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Abstract

The exploitation of the benefits of hydrogen eneagylarge scale needs the understanding of the
degradation mechanisms of storage subjected toesewvaditions, fire for example. In a first stade o
the European project FireComp, studies on the talenmechanical behaviour of the materials used for
hydrogen storage have been performed. A seconce dtackles the modelling of the coupled
thermomechanical mechanisms and their consequanceélse mechanical strength of samples and
storage vessels subjected to this type of loadimg different approaches have been selected: on the
one hand, a Progressive Failure Analysis (PFA)ctiraelates the material strength and stiffness of
the material to the temperature and, on the otlamdha Continuum Damage Mechanics (CDM)
approach controls the evolution of internal damaaables in the framework of the Thermodynamics
of Irreversible Processes. Both types of modeléingg compared to experiment, at sample and storage
scales.

1. Introduction

Use of hydrogen energy at a large scale necessi@stering the reliability of storage at very high
pressure. Type-IV tanks (made of a polymer linertifghtness, metallic bosses for connectivity and a
wound composite shell for structural strength) moevadays considered as a mature way. In order to
better characterize the conditions that need tadbéeved to avoid a failure of the composite pressu
vessel subjected to a fire, the FireComp projet¢hfee year FCH JU funded pre-normative research
project) aims to model the thermo-mechanical beaijrasi such high pressure storage. The FireComp
project brings together partners from diverse eigera Gaseous Compressed Hydrogen technology
integrator as a coordinator (AIR LIQUIDE), a prassuessel supplier (HEXAGON), a leading actor
in international Standards, Codes and Regulatiangldpment (HSL), experts in industrial risks
(INERIS), experts in thermal radiation and mechahniehavior of the composite (CNRS (Pprime &
LEMTA), Samtech), experts in thermal degradatiord aombustion of composites, numerical
simulation (Edinburgh University and Samtech) anaapert in European R&D collaborative project
management (ALMA).

Experimental work has been done at the sample §£&lpin order to improve the understanding of
heat transfer mechanisms and the loss of strengttoroposite in fire conditions and to provide
information for modelling of the thermo-mechanidahavior of structures made of this material
(epoxy resin and T700 carbon fibres). This commatibn deals with the numerical tools
implemented by the partners Samtech and CNRS tolaien(i) the residual strength of samples first
subjected to fire, (ii) the time to burst of prassed type IV cylinders in fire conditions. The trear
INERIS performed bonfire tests on real tanks. Thegeerimental data allow validating the modelling
tools incorporated in Finite Elements softwares.

First, the thermomechanical damage models arel\opeésented. In a second part, they are used to
simulate the behavior of samples subjected firsfit® and then to a mechanical load. These
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simulations are a preliminary step to validate rii@dels. At last, fully coupled FE computations on
real tanks are run to calculate the time to burpressurized vessels in fire.

2. Modelsfor thermomechanical behaviour

Two different approaches have been implementedaeiithe mechanical and thermal behaviour of
composite:

- a continuum damage mechanics approach (damagel hgpd_adeveze [3]) in which the damage
state is given by a set of damage variables whiciive according to the thermal and mechanical
loading.

- an approach by Progressive Failure Analysis, ickvthe strength and the stiffness of the material
are progressively reduced as soon as a damageatri(eamely, Hashin criteria [4]) are reached.

In each case, the mechanical properties are tetopermdependent. The experimental data [1,2] are
used for validation.

2.1. Continuum Damage M echanics

One of the approaches selected in this projeanfmieling the damages inside the plies (intra-lamina
damages) is based on the continuum damage meclapposach initially developed in [3], in which
the laminate is made of homogeneous plies and dawegables impacting the stiffness of each ply
are associated to the different failure modes,esgnting the fiber breaking, matrix cracking and de
cohesion between fibers and matrix. The model tsr@an LMS Samcef and there is no need for
additional plug-ins/user-routines to solve the pesgive damage problem. All the temperature
dependent material parameters can be defined implu file, and the material model is evaluated at
the Gauss points, inside the finite elements. Thi@®age variables are used, which vary from the
undamaged (0) to the fully damaged state (1), namel

« chirepresents the stiffness reduction due to fibirrea

* dx represents the loss of cohesion between the fdyetdhe matrix.

« dhorepresents the matrix damage, i.e. the crackinigeomatrix.
23 parameters have to be identified, for a givenperature: 9 elastic constants, 10 damage related
parameters, 4 plasticity parameters.
The tests performed on samples subjected to a mieahdoad and a fire exposure [1] clearly
evidenced the negligible role of the stress onibegt transfer. As a consequence a sequential thermo
mechanical solution procedure was implemented. Berat was observed, that above the glass
transition temperature, the material was as goambagletely damaged, only temperature dependence
is taken into account and no charring dependenicgpiemented for the mechanical model.
First a thermal analysis is run, using the therpralperties identified by the partner University of
Edinburgh [2]. The temperature is calculated far tharring material, using the thermal boundary
conditions (convection, radiation, combustion ofgysis gas). The temperature field is stored in a
result file, which will be re-read by the mechahicaculation.
The mechanical damage model is temperature depgratahthe material model is evaluated using
the temperature distribution at a given time ins¢éamhe temperature field at a given time instaace
obtained by interpolating in time between the dalimd (and stored) temperature fields from the
thermal analysis. This means that the time stewd®t the thermal and mechanical calculation does
not have to be identical.
The above described approach has one drawback,lyna@inibe temperature decreases the elastic
properties will again increase. This model shouidréfore only be used with non-decreasing
temperatures. This limitation is not fundamental #re model can be easily extended.

2.2. Progressive Failure Analysis

With a view to perform simulations on large struets (wound composite tanks) and to save
computation run time, a Progressive Failure Analyss also been chosen, that is simpler than a
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CDM model. This method has been successfully implaed by Gentilleaet al. [5], who dealt with
the thermomechanical behavior of hyperbaric tamksthe same way as these developments, the
approach presented here only uses tools as simmpb@ssible, which can be found in the standard
version of the Finite Element software Abaqus.

Tests clearly show the different types of behadbthe wound composite, according to the loading
direction (linear elastic in the direction of thbdrs and in the direction perpendicular to ther)
elastic-plastic under shear stress). This anisgtrigpintroduced by using a Hill criterion, only
selecting the shear stress components. The pla&ibehavior is then implemented via tables “yield
stress vs. plastic strain” identified from tenstests performed o845° samples. In order to take into
account the progressive degradation observed i®tythe of tests, the stiffness reduction is reldate
the cumulative plastic strain, given by the hardgrdurve. This constitutive relation is modelecdHy
means of a “User Field” subroutine in Abaqus, whalows to index one (or more) field to the
variables of the model. In this case, this fieldteins the equivalent plastic strain which playsrble

of damage variable. The shear moduli are then gigea function of the cumulative plastic strairain
table. It is a simple way to build a damage mobet,it avoids integrating complex evolution laws at
each Gauss points and building intricate Jacobiatnioes.

Regarding the directions “fiber” and “normal to difj, the corresponding parameters in the Hill
criterion are set to zero in order to avoid any lim@ar behavior in these directions. The brittle
behavior is dealt with by the means of Hashin-kikieria (failure occurs as soon as the stresien t
direction parallel or perpendicular to the fibeackes a given strength). In order to avoid numkrica
difficulties (in terms of convergence in particyldue to the brutal failure assumed by these @iter
progressive degradation is introduced in thesectines: the stiffness in the direction affected by
damage is not immediately set to zero but is moogrpssively reduced.

Unlike CDM approaches, no damage variable (inhiggrhodynamic meaning) is used. However, some
indicators play the role of damage variables.

- the cumulative plastic strain: far15° samples, a direct link between the irreversiittain and the
stiffness degradation can be highlighted. The astain plays thus a double role (plastic stimnad
damage indicator)

- the ratio stress / strength: in the directionaial or normal to fiber (brittle behavior), therdage
level can be related by the ratio of the stressha considered direction and the corresponding
strength. If this ratio reaches a given value, dgmappears and progressively evolves towards its
maximum value (noted.d).

14 parameters have to be identified: 4 elastictems, 5 strength values for the Hashin like dete3
maximum values for damage level, 1 maximum plasitiain (for +45° samples), 1 hardening curve
(for £45° samples).

Starting from the hypothesis of the negligible rofethe stress on the heat transfer, a successive
solving of the heat equation and of the mechanbmthavior is implemented. The mechanical
behaviour and the heat equation are solved simadissily: the latter (starting from the thermal
properties determined at the previous step) previde updated value of the temperature, whereas the
former gives the stress components, the damagdsldiem the strengths depending on the
temperature Jdetermined at the previous step) and then thimeti§. From the updated temperature
Tn1, the thermal (conductivity, specific heat) and hesdcal properties (stiffness, strength) are
modified. The procedure then returns the updatedhmard@cal stress and strain. Regarding the
composite degradation due to charring, it is assumee be temperature-driven: as soon as the
temperature reaches a critical temperature (350i€asured from TGA tests), the mechanical
properties are set permanently to a low value.

3. Sample scale: simulation of residual strength

As a preliminary validation of the approaches oeili in the previous section, tensile tests on
specimeng45° (EC45) first subjected to fire are simulatedepurpose is to verify that the char can
be considered as a fully damaged material. Theirgpes are cut in large hydrogen storage, so that
they are quasi-flat. The experimental data areilddtén [1]: the specimen is first subjected to an
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incident flux of 35kW/m during a given time and then subjected to tendioorder to reproduce the
actual tensile test, the sample FE geometry is rallpkepiped made of 6 layers (45°/-45°/45°/-
45°/45°/-45°) of dimensions 300mmx25.5mmx6.35mme Tixed grip of the tension set-up is
represented by a constraint (no displacement) eghgliong 44mm. The mobile grip is represented in
the same manner: an increasing displacement isedpgul the other end. The parallelepiped is meshed
with continuum 3D linear finite element with tempature-displacement coupling and full integration.
The work [1] provides the char thickness accordim@g given incident energy. A partition of the
sample is performed: the mechanical propertieshafr @re assumed to be very low, whereas the
stiffness and the strength of the rest of the samgihain equal to their initial values (Figure This
hypothesis is justified by the fact that the red@eomposition in the char also affects the loaasstier

to the fibres: without resin, the fibres no long&y their role of reinforcement

A A N
Figure 1. Modelling of sample EC45 by FEA; (A) Partitionroposite (blue) and char (red) and
Boundary conditions. (B) Mesh of sample

Figure 2 shows the results of the simulation oftdresile test up to fracture by the Progressivéurai
Analysis. The dashed lines represent the experimedtthe solid lines the simulation. The number
XXX in the caption EC45-XXX represents the expernitag fire exposure duration (and is then related
to the char thicknessfA good correlation can be observed between simulatim experiment for all
exposure conditions. Similar simulations have bperformed for 90° and quasi-isotropic samples.
These results prove (i) it is reasonable to comditke char as a composite material with no stiffines
(if) the Progressive Failure Analysis is able towaately simulate the non linear mechanical behavio
and the fracture of the EC45 sample (as well asrdtipes of specimen).
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Figure 2. Simulation (solid line) and experiment (dashee)iof tensile test for EC45 after exposure
duration of 140, 180, 200 & 220 (s) - Stress (IMWa)Strain (%)
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4. Vessd scale: smulation of timeto burst

The previous section only deals with “uncoupledhsliations: the sample is first subjected to fired a

in a second step to a tensile test. This sectioineades the specific issue of the thermomechanical
coupling: the objective is to simulate the thermatl mechanical behavior of the pressurized vessels
(with an inner operating pressure of 700 bar) amdnaident flux and to compare the results to the
experiments performed by the partner INERIS, irtipaliar the time to burst.

4.1. Simulation by Continuum Damage M echanics

The full cylinder has been modeled in 3D. The radso this choice is to have the possibility to lypp

a 3D heat load. In Figure 3 the finite element nmafshe cylinder (only half of the model) is showi.
constant lay-up is chosen along the length of $fi@aer, resulting in a constant thickness comgosit
shell. Although this is not always realistic, itassumed that the cylinder would burst in the eente
section and that the design of composite at theedawuld not have a major influence on the burst
pressure.

The domes of the cylinder are modelled using 6a8@mne elements, and the liner is modelled using
4711 elements. The composite shell is constructeextruding the outer surface of the liner and
applying the actual layup, resulting in a constdmtkness composite shell. For the extrusion a
discretization was chosen, which resulted in twiespper element (in the thickness direction). This
resulted in a total of 122.960 volume elementgHercomposite shell.

I

-

Figure 3. FE mesh of the cylinder, only one half shown &tant lay-up)

The loading of the cylinder consists of three comgrds, namely a fixation, an applied inner pressure
(700 bar) and an applied heat flux. For one bossritbvement in the three directions is fixed, while
for the other boss only the movement in the Y- Zrdirection is fixed, allowing an elongation of the
cylinder. The thermo-mechanical analysis consi§tasvo separate analysis steps. The first one is a
thermal analysis (using Samcef), in order to cakeukthe temperature distribution as a function of
time. Measurements performed by INERIS showed timatresultant heat flux was around the 100
kw/m? level. Because the actual heat flux is not knowacty, it was decided to perform two
calculations where we use an applied heat fluxo8f KwW/n? and 200 kW/rArespectively, and model
the re-radiationg=0.91) with the environment (15°C), and the nateraivection (Churchill and Chu
correlation, h~8W/(rh°C)). The duration of the calculation was chosesuad 600 s, in order to be
longer than the actual time to burst. The secothzllzdion is a mechanical calculation, where fast
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constant pressure of 700 bar is applied, after vthie temperature field from the previous calcaofati
is applied.

During the first step the pressure (700 bar) wélldpplied from zero until the working pressureemaft
that the temperature field will be applied, and daéculation continued until burst. In Figure 4 we
show the radial displacement of the centre of thieder as a function of time.
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Figure 4. Radial displacement as a function of time fofedt#nt heat loads.

What we can see is, that the cylinder will deforacgly due to the application of the pressure,rafte
which it will further deform as a function of themperature applied during the further duratiorhef t
calculation. The cylinder will slowly damage duett® pressure and the temperature until it will
finally burst. The results are summarized in Tahl&Vhen we compare the time to burst at 700 bar
and 200 kwW/rhwith the measured results we are within 1.5% chffiee.

Table 1. Time to burst (Continuum Damage Mechanics)

700 bar Experiment
100 kwW/nt 361s
238 s
200 kw/nt 241 s

4.2. Simulation by Progressive Failure Analysis
In this approach it has been chosen to take adyamttthe symmetries of the problem: the geometry

is axisymmetric (only a slice of the vessel is esented) and only one half of the tank is modeled
(Figure 5). A symmetry condition (no displacementhie Y-direction on the right end) is applied.
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Figure5. FE geometry (constant lay-up)

This geometry is meshed with axisymmetric elememntynstant lay-up (as for the CDM approach) is
assumed. Thanks to this axisymmetry assumption, nimaber of elements is limited and the
computation time reduced: 6851 for the boss andirtlee, 15713 for the composite (the thickness of
each composite layer contains one element). Theechboundary conditions consider that the tank is
maintained at its both ends: the end of the boskmped.

The simulations run in this part are composed af steps: in the first one, an inner pressure of 700
bar is applied. In the second one, the inner pressumaintained constant and an incident flux is
applied homogeneously on the outer surface of #®sel. The simulation runs until the radial
displacement increases rapidly (this happens wheffirst fibers break). The radiative transferha t
tank surface is taken into account by setting tiéssgivity to 0.91. No convective transfer has been
taken into account.

As the actual flux received by the vessel is natilable, two different simulations have been rine, t
one considering a value of 100 kWnthe other 200 kw/f When the vessel is subjected to the
incident flux, the temperature progressively inse=ain the composite shell (rapidly at the tophef t
shell, slowly close to the liner). The stiffnesstire fiber direction (which ensures the mechanical
strength of the tank) undergoes two different reggn(i) until 350°C it decreases slowly, (i) a®s0

as the temperature reaches 350°C (beginning of gstian), it sharply drops and becomes almost
zero at 450°C. This stiffness reduction redistisuthe stress to the colder layers which undergo a
higher load level and break when the hoop stregqusl to 2450 MPa. This damage mechanism leads
to the following time to burst (Table 2):

Table 2. Time to burst (Progressive Failure Analysis)

700 bar Experiment
100 kW/n% 228 s
238 s
200 kw/nt 195s

The simulation performed by the PFA method is gsétgsfactory (deviation of only 4% in the case of
a flux of 100kW/m, 18% for 200kW/rf). The time to burst simulated with the constantup
approach only slightly depends on the incident.flaxieed, the very low conductivity of the material
homogenizes the temperature in the composite thgkm@and the temperature values for 100k¥W/m
and 200kW/mare very close in the composite shell. This regilitiates the “temperature-dependent”
method: the temperature is the pivotal variable ciwhgoverns the burst mechanism. Once the
temperature is known, it is sufficient to link threechanical properties to the temperature.
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5. Conclusion

The FireComp project aims at simulating the medwrstrength of vessels subjected to an inner

pressure and fire. Two different approaches (Contim Damage Mechanics and Progressive Failure

Analysis) have been compared and have been fouptbtade satisfactory results at sample scale as

well as at vessel scale. These methods have opabiintages and drawbacks:

» The Continuum Damage Mechanics approach is writtehe framework of the Thermodynamics
of Irreversible Processes, damage effects are altmurby the evolution of damage internal
variables, an abundant literature has proved iityabo simulate very different loading cases;
however, the integration of nonlinear equations isomputer time consuming process (although
this limit is not prohibitive).

 The Progressive Failure Analysis method does ndineledamage variables, the mechanical
properties are related to the temperature in aldagdi way. It is not based on thermodynamic
principles. However, it takes into account the mdamage mechanisms found in composite
materials and needs a reasonable number of paraneteentify. Its simplicity allows to quickly
provide numerical results when simulating complenciures.

These simulations may be improved by complemergapgrimental inputs. For example, considering

a homogeneous incident heat flux is a strong assomphat influences the time to burst. The

mechanical strength of the vessel also dependerstiffness reduction due to temperature and

combustion. If these data are known between 20 1&0°C and beyond 350°C, the range 150°C-
350°C should be further investigated.
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