the Zinoviev’s criterion
[Sih (1986)]:

Zinger =3 <1 (20)
In practice, principal stress o7 and ultimate strength X; along the fibre direction are
compared. This criterion is one of the most easy to be implemented, but it looks
less conservative than some others [Cheol-Ung (2005)]. It neglects the strength of
material of the composite matrix. To have the possibility of comparing the results of
all the above mentioned failure criteria, they were included by the authors into the
numerical toolbox. In particular, it can be remarked that formulation of the Tsai-
Wau criterion [ANSYS (2008)] requires a more difficult implementation, because of
the number of parameters involved:

Fo+Fko, +F6’L'12+F11612+F22622+F66’L'122 +Fpo10, <1 21D
Flzl+i; F2:l+l;quadF(,:l+l;
X X Y, Y St Se
Fi = —L;
XX,
Fzz:—i‘ F66:_i' Flzz—;‘
Yth’ StSc’ Zm’

In above Eq.(21) a plane stress state characterized by normal stress components G
and o0, and shear stress 7j, is defined [Jones (1986)]. Symbol 1 is used to indicate
the direction of the fibre, while 2 is orthogonal to the fibre, in the plane. Symbols
X, Y and S are introduced to describe the strength of material in different tests.
Longitudinal loading condition gives the ultimate strength X, while Y is used for
the lateral loading and S for the shear test. Subscript t indicate tensile test, while ¢
is used for compression.

5 Implementation into the MATLAB® code

This approach based on a modified formulation of the so-called “netting analy-
sis” and on the theory of composites laminates was implemented by the authors
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in MATLAB®©. A new toolbox was built. Main inputs are the liner and nozzle
diameters, shell length, layer thickness, ultimate strength of the fibre’s material,
volume V; , pressure, safety factor, stress factor (SR) and filament winding band-
width, B. Outputs are the burst pressure, actual ultimate strength, theoretical and
actual thicknesses and number of helical and hoop layers, deposition angles, mean
stress on the geodesic dome, length of the vessel, shell and heads and the volume.
The input menu is shown in Fig.8. For the industrial test case analysed the geodesic
head shape was found and is depicted in Fig.9.

) Pre-dimensionamento per bombola in composito - Netting Analysis

Parametri geometrici schema):

O e El ‘ *

Dbnm] —
— | J \
=

o i e i
o)

Figure 8: Example of the input menu in-  Figure 9: Example of the toolbox out-

terface of the toolbox developed by the put, including (reading clockwise) the

authors (descriptions in Italian). dome profile, a 3D perspective, stress
acting on the fibre and the numerical pa-
rameters of the vessel.

Some interesting results can be seen in Figs.10,11. In Fig.10 a zoom of the geodesic
profile is shown. It can be seen the variable thickness between the liner and the
dome. The orientation angle ¢ is indicated. It grows up from the transition between
the head and the shell (left) up to the nozzle (right). Stress in the fibre looks almost
constant for different values of radius R, as it was assumed in the proposed model
(Fig.11). It is interesting to see the final variation of the orientation angle aghown
in Fig. 11. The above described second step of the design was implemented in
MATLAB®. Toolbox requires the material properties and performs the structural
analysis. Plane stress state is assumed. Interlaminar stresses are supposed null.
Elastic properties are inputted (E;, E>, V12, G2) for both the fibre and the matrix,
as well as the fibres volume. Strength of material for tensile and compressive loads,
along directions X, Y are evenly introduced, together with the shear strength of
material, S.

Some inputs come from the previous module: the shell ply thickness, the number
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Figure 10: Layout of the geodesic dome  Figure 11: Stress computation in the
computed by the toolbox. geodesic head region.

of plies, the helical ply angle. Radius, pressure and safety coefficient are design
requirements. Analysis of the composite layers proceeds in the toolbox by com-
puting the collapse of each composite layer and variable mechanical properties are
considered (Fig.7). The FPF value is computed. For each value of the applied load
a subroutine verifies whether matrix is integer. Layers are usually assumed to be
symmetric. Helical layer is located at the mid-plane, while hoop layers are upper
and lower. The user can select a non-symmetric layout, with hoop layers at the
outer radius of the shell. To assure the symmetry, plies are imposed to be multiple
of four. Solution is iterative only if the gradual failure of the layers is required. Load
distribution is updated, whenever a failure occurs in a ply. Tsai-Hill and Tsai-Wu
criteria are applied to each layer. Stress, strain and failure criteria’s coefficients are
then computed for each ply. In case of time-variable stress, the maximum value is
stored, for each layer. The ultimate strength of the composite material is computed
by predicting the damage propagation, through the layers [Pahr and Bohm (2008);
Patricio et al. (2009)]. When a matrix failure is detected stresses are computed by
assuming the corresponding ply damaged and the stiffness matrix is updated [Kam
(1997)]. Numerical outputs are available both as graphics and number lists. They
are inputted into the FEM code for the following analysis of the whole vessel.

6 Third step: design of the whole vessel by means of the Finite Element
Method

Previous steps of the design operation were aimed at defining a preliminary config-
uration of the composite vessel to allow a direct stress analysis by means of a FEM
model. Because of the variability of the composite layers thickness and of the ori-
entation angle the FEM code looks attractive to predict the mechanical behaviour of
the coupled system composed by the cover and the liner [Krikanov (2000)]. Other
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methods are currently applied in similar applications, e.g. BEM [Tan (2009)], or
even new meshing procedures are proposed [Song and Chen (2009)]. They were
considered unsuitable for this design activity because of either the lower precision
in stress prediction or the intrinsic complexity of their implementation in this sys-
tem. Stress concentration and edge effect at the transition between the shell and the
head can be suitably analysed [Timoshenko (2000)]. A three-dimensional model is
built, since this problem does not exhibit a complete axis-symmetry. All the basic
parameters required to draw the vessel into the FEM code are directly supplied by
the MATLABO toolbox developed in this study. If the commercial code ANSYS©
is used, elements like the 20-nodes brick can describe the vessel structure. In the
case of the composite material option multilayer is switched on[ANSYS (2008)].
The elastic-plastic behaviour of the material of the liner has to be considered to
predict the auto-frettage process. The Ramberg-Osgood curve is implemented and
approximated by a bilinear curve [Dieter (1989)]. The goal of the FEM model is the
refinement of composite thickness distribution and layers layout, the computation
of the liner profile and of the autofrettage pressure. Bending effects are included.
Fatigue life can be predicted, provided that a suitable model for the failure mech-
anisms of both the composite and metallic material is applied. According to the
Standards like ISO 11439 and ASME Sec.X this approach allows implementing
the so-called “design by analysis” [Fryer and Harvey (1998)]. Critical points for
the design operation are the nozzle neck and the edge between the shell and the
head. These regions are therefore deeply studied.

6.1 Geometric modeling and meshing into the FEM code

Vessel geometry built through the MATLAB®© toolbox usually includes hundreds
of points which are unsuitable for an automatic meshing in the FEM code. There-
fore a first action performed to transfer the results of the MATLAB® algorithm in
the ANSYSO code is the interpolation by means of spline curves of the geometry
previously computed. Model order is reduced. Geometry of the geodesic head is
defined in the MATLAB®O toolbox only up to radius R,,;;, corresponding to the part
accessible by the filament winding process. It needs to be completed to describe the
nozzle, by interpolating by a straight line the inner surface of the composite layer
profile and by a cubic polynomial curve the outer one [Lee et al. (2008)]. This
procedure defines some keypoints of the FEM mesh (cross symbols in Fig.12).

Thickness is computed as a difference among the coordinates of homologous points,
on the outer and inner edge, respectively. Where the head is connected to the shell
(at the so-called “transition region”) thickness decreases very fast, because there is
the transition between the composite laminates of the cylinder, including both the
hoop and helical layers and the head which embeds only helical layers. To keep the
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Figure 12: Keypoints generation in the transition region.

hoop reinforcement as close as possible to the region most affected by the bend-
ing effect and to make the transition sufficiently smooth a suitable ratio between
the transition length along the meridians and the bandwidth B is usually looked for
(Fig. 12) [Cho-Chung (2002)].

At the end of the above described procedure the liner geometry is defined. Shell
thickness is constant, while in the head it is computed by imposing a constant vol-
ume of material, in condition of plastic deformation. In particular, the thickness of
the head of the liner, ¢, is a function of the cylindrical shell radius, R, and thickness
t., for a given radius R:

t:tc-—c (22)

When the vessel is actually thin, R is the same for the inner and outer profile,
respectively. Solid vessel geometry is finally drawn by revolution, starting from the
plane layout found. Following changes of the orientation angle ¢ in the FEM model
is made by defining its value element by element. It is constant within the element
and corresponds to the average between the values assumed for the surrounding
elements. This is an approximation of the actual layout. It looks rougher at the
nozzle neck, where the gradient of angle « is steeper (Fig.13).

To decrease the computational time and assure a good approximation of the reality
a regular mesh of hexahedral elements of the vessel eighth depicted in Fig.14 is
used. Loads and constraints are then applied by resorting to the symmetry options.
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Figure 13: Example of comparison between the actual dependence of the orienta-
tion angle o on radius R (continuous line) and the FEM approximation (value for
each element is indicated by the dark point).

Figure 14: Example of FEM mesh of the vessel eighth with applied constraints and
pressure.

6.2 Structure of the numerical toolbox

A flow-chart of the toolbox implementing the whole procedure is shown in Fig.15.
It provides a file input to the FEM code. A first block (dashed) includes the net-
ting analysis and the theory of composite laminates, while the second one performs
the FEM discretization and pre-processing. A graphical interface requires coeffi-
cients, properties and strength of the composite material and the stress-strain curve
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of the liner material. Meshing is then performed. It provides the subdivisions along
meridians and parallels. Safety coefficient, length of transition region, liner thick-
ness, nozzle height, thickness, profiles and composite properties are inputs of the
model. The first block delivers the main numerical data defining the geometry, the
profiles and the composite properties. These are used as inputs by the second one.
It writes on a file the FEM and geometrical model of the vessel. FEM solver then
uses this model to perform the required stress analysis.

Design Cylindrical shell
requirements preliminary computation
— 1

Liner profile

Data storage and
structuring for
netting analysis

Composite outer profile

Fibers stress and failure
prediction

Graphical Output
Files (numerical results:

data, stresses, profiles)

=

Graphic interface: Graphic interface: Geometrical profiles
material properties ——»  Mesh definition data interpolation
input and control
| Element definition H Materials properties |

Composite ¢

material Real constants i izati i
properties FEM discretization and nodes location |
and layout

MESHING

| Loading and constraints |

FILES WRITING FOR FEM

l SOLUTION
| Failure criteria selection

Figure 15: Flow chart of the numerical toolbox based on a preliminary algorithm
running in the MATLAB®© environment (upper window) and a FEM solution per-
formed by the ANSYS code (lower window).
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7 Numerical investigation and experimental validation on an industrial pro-
totype

This research activity was motivated by the industrial need of optimising the com-
posite structure of a pressure vessel currently manufactured. A preliminary devel-
opment concerned the experimental validation of the numerical toolbox aimed at
verifying the consistence of the numerical results in terms of stress and strain pre-
dicted. In a second step a preliminary optimisation of the vessel geometry was per-
formed to propose a refinement of the product. The industrial prototype available
for this operation has D=260 mm, D,=40 mm, d=23 mm and L=500 mm (Fig.1)
Thickness of the composite layer is 0.513 mm, while the percentage of volume
for the fibres is 0.6. Strength of material for fibres is 3670 MPa and the filament
winding bandwidth B=10 mm according to the supplier (Torayca T700). Service
pressure is set at 70 MPa. Safety coefficient against the burst pressure is required
to be 2.35 while the stress ratio is SR=0.7. Mechanical properties of materials used
for the covering and of the liner, respectively, are listed in Table 1 and 2, while
Table 3 includes some design parameters of the vessel geometry.

Table 1: Properties of the composite material Fiber FT700 SC 12K 50 C / Resine
XB3585/XB3487

Single ply thickness (mm)= 0.2565

Single layer thickness (mm)= 0.513

Volume percentage of fibers V= 0.6
E;=133200 MPa; E,= E;= 7870 MPa

Vi =vp3 =v23=0.27; G;, =G13 =G23=4400 MPa
X;=-X.=2202 MPa; Y,=-Y.= Z=-7.=39.6 MPa
S=106 MPa

7.1 MATLAB toolbox running

A preliminary analysis was performed by running the MATLABO toolbox devel-
oped for this research activity. Some preliminary results were found. Burst pressure
was computed as 164.5 MPa, while the critical stress was 3303 MPa. Layers thick-
ness in [mm] were for the helical fibre 7.89 (theoretical) and 8.21(actual), for the
hoop fibres 10.66 (theoretical) and 11.29 (actual). Number of helical layers were
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Table 2: Properties of the Steel used for the liner

E(elastic)= 203000 MPa; v=0.3
E;(plastic)= 1583 Mpa; Vyasic=0.5
O-YIELDING:755 MPa, O-UTS:850 MPa

Table 3: Geometrical properties of the vessel

Geometrical properties of the vessel:
Liner thickness= 2.5 mm

Nozzle outer diameter= 40 mm
Nozzle inner diameter= 23 mm
Nozzle thickness= 8.5 mm

Nozzle length=10 mm

Bandwidth= 10 mm

Length of the transition zone= 5 mm.

found 15.38 (theoretical) then approximated to 16, hoop layers were 20.78 (theo-
retical) and 22 (actual). Orientation angle was a=0.1545 rad. The average value
of stress on the head was found to be 2230 MPa. Geometry included the head
whose length was 77.92 mm and the vessel long 655.85 mm. The whole volume
was 32.65 litres. Since a direct design procedure is inapplicable [Kabir (2000)],
FEM was used to verify the proposed layout. According to the flow-chart (Fig.15)
all the geometrical data were inputted into the FEM model. The length of the tran-
sition region between the shell and the head, respectively, was assumed to be one
half the width of the winding bandwidth of the hoop layers [Cho-Chung (2002)].
The inner diameter of the nozzle was defined by the dimensions of the threaded
joint connecting the valve [Ko (2005)], while the outer diameter was computed by
starting from the geometry of the profile. Manufacturer practice suggested a nozzle
height of 10 mm. Safety coefficient for the liner was set at 2.35 with respect to the
burst pressure [ISO (2000)]. The final layout of the liner was found by setting its
thickness at 2.5 mm, to avoid buckling phenomenon and according to the practice
[web(19)]. The selected value for the liner stiffness allows distributing the stress
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better between the metal and the composite material. In presence of autofrettage
this turns out in a good balance between the portions of load borne by the two ma-
terials in accordance to the results described in [Kabir (2000)]. In general it leads
to have even a lower total weight.

7.2 FEM analysis in the ANSYS© Code

FEM discretization may be a rather difficult issue in this procedure, while the pre-
vious analyses are very easily performed by the MATLAB® toolbox. Meshing
operation can be difficult where the thickness changes and the hoop layers plies
stop. The so-called “transition region” between the shell and the head suffers the
edge effect and the related stress concentration. Material can achieve the yielding
in the liner. In this particular case the radial displacement is fairly larger in the head
than in the shell, because of the presence of the hoop reinforcement in the cylinder
(Fig.16).

Figure 16: Comparison between the undeformed (left) and deformed (right) shape
of the vessel under internal pressure.

Because of the number of degrees of freedom of the model a good compromise
between the computational time and the accuracy of the solution has to be found
[Chang (2000)]. A first investigation included 5 elements along the meridians and
5 along the parallels of the eighth of vessel analysed [Kabir (2000)]. This assump-
tion allowed to have a fairly fast solution, but accuracy was insufficient. Actually
this mesh looked too rough for several reasons. Geometry was only approximately
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approximated by the distribution of elements. Liner exhibited the yielding of ma-
terial at the edge between the shell and the head, but stress was found lower than
the ultimate tensile strength everywhere. Radial displacement at the edge was very
large (Figs.16 and 17). This could be motivated by the hoop effect exerted by the
composite layers on the shell.

_—
.464536 644267 823997 1.004 1.183
554401 734132 L913862 1.004 1.286

Radial displacement [mm] Zinoviev’s index

Figure 17: Radial displacement compu-  Figure 18: Distribution of the Zi-

tation in the vessel according to the first noviev’s coefficient defined in Eq.(20)

coarse mesh operated. on the vessel, according to the first
coarse mesh operated. Failure occurs
for values larger than one.

Stress looked lower at the nozzle than in the connection between the shell and the
head, although there is a notch effect (Fig.18). This result could be justified by
the increment of thickness which allows having a quite large portion of material
around the nozzle region [Cho-Chung (2002)]. Composite material failed accord-
ing to the Zinoviev criterion at the edge, but it was observed that the element so-
lution disagreed with the nodal one. This effect is due to the large stress gradient
monitored in the critical region. Tsai-Wu criterion confirmed the failure foreseen
by Zinoviev’s coefficient.

On the geodesic head an uniform stress distribution was found, according to the
main assumption of geodesic shape [Zickel (1962)]. As it was expected the edge
effect clearly affects the transition between the shell and the head. Some problems
were detected in this first run. Radial stress was significant with respect to the cir-
cumferential and axial components, while it was supposed to be negligible. Shear
stress in the radial-circumferential plane was found, but numerical values obtained
for the unloaded part of the vessel could not be justified [Cheol-Ung (2005)]. All
those results appeared not completely consistent with the basic assumptions of the
model and somewhere incompatible with the daily practice of the manufacturer
[web(5)]. Radial displacement at the edge between the head and the shell was
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found equal to 3.8 mm, but it looked fairly larger than the measured value of 2.5
mm.

The experimental validation of the proposed model allowed realizing the main
problem in the mesh. After few attempts it was found that a mesh including up
to 10 elements along both the meridians and parallels, respectively, can achieve a
good agreement with the experiments. Moreover, the same value of elements for
the two directions allows having a good aspect ration in the finite element. Cur-
vature of the region where elements are applied is also important. In particular,
during the investigation it was found that a critical ratio can be described as:

D

_ 23
subdivisions (23)

cr

In the case analysed a sort of threshold to assure a good aspect ratio corresponds
to ¥.,=30 mm. The first mesh applied actually had ¥.=40 mm. The second mesh
introduced had ¥.,=20 mm, lower than the threshold. In this second run radial
stress was found correctly null at the outer surface and opposite to the applied
pressure at the inner surface [Timoshenko (2000)]. Liner exhibits a lower value of
maximum stress, being justified by the larger number of elements. It still achieves
the yielding at the edge between the shell and the head. Stress analysis depicted
in Fig.19 is very interesting. Zinoviev coefficient is larger than one. This result
confirms that the composite covering could fail. Moreover, across the thickness
of the shell it can be detected a strong gradient of stress. Hoop layers are very
stressed, but their role is consequently very important from the point of view of the
material strength. Interlaminar stresses are then studied. They are present, mainly
in the head region, while in the shell are practically null (Fig.20). This result is
compatible with the theory of composite laminates applied in the first step of the
analysis [Jones (2000)]. In this case radial displacement was compatible with the
measured value.

7.3 Design of the optimized configuration of the pressure vessel

As far as the numerical investigation pointed out the preliminary design performed
by means of the netting analysis and of theory of composite laminates cannot pro-
vide immediately a final layout suitable to assure the structural safety of the pres-
sure vessel. Nevertheless, it allows performing a very fast preprocessing for the
FEM model, which can be used to refine the design. Few tens of seconds are re-
quired to run the first two steps, while the FEM takes a longer time, e.g. some hours.
In the test case only few attempts were sufficient to define the suitable number of
elements required to have a good accuracy in the solution. To optimize the pres-
sure vessel there are many design parameters which can be updated. In practice, a
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cate the material failure.

straight proceeding suggests to change only the thickness of the liner and the com-
posite layout. Furthermore, industrial practice says that below 2.5 mm liner may
suffer the buckling effect [Tam (2002)]. Therefore this minimum value is usually
fixed. Larger values may unsuitably increase the weight. Those remarks motivate
why the manufacturer is prone to change only the composite layout and in particu-
lar the number of helical plies. To assure the safety of the pressure vessel composite
layout was changed by modifying the number of helical plies. New configuration
included 28 helical layers (56 plies) and 22 hoop layers (44 plies). Thickness of
the helical layer was set at 14.36 mm, for the hoop layer at 11.28 mm and at 25.65
mm for the reinforcement. Zinoviev coefficient was then computed. It was 0.79
for the hoop layers and 0.32 for the helical layers on the shell. It became 0.9 on
the transition region. Stress ratio appears decreased to 0.4 from 0.7. A fissuration
along the meridians is the most probable failure [Kam (1997)].

A final FEM investigation on the optimised layout was performed. A larger number
of helical layers decreases the stress acting on the external hoop layers. Shear
stress is almost null, thus confirming that the goal of no slip is suitably achieved.
Maximum stress due to the edge effect is significantly lower even in the liner. Stress
in the head is lowered. The most critical component becomes the shell. Even the
maximum radial displacement looks decreased, to 2.388 mm.
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Figure 21: Distribution of the Zinoviev’s coefficient on the vessel, according to the
final deign.

7.4 Autofrettage and fatigue
7.5 Computation of the autofrettage condition

A next step of the design operation was addressed. It concerned the computation of
the stress in presence of the autofrettage phenomenon [Fryer and Harvey (1998)].
In practice, to increase the fatigue life of the liner a preliminary static loading is
performed up to the yielding of the material of the liner at the inner radius. Resid-
ual compressive stresses at the inner surface of liner, where tensile stress is usually
larger in operating condition allows decreasing the local effect of fatigue. Product
life is increased. In practice, this process is aimed at operating the liner material
in fatigue in the range of pressure — pyax/2 t0 piax/2 instead of 0 to ppqa=1.25py.
The main problem, in predicting the actual autofrettage condition is that in this
over-wrapped composite vessel the hoop effect superimposes to the liner strain. An
analytical computation is only possible in case of metallic liner, without composite
reinforcement [Fryer and Harvey (1998)]. FEM approach can be applied by sim-
ulating a so-called “pseudo-dynamic” analysis. A time history for the pressure is
provided to the FEM code. At time 7y pressure achieves p,y (autofrettage pressure
lower py), at time ¢, it drops to zero, then, at time 73, it is increased up to p. (first
cycle in fatigue) as Figure 22 shows.

Those steps corresponds to a static loading up to the autofrettage condition, then
to the unloading operation and finally to a loading up the maximum pressure ap-
plied in fatigue regime to the vessel. Static solution is found for each time step,
being chosen long enough to avoid the dynamic effects [ANSYS (2008)]. In this
implementation the toolbox requires a tentative value of p,r and the time-step. It
computes the load history to be inputted into the FEM code. At each time step the
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Figure 22: Time history of the pressure used in autofrettage operation.

FEM software computes the radial displacement, by including the plastic strain of
the liner.

[ aaaa———
17.597 217,757 417.917 16.077 818.238 +620238 123.573 247.337 T70.696 494 ~054
17,677 517.997 718,157 932.615 62.3 185.658 309.017 432.375 564.545

Equivalent stress [MPa] Equivalent stress [MPa]

Figure 23: Stress distribution during the = Figure 24: Residual stress distribution
load step one corresponding to the aut-  after the autofrettage.
ofrettage.

In Fig.23 is shown the loading condition in terms of stress during the first step. It
is remarkable that the liner is the critical layer. Computation of the residual stress
(Fig.24) demonstrates that shell is more affected by the autofrettage phenomenon.

Residual stresses occur more at the shell than at the geodesic head, because of the
hoop reinforcement. In Fig.24 this condition is described through the equivalent
stress, although it consists of the superposition of negative (compressive) principal
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stresses. Stress analysis allowed defining the most suitable value of p,r. In princi-
ple if it is fairly large the mean stress in fatigue is lower [Suresh (1998)]. It cannot
be increased too much because of the burst pressure. A compromise between those
two limits was looked for. Since relation between mean value of stress and autofre-
taage pressure is nonlinear [Nobile (2005)], in practice an optimal value is slightly
higher than p.. In the test case it was 92 MPa (p, =87.5 MPa). The most impor-
tant nodes to define p,rare located at the shell, the edge and the nozzle. Table 4
shows some results for those locations. Mean stress looks higher at the transition
region and nozzle (head). Fracture occurs always at the liner shell, according to the
experiments.

Table 4: Stress and fatigue analysis

Location Shell | Edge | Head/Nozzle
Omax[MPa] 698 708 717
Omin[MPa] -631 -290 -40

Omean|MPa] 33 209 340

Oulternatel MPa] | 664 500 378
ny cycles 11885 | 18492 85441
nyy cycles 17756 | 51954 82971

It is interesting seeing that composite layers during the autofrettage operation do
not achieve the condition for failure, as it is documented in Fig.25. Liner shape
changes after the autofrettage process, therefore Stress factor introduced in Eq.(2)
is computed again. In the final configuration n=2.75, fairly higher thann=2.35 in
the original case.

According to the ISO 11439 Standard, the industrial test case must assure a fatigue
life of at least 3000 cycles, although the manufacturers are prone to increase this
number up to 10000. This requirement is usually checked by means of fatigue tests
[Suresh (19998)] directly performed on the prototype, a conventional pressure of
1.1ps. To complete the implementation of the design operations into the numer-
ical toolbox some literature’s models for low cycle fatigue were analysed [Dang
Wang and Papadopoulos (1997); Susmel and Tovo (2007)]. Coffin-Manson, Smith,
Watson and Topper are all applicable to the case of the liner. Multi-axial fatigue
condition exhibiting a combination of fracture modes I and II, can be studied by
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Figure 25: Distribution of the Zinoviev’s coefficient on the vessel, during the aut-
ofrettage operation.

means of the Fatemi-Socie model [Suresh (1998); Susmel and Tovo (2007)]:
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The variable strain €4, occurring for the maximum stress Gy,qy, is related to the
number of cycles N, through the Young’s modulus E, the reference strain € and
stress oy’ in fatigue test and coefficients b, c,found by experiments [Suresh (1998)].
Shear variable strain ¥, at a given maximum stress, 0, ,qx, acting orthogonally to
the plane where failure occurs, is linked to cycles N, by experimental coefficients
by, co, S and reference strain ¥;’, stress 77’ and elastic modulus G. For the test case
the approach agrees with the experimental results, when €’ y= 0.26; ¢’ ;=948 MPa;
b =-0.092, c =-0.445, v’y =0.413, 7’y =505 MPa, by=-0.097, cp=-0.445,5 =1.18.
Life cycles predicted by FEM investigation, n; and ny; are shown in Table 2. These
are compatible with the experiments on the industrial prototype. Nevertheless, fa-
tigue behaviour prediction is so difficult that only this preliminary attempt to inves-
tigate this issue cannot be considered sufficient. It just demonstrated the possibility
of extracting the stress values from the FEM results and inputting into a dedicated
algorithm implementing some fatigue models available in the literature. A deeper
investigation has to be performed. In particular all the material properties and co-
efficients used in Eq.(24) require an experimental testing of the material. This task
can be even more difficult in case of brittleness increasing due to the Hydrogen.
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7.6 Final layout

According to the proposed design procedure, the final layout of the vessel was
drawn. Some parameters were fixed, e.g. the density of fibres p ¢ [kg/m31=1790, of
matrix p,, [ke/m3]=1300, the percentage of volume of fibres Vr =0.6, the overall
density of composite p [kg/m3]=1594 and of liner (steel) of 7860 kg/m>. Weight of
the whole vessel was evaluated to be 38.4 kg, consisting of 25 kg of composite and
13.4 kg of liner (Fig.26). The benefit of the composite over wrapping is evident.
For the same burst pressure the metallic shell in the new layout is thick 27 mm
instead of the 43 mm of the original configuration.

Figure 26: Final configuration of the vessel.

8 Conclusion

This paper is a result of the tight cooperation established between academy and in-
dustry aimed at looking for a suitable solution to a current need of pressure vessels
manufacturers. A numerical approach is needed to decrease the costs of testing in
the design operation of over-wrapped composite vessels. To fit the requirements
of standards which need a detailed “design by analysis” for instance based on the
FEM, a suitable approach was studied. Object is an over-wrapped composite ves-
sels, with hoop and helical layers and inner steel liner. In practice industrial practice
was followed in implementing a numerical toolbox in MAYLAB@ and ANSYS @
environments. A preliminary definition of the composite layers is found by fol-
lowing the so-called “netting analysis” and then refined by means of the theory of
composite laminates. Outputs are used for pre-processing a FEM model. Struc-
tural analysis is then performed and a structural optimisation of the vessel design
is obtained before prototyping. It can be remarked that the possibility of correctly
predict the actual behaviour of a prototype of the pressure vessel was demonstrated.
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Some problems related to the implementation were solved. The numerical toolbox
allowed even a preliminary optimisation of the pressure vessel layout. Neverthe-
less, authors feel that this procedure is still immature for a straight application to
the manufacturing process. Effects of temperature have to be modelled and suitably
included, in particular for the Hydrogen technology. Fatigue needs to be properly
investigated and modelled, particularly in the liner. This paper contributes to the
state of the arts by describing a possible procedure to design at least preliminary
the composite layout and the liner, while previous contributions only focused on
the stress analysis of an existing layouts. The toolbox implemented demonstrated
to achieve a fairly good agreement with the available experimental results. Never-
theless, an extensive investigation about temperature and fatigue effects in cooper-
ation with an industrial manufacturer has to be performed. Experimental validation
needs a fully instrumented vessel to investigate the local effects of stress.
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