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Abstract

In this paper we present results of the OSIRHYBré&vich project which aims to develop and
validate models and methods for composite high spires design and optimization with
behavior uncertainties knowledge. Models of the frartners of this project are presented
and burst simulation results are compared for thtest temperatures (-40°C, 15°C and
85°C).

1 Introduction

Hydrogen is an alternative to traditional energyrses like oil and natural gases. It offers
great advantages as no greenhouse gas emissiomoferthan a decade, this way has been
the focus of research and development efforts. élyeln storage stays a key issue for the high
scale deployment of fuel cell applications. Differevays exist to store hydrogen, such as
liquid storage tank [1], polymer and composite fofgy metal hydrides [3], gaseous high
pressure storage vessel [4]...

The gaseous hydrogen storage at high pressuretypighlV vessels (with a polymeric liner
fully-wrapped with a fiber-resin composite) is thest technology nowadays. To be efficient,
this storage must be done at high pressure (abb0eb@r and up to 700 bar for on-board
applications). Recent developments on 700 bar typeressels have demonstrated very
promising results (high cycling resistance, bursspure, hydrogen tightness, gravimetric and
volumetric storage capacities...).

To reach commercial deployments, this technologgdeeresearch and development to cut
costs and improve performance, reliability and Hilitg of current high pressure vessels. The
composite shell allows withstanding high mechangteésses due to internal pressure. The
massive use of carbon fiber represents 50% to 7AOftedfinal cost of the vessel (figure 1).
An optimization of composite structure will alloveaching a significant cost reduction of
hydrogen devices. An improvement of numerical satiah is needed because today most of
the engineers work with simplified models frequeridr from the real problem.

OSIRHYS IV is a project supported by the FrencheResh National Agency (ANR) through
“Hydrogene et Piles a Combustible” program (HPAGguam). The purpose of this project is
to clarify uncertainties and approximations of higtessure vessel composite design and
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calculation. The project is dedicated to all coricep and simulation chain. It aims at
improving material and process (filament windingjaracterization and at establishing a
strong and shared database between all projectgrariThe goal of OSIRHYS IV project is
to develop and validate models and methods for ceitgpdiigh pressure design and
optimization with behavior uncertainties knowledfigure 2).
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Figure 1. Costs repartition of hydrogen high pressure typed¥sels depending of carbon fiber types
T1000/T700 (Quantum, USA)
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Figure 2. (a) Presentation of OSIRHYS IV Work Packages anagiculation qualification steps

2 Design and calculation limitations

Facing the enormous range of possibilities in tha&giheof such pressure vessels (materials,
topology, process techniques, laminate lay-up, Wmmangles...), it was decided to limit this
study to a particular topology, material and windprgcess. In any case, pressure vessels
should be optimized to hold a maximum of fluid wiéh limited volume at the best
manufacturing costs, load bearing capability afesfian. However the aim of this approach
Is to gain in knowledge, have a better comprehensidghe behavior of these pressure vessels
in order to figure out design rules and effectiy@imization techniques in relation with
manufacturing processes. This previous step i$ b@ore enlarging design parameters and
finally answering industrial and economic stakes.

Current simulation limitations are related to diffiet models and behavior uncertainties. We
can quote for instance the following aspects:

- The lay-up design about the winding evolutioratgigies on end-closure revolution areas
(thickness evolutions [5], [6], [7], angle evolutowith geodesic winding trajectories based
on the Clairaut equation or with non-geodesic wigdiechniques [8], layer superposition,
slippage parameters)

- The choice of the element types in the FE mod&hell elements are mainly suitable for
analyzing thin to moderately-thick shell structuredereas solid elements are more
appropriate for calculation precision in spite bé&it more laborious use for winding mesh
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procedures, which could appear to be too time coirsy in the optimization procedure.
Another limitation concerns the accuracy of axisyetme models to faithfully simulate the
composite cyclic periodic behavior.

- The damage models. An optimization procedure Wwidle to take into account all the
damage mechanisms (fatigue, failures...) occurrinthestructure. The fatigue behavior of
composite materials depends on the nature of thetiteents, the process parameters and
mainly on the application. Numerous damage modelcdmposite structures are available.
For example, the more sophisticated are based oro+scale [9] but are limited by their
complexity and costs. Moreover, macro-models [E@jns to be more appropriate for complex
and large structures but still remain to be testegressure vessels.

- The optimization procedures. An automated optatien technique taking into account all
the laminate parameters (different winding angles thicknesses, slippage tendencies, lay-up
and ply numbers) with fatigue and damage models do¢ exist nowadays for this kind of
structure. The more ambitious studies are restfitiehe optimization of a part of a pressure
vessel or to the optimization of one winding anglthout referring to fatigue behavior [11].
Different optimization procedures will be investiga [12].

3 Burst simulation results

The composite tanks that are considered in the B8&R IV project consist in the three
following components (Figure 3a):

- The inner plastic vessel (or liner) ensuring pinessure tightness of the tank, it hardly plays
a role in the structural strength of the tank;

- The metallic bases ensuring the connection oftéimé& with the other components of the
system in which it is embedded,;

- The outer composite shell ensuring the structstrehgth of the tank.

The main dimensions are: 2 liters in volume, 130 mraxternal diameter, 300 mm in total
length, 11 mm in composite thickness.

The first simulations that have been carried outlics project deal with the burst test of the
tank. This normalized test consists in a steadseame of the internal pressure of the tank up
to burst. The tank is clamped on one side and resnimtally free on the other side. The
principle of this test is shown in Figure 3a

Two burst modes may occur (figure 3b): a safe maaw®er expulsion of the metallic bases
when the vessel bursts) and an unsafe one (oupedséan of the metallic bases when the
vessel bursts). For this type of test, the OSIRHYSproject aims, on the one hand, at
developing a better numerical prediction of thesbpressure of a given composite tank and,
on the other hand, at better understanding the phena leading to one burst mode or to the
other.

Composite Metallic Lo i
base -
(a) (b)
Figure 3. (a) Burst test principle and (b) burst modes (saifé: unsafe)
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The present computation results refer to the finsdeling step (Figure2b). This first step

considers an initial rough knowledge of the georoaltrdimensions, of the composite shell

characteristics and of the material propertieheftank. The main objective of this first step

is to assess afterwards the impact of the aforaor@d uncertainties on the final results.

In this project each partner focuses on a speip@ (development of specific damage laws,
modeling of the composite winding in the dome, .eEgch partner thus proposes a particular
finite elements model, with the use of a particldamage law for the composite, reliable

techniques to model the composite winding in the e®nThis paper presents the results
obtained by each partner in terms of burst simutatlhe simulation results are compared to
the results of a test for which the burst modénefdcomposite tank was safe.

3.1 FE models comparison

Starting from common initial data, each partner ti@geloped its own FE model of the test.
This section presents briefly the different FE nisddat have been developed. Table 1
summarizes the FE modeling hypotheses and the filzase that has been chosen by each
partner.

The tank is manufactured using a filament woundc@ss. The composite characteristics
(layer orientation and thickness) in the domes oarbe very accurately measured and
therefore must be modeled using appropriate methiedsh partner has chosen a specific
method: the ABAQUS wound composite plug-in has besed as well as homemade
geodesic models or data extraction by inspectiagh®tank radiography. Table 1 summarizes
the techniques used by each partner to model the domposite winding.

The diversity of the models does not lead to hufferdnces in the mass of the different parts
of the structure as shown in Figure 4a. More smedly, all FE models predict the same mass
for the composite in the cylindrical part of thewka This value corresponds to the exact
theoretical value that can be easily computedistaftom the details of the composite layer
and the geometrical dimensions of the tank. Needéztis, a little discrepancy of the
composite mass in the dome area can be observeldiflerence is mainly related to the
method used to model the composite winding in theelareas. Moreover, Figure 4b shows
that the mass of the liner is slightly higher ie fRE models than in the real tank. The part of
the latter in the structural strength of the tankgerery limited, this difference has a very
small influence on the results of the computatidnsally, the metallic bases masses are very
close in all the FE models. The very little diffieces can be explained by the complexity of
the geometry in the area of junction with the liaad the composite domes.

FE modelin Number of
h "9 FE code Dome modeling method degrees of
ypothesis f

reedom
ARMINES Volume ZEBULON Radiography inspection 5.48x10°
CEA Axisymmetric ~ ABAQUS ABAQUS Wound Composite 2.11x10"
CEA-SAMTECH  Axisymmetric  SAMCEF Geodesic model developed by SYMME 6.08x10"
INSTITUT P! Axisymmetric ~ ABAQUS ABAQUS Wound Composite 1.04x10°
SYMME Volume ANSYS Homemade geodesic model 3.12x10*

Table 1: Chosen FE modeling hypotheses
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Figure 4. (a) Composite mass of the FE models and (b) Cosganf the components mass

3.2 Burst results comparison at 25°C

All the partners computed a non linear static asialgt ambient temperature (25°C).

Three physical quantities are compared: two locgpldcements and the burst pressure. The
displacement gauges are located at the tip ofréeeldase and at the center of the cylindrical
part, on the external composite layer. The sam@atisments sensors have also been placed
on the real tank for the burst test.

Figures 5a and 5b show respectively the resultsimdd for the axial and radial
displacements by the five partners and the comman$ their simulation with the test results.
It appears first that none of these simulationge®ggnts correctly the axial behavior of the
tank during the test. Two non linear phenomenaamnpghese differences. First, it seems that
a short but strong non-linear phenomenon occutiseabeginning of the test. It is assumed to
be related to gaps in the assembly. The secondimear phenomenon is slighter and more
continuous and seems to be less related to impierscof the test assembly than the
previous one. The study of this phenomenon is ogss; the carbon composite properties
have been characterized by ARMINES and the reslitav that the material stiffness is
overestimated in the bibliography. Moreover, the posite quantity in the domes has a huge
influence on the vessel axial stiffness. More mecnodels are being built from radiographies
performed by the partner ARMINES. Finally, the higgeesses in the metallic bases require
the introduction of plasticity in these parts.

The results of the different partners are very lsimiAs a consequence, it seems that
axisymmetric as well as three-dimensional FE modeldd be used for this type of analysis.
Only computation cost, practical modeling consitlers or future conclusions related to
more complex simulations (e.g. non axisymmetric agen propagation) could lead to
recommend one of these two FE hypotheses.

An important fact resulting from this comparisorthst the composite must be well modeled
in the dome area and that the current models avei@e the composite quantity in these
areas. Model improvements are in progress, usiagg® radiographies.

The radial displacement of the test appears to behnmore linear than the axial one. The
cylinder modeling does not present huge difficsltiand therefore all the partners present
similar results very close from the test results.

The “safe” burst phenomenon experimentally obsefeethis type of tank is strongly related
to the circumferential loads acting in the middfelte cylindrical area of the tank. Therefore
it will be mainly driven by the strength of the fisein the circumferential layers. The
comparison of the FE simulations with the test ltesseems to validate this hypothesis.
Indeed, the test results exhibit some local fadufsee fluctuations in Figure 5b) in the
composite shell occuring close to the theoreticastopressure predicted by the FE analyses.
However, these local failures do not lead to thecstire burst.

The main conclusion of this study is that the ddfé FE models tend to underestimate the
burst pressure level and to overestimate the aifihess of the tank. Some studies are in
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progress in order to use accurate composite mafaoperties, fibers trajectory and layer
thickness in the domes. The updated models shoulthd test results and then predict
accurately the burst pressure.

35 1.4
Test-corr Axial Displacement (mm)
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Figure 5. (a) Axial displacement and (b) Radial displacement

3.3 Influence of temperature on burst pressure

While the previous part dealt with the behaviourttariks at room temperature, this section
presents the main features and the first resultsuadt simulation at different temperatures,
namely -40°C and + 85°C (in addition to 25°C). ®irtlse characterization of the material at
these temperatures is in progress, this synthagpisias how the effects of temperature are
taken into account. Results of “blind” simulatiging., without exact knowledge of the actual
behaviour) are here commented.

As far as tensile tests on unidirectional compssgamples are concerned, works in the
literature [13] show, on the one hand, that angase in temperature has almost no effect on
fracture stress and stiffness in the fibre directi®n the other hand, both characteristics
decrease in the direction normal to the fibres. ddresequences of a temperature decrease are
a fracture stress increase (in the directions |gh@ahd perpendicular to the fibres) and a slight
strengthening of the Young modulus in the directp@mpendicular to the fibres. The same
kind of conclusions can be drawn from tensile tgmdormed on +45° samples (fracture
stress and stiffness increase for a lower tempe&gatérom these experimental data, mean
reduction or amplification (with respect to valsoom temperature) coefficients have been
chosen (see Table 2).

Whatever the temperature is, unidirectional sammghibit brittle fracture. The next
simulations assume an elastic behaviour and fraaocurs when axial displacement rapidly
increases. Under these assumptions, the burstupeesbtained by each partner is presented
in Table 3.

Tested sample Temperature Fracture stress Stiffness
Unidirectional -40°C +25% negligible variation
Parallel to fibres +85°C negligible variation  ne@dble variation
Unidirectional -40°C +18% +8%
Perpendicular to fibres +85°C -25% -18%
+a5° -40°C +8% +17%
- +85°C -23% -28%

Table 2: reduction / amplification coefficients (with respég room temperature)

The burst mode is safe for each temperature. Thmilations of the axial and radial
displacements exhibit a very similar behaviour. @ifterence between the burst pressure at -
40°C on the one hand and 25°C and 85°C on the bttt comes from the variation of the
fracture stress in the fibre direction: the storsg@ore resistant at a lower temperature.
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Partner Burst pressure (bar)

-40°C +25°C +85°C

CEA 1948 1541 1483
LMS Samtech 1890 1520 1473

ARMINES 2193 1715 1642

SYMME 2245 1759 1799

PPRIME 2158 1700 1604

Table 3: Burst pressure at -40°C, +25°C and +85°C

Simulations including the influence of the differenbetween the thermal expansion

coefficients have been performed by Samtech. Figa&reshows the stress induced by a
uniform temperature loading (increment of 65°C)sthetress levels are non negligible in the
internal layers of the dome and could lead to rafie burst modes (note that the expansion
coefficients have not been experimentally deterchidthough they are representative of the
composite material at stake in this project).

This pivotal influence of the thermal propertiess Heeen confirmed by Pprime: Figure 6b

represents the simulated stress in the fibre dimectfter curing and cooling of the tank. The

circumferential layers undergo a non negligible pogssive stress.

SDV25
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Figure 6. (a) Stress (MPa) due to a uniform temperature ta@adnd (b) stress (MPa) in the fire direction
after curing and cooling of the tank

4 Prospective work

Future works aim at refining estimations of radiatl axial displacements, mass and fracture
mode by investigating four possible ways of improeat:

- Improvement of material knowledge: a precisenestion of the burst pressure requires to
understand the different damage mechanisms (filzluré, fiber/matrix debonding,
delamination) leading to final failure. With thiacin view, tests on elementary samples are
In progress.

- Improvement of full composite architecture knosde: first results (especially the
discrepancy observed between measured and simubated displacement) show the
necessity of a better knowledge of the vessel gagnespecially in the vessel domes (fiber
orientations and layer thicknesses). Detailed @ealyof vessel geometry on a real structure
are in progress.

- Improvement of behaviour modelling: behaviour mibdg has to be improved by taking
into account more physical phenomena as, for examyiscosity, fibre interlacing...
Concomitantly to these modelling improvements,ste@st structures (flat samples with fibre
interlacing due to filament wound process) are mlame order to build up a set of
experimental data which will be useful to validdte modelling hypotheses.
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- Improvement of FE model: a precise geometricptesentation of the tank domes, as well
as their complex stacking, remains a pivotal issoesimulate satisfactorily the axial
displacement and the mass of the composite. Fuontirer the perfect contact between
metallic bases, liner and composite seem to besitogplistic, as these zones undergo a high
shear level. Plastic behaviour of the metallic bad®uld also be taken into account.

In the long term, durability under more complexdwas will be tested and simulated: as
these hydrogen tanks are required to be filled ng emptied many times, the residual burst
pressure has to be assessed after cyclic loading.
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