£\

DESIGN & TESTING

6

Improving analyses of composite

pressure vessels

¥ The filament winding process has gained broad
support among a wide range of applications, from
rocket propellant tanks and automobile hydrogen
storage tanks to scuba and firefighting equipment.
In particular, the high stiffness-to-weight of these
composite-overwrapped pressure vessels (COPVs)
makes them ideal for such uses. The analyses of
pressure vessels, however, can be a time-consuming
and difficult task using the off-the-shelf capabili-
ties of commercial finite element codes such as
Abaqus (Dassault Systemes, Waltham, Mass., U.S.),
and Ansys (Canonsburg, Pa., U.S.). Specialized tools
are required to accurately predict the behavior of
COPVs due to the continually varying layer thicknesses and fiber
orientations.

When looking to improve upon traditional analysis procedures
of COPVs, there are two areas that must be addressed. First, the
geometry of the composite vessel must completely match that of
the underlying liner. Second, equivalent materials properties must
be computed that can accurately capture the material properties of
the interwoven composite bands whose orientations are continu-
ally varying.

This article discusses the methodologies implemented in the
WoundSim tool which has been developed specifically for the
analysis of COPVs and to be tightly integrated with the commercial
code Abaqus.

Continuum-based composite geometry

In most pressure vessels, the traditional shell approach

cannot match the underlying liner geometry. Shell geometry

is constructed by defining a line in 2D or a surface in 3D and
extruding perpendicularly to the line or surface. This extrusion
does not allow the shell geometry to wrap around discontinui-
ties in the polar region such as that shown in Fig 1. To achieve
this, continuum geometry must be created. WoundSim has been
developed to generate either 2D or 3D continuum geometry that
matches that of the liner.

Shell geometry is useful for analyses such as buckling of the
liner or dynamic impact in which the contact occurs away from
the polar boss. In these cases, the accuracy of the simulations in
polar boss regions may not be important since the polar boss may
not be involved in the impact and definitely not involved in the
buckling of the liner. However, when designing a pressure vessel,
the first consideration is that of burst pressure. Design standards
typically require the cylinder stresses be about 20% higher than the
stresses in polar boss regions, since the polar boss may become a
dangerous projectile if the tank fails in that region. To accurately
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capture this requirement, continuum geometry matching the liner
exactly is critical.

Smeared property approach

Many analyses of COPVs are performed using the standard
composite layup approach available in commercial codes. This
approach entails defining a layer at 10°, for example, and a
second layer defined over the top of the first at -10° in order to
model a single 10° helical layer. While this approach can often
obtain reasonable results, it becomes less accurate as the layer
approaches the region of the polar boss and as the pressure tanks
become thicker. This is because the bands at the plus and minus
directions become woven together as they are laid down and thus,
on average, exist at the same position through the thickness of the
layer. To mitigate this, WoundSim takes a more rigorous avenue
toward approximating the composite properties of a layer via the
smeared property approach.

The smeared property approach uses the local lamina proper-
ties of the band, which are known and provided by the user, and
transforms them to a global coordinate system (Fig. 2). This opera-
tion, performed on properties in the plus and minus directions,
results in an equivalent set of properties in the global coordinate
system. This requires specialized user subroutines for the analysis
and thus is not commonly used, even though it provides the most
rigorous approach to approximate the material properties of a
woven filament-wound composite.

Post-processing for smeared property approach
To determine the load-carrying capacity of the pressure vessel,
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Transformation of local compliance to global compliance.

the stresses and strains in the direction of the fibers must be
computed. Failure criteria such as maximum stress/strain,
Tsai-Wu, Tsai-Hill and others can be used, but are all based on the
lamina stresses and strains in the fiber direction and transverse

to the fiber direction. However, the smeared property approach
computes properties in a global coordinate system, so those
smeared stresses and strains must be converted to local stresses
and strains through coordinate transformations and the compli-
ance matrix of the lamina.

WoundSim uses a Fortran user-subroutine to perform these
calculations. A library is pre-built with the Fortran routine so the
user does not need to have a Fortran compiler installed to run the
analysis. The Fortran routine contains a UVARM subroutine which
is an Abaqus subroutine available for computing user-defined
output quantities.

Flexibility in modeling techniques
The design of composite pressure vessels usually requires that
more than one type of analysis be performed on the vessel.
Depending on the type of analysis, the geometry requirements
may change. For example, if performing an optimization or
design-of-experiments study in which hundreds or even thou-
sands of analyses may be required, it is more practical to perform
such procedures with axisymmetric models. These may consist
of an axisymmetric shell or continuum elements that are compu-
tationally inexpensive; however, the analysis will be limited to
axisymmetric loading such as pressurization or autofrettage
loads. If non-axisymmetric loading is required — such as a simple
bending analysis — then the user must graduate toward more
computationally expensive elements, such as 3D shell, cylindrical
elements.

For very generalized 3D behaviors, such as off-axis impact car-
crash analyses, 3D continuum models will be required. Although
the loading of the tank will often dictate the type of model
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geometry required, an important consideration is the dramatic
effect the geometry type may have on the simulation run time.
Figure 4 identifies geometry selection versus approximate run
times, indicating the importance of having the ability to choose the
geometry that is most appropriate for a given analysis.

Seismic changes are occurring in the way energy is used and

stored. Composite pressure vessels are going to play a larger role
in energy storage as the world converts to zero-emission technolo-
gies. Accurately predicting the behavior of composite pressure
vessels, and thus ensuring their safe use, is a key concern to a
wide range of companies developing next-generation energy and
mobility/transport applications. Accurate modeling of pressure
vessel geometry and rigorous, proven approximations to the
material properties of the windings, will help ensure composite
tanks are designed to the highest level of safety as they become
more prevalent and play a more crucial role in our lives. cw
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