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ABSTRACT

Pressure vessels are widely used in many industries to store and transport liquids and gases. Among
the growing body of research in the design of pressure vessels, a new bend-free concept has been devised
that uses the benefits of composite materials to tailor the stiffness spatially through the structure using
the variable angle tow (VAT) technique. Failure is an important factor in designing pressure vessels that
should be predicted accurately in order to ensure a safe design. Previous failure analysis revealed
excellent performance for the bend-free VAT design pressure vessel in comparison with isotropic and
constant stiffness composite pressure vessels made of straight fibre trajectories. The feasible bend-free
design space is sufficiently large to address other considerations while tailoring the stiffness of
structures. However, research to date has not considered the failure load as a design parameter in the
bend-free design methodology. In this study, a general analytical expression representing the failure
pressure that is valid for all locations in the bend-free vessel is developed. This expression can be used
to control the performance of the bend-free pressure vessel while tailoring the stiffness analytically
without the need for further numerical analysis. Therefore, it is possible to select the fibre tow trajectory
within the bend-free design space for each location in the structure, which has the best failure
performance compared to other fibre tow trajectories that result in the bend-free state in structures.

1 INTRODUCTION

Recently, there has been growing interest in hydrogen as an energy source all over the world. One of
the main reasons for this interest is that using hydrogen as an energy source does not emit carbon dioxide,
which makes it a potential solution for reaching a zero-carbon economy. Another advantage of hydrogen
is its storage potential, making it possible to store renewable energy in large quantities and for a long
period of time. As such, it provides an excellent opportunity to have a flexible energy system in which
supply and demand can be balanced. However, hydrogen has a low energy per volume, indicating the
need for pressure vessels that can withstand high internal pressures [1]. Therefore, using hydrogen as a
power source is leading to increasing interest in designing efficient infrastructure, such as pressurised
vessels or gas grids, for the storage and transportation of hydrogen.

The ratio between the volume of the pressure vessel for storing media and the volume of the
circumscribed rectangular prism, which represents the space occupied by the pressure vessel, is defined
as packing efficiency. For pressure vessels and storage purposes, packing efficiency is an important
factor. Pressure vessels with larger packing efficiencies enable storing more media in the same amount
of space. An appealing solution for achieving good packing efficiency is represented by non-circular
pressure vessels. However, one of the difficulties arising from non-circular pressure vessels is the
bending stress that inevitably arises in conventional designs caused by internal pressure [2]. The bending
stress elevates stress levels beyond that of similar circular pressure vessels and, as a consequence, is
countered by making it thicker, making the design inefficient due to the weight increase [3].
Alternatively, composite materials can be used to benefit from tailoring the stiffness spatially throughout
the structure in order to suppress the bending stresses, which can result in a bend-free design [4-8].
Bend-free pressure vessels that can be obtained by variable stiffness composite designs can redistribute
the in-plane stress gradient through the thickness to be more uniform which results in increasing the
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overall load-carrying capacity and significant weight reduction. These advantages make bend-free
composite vessels potential candidates for the next generation of pressure vessels that can also be
considered as a solution for challenges in hydrogen storage.

Failure load plays an important role in designing pressure vessels, and it should be predicted
accurately to assure a safe design. Previous failure analysis revealed an approximately 200% failure
performance improvement for the bend-free VAT design pressure vessel compared to isotropic and
constant stiffness composite pressure vessels with straight fibre tow trajectories [9, 10]. However, the
failure load has not been considered as a design parameter to date in bend-free design methodology. The
feasible design region for the current bend-free design concept is sufficiently large to be capable of
considering other design parameters, such as failure load in the methodology. In other words, a design
concept that tailors the stiffness throughout the vessel for obtaining the bend-free pressure vessel with
the highest possible failure load within the bend-free design domain can be developed.

To this end, in Section 2, a failure envelope in lamination parameter design space proposed by
IJsselmuiden et al. [11] is considered for super ellipsoids of revolution under internal pressure. This
expression is simplified by imposing the bend-free conditions, which resulted in a closed-form solution
for failure pressure in bend-free super ellipsoids of revolution. This expression is then used in Section 3
to assess the failure performance of the structure for each fibre tow trajectory that results in the bend-
free state. Finally, in Section 4, the proposed design is verified numerically using finite element analysis
in ABAQUS.

2 ANALYTICAL EXPRESSION FOR FAILURE PRESSURE IN THE BEND-FREE DESIGN

In this section, an analytical expression representing the maximum failure pressure of bend-free super
ellipsoids of revolution is developed. The geometry of super ellipsoids of revolution is expressed by

‘X2 ¥N2]T ZN
|[;) +(7) ‘ +(3) =1 M
where a and b are two semi-axes, and N is the shape parameter, which controls the degree of
sharpness at corners in any plane passing through the axis of revolution (Z axis), i.e. X-Z and Y-Z plane,
in the super ellipsoids of revolution, as shown in Fig. 1 [12]. It is worth noting that N=2 represents a
special case of an ellipsoid of revolution, and the cross-section in any plane passing through the axis of
revolution tends to rectangular shapes for larger values of N.

Fig. 1 Geometry of a super ellipsoid of revolution.

The bend-free design requires both bending moments and curvature changes to be simultaneously
suppressed in the structure. Suppressing the bending moment results in moment-less states in the
structure, while suppressing the curvature changes results in curvature-less states in the structure [4].
For super ellipsoids of revolution with moment-less states, in-plane stress resultants are [5, 13]
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In this expression, P is the internal pressure, and K is the aspect ratio. The constitutive equation for a
bend-free structure in which both bending moments and curvature changes are simultaneously
suppressed (M =k = 0) are [14]

(4)
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Where N and ¢ are in-plane stress resultants and membrane strains, respectively. Moreover, A is the in-
plane stiffness matrix. The in-plane stiffness matrix can be substituted in terms of lamination parameters
(V) and material invariants (U;). Therefore, Eq. 4 becomes

N Ui + VAU, + VAU; Uy - VAU; &y
=1 - - . (5)
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Considering the moment-less state, the geometry of super ellipsoids of revolution can be related to
strains by [13]
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where 7, and r are two geometrical radii of curvature and €, and €4 are strains in ¢ and 6 directions,
respectively. As expressed in Eq. 2, A=y /1, therefore, from Eq. 6

€, = A- €. 0

N, can be expressed in terms of &, by substituting for €, from Eq. 7 in Eq. 5 as

N, = l(U. + VAU + VUS| A+ Uy - ViUs

~Eg. (8)

Substituting for N, from Eq. 8 in the equilibrium equations (Eg. 2) gives
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A conservative failure envelope independent of fibre orientation has been proposed by 1Jsselmuiden
etal. [11]
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Each expression represents a surface traced out by the failure criterion for all ply orientations. In these
equations, I; and I, are the volumetric strain invariant and the maximum shear strain, respectively,
given by
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= (12)
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where X7, X¢, Yr, Y and S, are material strength properties as described in Table 1 and Q;;are
components of the reduced stiffness matrix given by

E
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In this expression, E;, E, and G, are the longitudinal, transverse and in-plane shear moduli,
respectively and v, is the Poisson's ratio for a unidirectional lamina [15].
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Property Value (MPa)
X7 longitudinal tensile strength 23235
X  longitudinal compressive strength -1017.5
Yr transverse tensile strength 62.3
Yo transverse compressive strength -253.7
S in-plane strength 89.6

Table 1: Material properties for IM7/8552 carbon-epoxy.

Egs. 10 and 11 are second- and fourth-order expressions with respect to strains, respectively, and are
independent of stacking sequence. As explained in [11], failure envelopes represented by Egs. 10 and
11 do not intersect. However, they may become tangential to each other. The material properties
determine whether the inner envelope is represented by the second-order (Eq. 10) or the fourth-order
(Eq. 11) expression. In order to avoid failure, the inner envelope should be considered.

Bend-free super ellipsoids of revolution under uniform internal pressure are axisymmetric structures
and shear-free (N,p= £,9= 0), Which eliminates €,,, from Eq. 12. Moreover, for bend-free structures,
epand €4 are related, as shown in Eq. 7 and for bend-free structures, only membrane strains exist, which
allows Eq. 12 to simplify to

I =sg(A+ ])
(15)

Substituting for e from Eq. 9 in Eq. 15 gives

I Prg(A+1)
' 2 (UIA+ Uy + VAUA + VAUSA - VAUS)

(16)
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The failure pressure at each location in the bend-free super ellipsoids of revolution can be obtained by
substituting Eq. 16 in Egs. 10 and 11 as

P2 I+ P+ 05 =0,
(17)

PU + P Is+ PPlg+ Pl +1=0,

where /1, J2, J3, 4. Js, Jo and J; are
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For a known geometry and material properties, and by using Eq. 17, it is possible to find analytically
the failure pressure at each location, represented by a known ¢, in the bend-free super ellipsoids of
revolution. It should be noted that Eqs. 17 are second-order and fourth-order equations and therefore
have more than one solution. However, only the real and positive values for pressure are viable. The
failure pressure is the minimum positive real value of pressure found from Eq. 17. In the next section,
these expressions are used to obtain the failure pressure in a specific bend-free VAT super ellipsoid of
revolution.

3 ANALYTICAL RESULTS FOR A VAT SUPER ELLIPSOID OF REVOLUTION

In this section, a specific super ellipsoid of revolution with N=2, a=500 mm, K=0.72 with the material
properties described in Table 2 is considered to be designed to have bend-free states under uniform
internal pressure using the bend-free design methodology developed by Daghighi et al. [5]

Value lel 11.38  11.38 5.2 5.2 3.9 032 032 045

Table 2: Material properties for IM7/8552 carbon-epoxy [16].



23" International Conference on Composite Materials
Belfast, 1- 6th August 2021

The governing equation which dictates the bend-free state in super ellipsoids of revolution under
uniform internal pressure is defined as [5]

— AP +2A

Uy = Uy + VA 4205V (204 — Uy = 3U3VA + UsVA
- - = 0. (19)
U, +U3Vl'4 +b’:5V§' U, +!J’_‘1VIA +b’:5V§'

In this expression, Vi and V3! are in-plane lamination parameters, U; are material stiffness invariants,
and A is given by Eg. 3. The bend-free governing equation represented in Eqg. 19 is used for stiffness
tailoring. Therefore, considering a specific material system, for each location in the structure identified
by a known ¢, Eq. 19 gives a linear combination of V;/* and V that results in a bend-free design.
Lamination parameters are trigonometric functions of fibre orientation (6,) defined by [17]

e )
v v._;4)=§ f (cos20; cos40,)dE, (20)
-1

where 5:2§ is the normalised thickness, and they are not independent. For bend-free structures with
balanced and symmetric laminates, the dependency of lamination parameters can be expressed by [18]

Constraint 1: 2(V)* = (V) -1 =<0,
Constraint 2: [V -1 <0, (21)

Constraint 3: [VA| -1 < (.

and it results in a convex two-dimensional feasible region, as shown in Fig. 2. For each location in the
structure identified by a known ¢, there are many combinations of V! and V*, represented by the red
line in Fig. 2, within the feasible region that result in the bend-free design. Therefore, the bend-free
design methodology is capable of including further design parameters. Failure pressure is an important
design parameter in designing pressure vessels that can be included in this design methodology.
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Fig. 2 Feasible region of bend-free state in Vi — V! domain [8].

Eq. 17 can be used to assess the variation of failure pressure over the bend-free solution within the

feasible region for each known ¢. In this way, the combination of two lamination parameters (V{", V)
that provides the best failure performance among all possible combinations of (V{, V*) within the bend-
free feasible region can be selected. In other words, the stiffness can be tailored throughout the structure
to obtain a bend-free pressure vessel with the highest possible failure load.
Fig. 3 shows the 3D contour plots of the variation of the failure pressure for the bend-free solution within
the feasible region for different locations (known ¢) over the super ellipsoid with N = 2, a = 500 mm,
K= 0.72 and the material properties described in Table 2. It should be noted that ¢ = 0° refers to the pole
while ¢ = 90° refers to the equator.
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Fig. 3 3D contour plots of the variation of the failure pressure over the bend-free solution
within the feasible region for different locations over the structure, ¢ changing from 0° to 90°
in 1° steps. The structure is a super ellipsoid of revolution with N=2, =500 mm and K=0.72.

As shown in Fig. 3, the pole has the smallest value of failure pressure compared to other locations and
is, therefore, the critical area for failure in this structure. The variation of the failure pressure over the
bend-free solution (given by Eq. 17) at ¢ = 65  which is approximately located at one third of the
distance from the equator to the pole, is shown in Fig. 4. For this example, the failure pressure increases
when moving from the upper boundary (constraint3) to the lower boundary (constraintl) of the feasible
region and reaches the maximum amount at the lower boundary. This finding indicates that the
intersection of bend-free solution lines with the lower boundary of the feasible region gives the
combination of (V, V1) that results in a bend-free super ellipsoid of revolution with N=2, a=500 mm
and K=0.72, which has the highest possible values for the failure load.
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Fig. 4 The variation of the failure pressure over the bend-free solution at ¢= 65° for the
case study of a super ellipsoid of revolution with N=2, =500 mm and K=0.72.
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4 NUMERICAL VERIFICATION

In this section, the accuracy of the developed expression in Section 3 for predicting the failure
pressure (Eq. 17) is verified numerically. Therefore, the stiffness of super ellipsoid of revolution
described in Section 4 with N=2, a=500 mm, K=0.72 and made of carbon epoxy IM7/8552 is tailored
using the VAT technique, according to the analytical methodology described by Daghighi et al. [5], to
have bend-free states. In order to have the best failure performance within the bend-free design using
the VAT technique as concluded in Section 3, first, the intersection of solution lines with the lower
boundary of the feasible region is used to extract tailored lamination parameters. Second, by considering
a balanced symmetric laminate i.e. [6;, —6,]s, the fibre tow trajectories corresponding to the tailored
lamination parameters are found analytically using

01 = 0.5 - arccos (V{) = 0.25 - arccos (V5). (22)

The fibre orientation distribution is plotted in Fig. 5 for the designed bend-free super ellipsoid of
revolution. It should be noted that the fibre tow trajectory is the same for the locations with the same
distance from the equator.
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Fig. 5 Fibre orientation for the bend-free state in the super ellipsoid of revolution
with N=2, =500 mm and K=0.72, made of carbon epoxy IM7/8552.

This bend-free structure is modelled using S8R5 and STRI65 shell elements in ABAQUS. An in-
house MATLAB code was used to associate the correct fibre tow trajectory, obtained from Eq. 22, to
each finite element. Further details on the modelling can be found in [7]. The flowchart shown in Fig. 6
describes the approach taken in this study for obtaining the failure pressure numerically.
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Fig. 6 Flowchart representing the finite element analysis.

The failure pressure at each location in the bend-free super ellipsoid of revolution is obtained
analytically using Eq. 17. Fig. 7 compares the failure pressure at each location in the bend-free super
ellipsoids of revolution that are found based on numerical and analytical approaches. As shown in Fig.
7, there is a good agreement between the numerical and analytical approaches with a maximum error of
less than 0.31%, which confirms the accuracy of the analytical solution developed in this study.
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Fig. 7 Comparison of numerical and analytical failure pressure at each location in
the bend-free VAT super ellipsoid of revolution with N=2, =500 mm and
K=0.72, made of carbon epoxy IM7/8552

5 CONCLUSION

Failure pressure is an important design parameter for designing pressure vessels. Studying the failure
performance of structures with complex geometries and stiffness properties usually requires expensive
numerical studies. The current study aimed to develop a general analytical expression for failure
pressure in the recently proposed bend-free VAT pressure vessels. The developed failure expression is
written in a general form. Therefore, this expression can be used to predict the failure pressure
analytically for a family of super ellipsoids of revolution with different geometries and material systems
that are tailored using the VAT technique to have a bend-free state. This expression is then used in the
bend-free design methodology to include the failure performance of the structure in the stiffness
tailoring. The numerical results verified the accuracy of the failure pressure predicted by the proposed
analytical expression with an error of less than 0.31%.
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