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ABSTRACT
An increase in use of hydrogen for energy storagk @dean energy supply in a future energy and
mobility market will strengthen the focus on safatyd the safe handling of hydrogen facilities. The
ability to simulate the whole chain of physical pbmena that may occur during an accident is
mandatory for future safety studies on an industriairban scale.

Together with the RWTH Aachen University, Forschemeptrum Jiilich (JULICH) develops
numerical methods to predict safety incidents cotetewith the release of either LH2 or GH2, using
the commercial CFD code ANSYS CFX. The full seqeeritom the release, distribution or
accumulation of accidentally released hydrogehthi# mitigation of accident consequences by safety
devices is considered. For specific phenomenadikeading and vaporization of LH2 pools or the
operational behavior of passive auto-catalytic ndgioers (PAR), in-house sub-models are developed
and implemented. The paper describes the currem¢lafmment status, gives examples of the
validation and concludes with future work to pravidhe full range of hydrogen release and
recombination simulation.

1.0 INTRODUCTION

Broad experience with the safe handling of hydrogea large industrial scale has been achieved in
the past decades. Still due to its nature, hydragay accumulate with air under certain conditions
and form an explosive mixture, therefore represgnt potential danger to human beings and
environment. This is a major concern for a growltygrogen market. Transportation and storage of
large amounts of liquefied hydrogen (LH2) has bdemonstrated is economically feasible and may
expand in future. Safety parameters, e.g. safastanites, for the industrial usage of hydrogeniare,
principal, not directly transferable to the handliof hydrogen in an urban environment. In case of
accidental release of hydrogen, an immense damiatiee surrounding due to a possible explosion
could be expected. Besides the burnable hydrogemiature resulting from vaporization of liquid
hydrogen (GH2) into the atmosphere, LH2 pool sprepdilso carries a significant hazardous
potential to human beings and materials due itegagic character. Several phenomena during the
spreading of the LH2 and its distribution have eumderstood, modeled and validated for reliable
and trustworthy safety analyses.

LH2 at atmospheric pressure has a temperature .8f ROReleasing LH2, either accidentally or on
purpose during an experiment, the liquefied gagsstastantaneously to vaporize. The maximum pool
distribution is mainly driven by it's the vaporizat rate. The main influence factor of the
vaporization rate is the boiling regime which oscbetween the liquefied gas and the wall [1], where
it is spread. A further important factor of the vapation rate for the energy conservation is thk b
vaporization. It includes both the condensationGti2 in the subcooled LH2 pool, and the heat



transfer from the “hot” environment into the “colgfool and the phase change of the further
contributing fluids, e.g. water, oxygen and nitnoge

The boiling process is dominated by the temperadifference between wall and pool temperature.
The wall temperature will decrease, because thefluaused for the boiling process cools down the
wall and the amount of transferred heat is diregtlyportional to the wall temperature. At the edfe
the pool, film boiling is expected, which will chgentowards transition boiling and then to nucleatio
boiling depending on the time, since when the vw&lh contact with the LH2 pool. Afterwards the
vaporized hydrogen will be distributed into the atphere, driven by external momentum such as
wind, its buoyancy and diffusion. This distributioh gaseous hydrogen consequently forms a cloud
where an explosive mixture of air and hydrogen midévelop. Due to its relatively low ignition
energy this volume might be ignited sooner or later

Ignition of an explosive mixture might result in jmadamages. The ability to predict the distribatio
of the explosive gas and simulate all influenciagtérs correctly, is essential for the risk assesgsm
of worst case scenarios. The correct distributielp$ito identify technical measures to avoid asl ri

of ignition, such as defined air volume exchand® tisage of explosion proof systems and
components or the usage of passive auto-catagmmbiners (PAR) in confined spaces and/or safety
distances for releases into the environment.

Aim of this work, besides the extensive modelingpbf/sical phenomena, is to prove that such an
integral simulation is possible with commercial CEDdes, like ANSYS CFX. Therefore missing
models for the identified contributing phenomenad& be developed. The other main part of the
work is focused on the validation of the code agfagxperiments. This validation is not easy to
perform, because not all phenomena are completedgrstood and separately measured. Therefore
only integral experimental data is available.

Either generic or realistic accident scenariosanfined spaces such as underground storage feiliti
at fueling stations, garages or confined areasendirect vicinity to large storage facilities wigh
direct link to the storage fluid are focused in tesearch work at JULICH. The rupture of piping,
valves, pumps, etc. in the confined spaces is ¢éxgeio be a realistic initialization of an accident
sequence and hydrogen is released, until safetigategtop the release. Another main objective for
the research work is the mitigation of such acdsl@nsequences. Therefore, a special focus is on
effects using a passive auto-catalytic recombifleAR) as a passive safety device. This work forms
the basis for a consequent analysis of possiblébastion loads which are however not objective of
this paper.

2.0 MODEL DEVELOPMENT

Fig. 1 shows a generic accident operational cEdttier a gaseous, liquid or a multiphase souraa ter
is possible. For a multiphase release source teismiost likely that a spontaneous vaporizatian, i
due to isenthalpic expansion, at the point of mdeaccurs. The remaining liquid is spread via d poo
onto the surrounding area and will consequentlyt $tavaporize. The spontaneously formed and
vaporized gaseous part of hydrogen will distributeginly buoyancy driven. An accident of a high
pressurized storage facility will lead to a momemtdriven distribution of the gaseous hydrogen.
Based on this hydrogen transport and mixing phemantmirnable hydrogen-air mixtures may form
which could either ignite or be mitigated due teriization, venting or recombination.

The ability to simulate all parts of this generaci@ent scenario is mandatory for the safe handiing
hydrogen infrastructure and is part of the reseawvotk at JUELICH. The modeling and simulation
work clearly does not include ignition or detonatg&imulation, because the prevention and mitigation
of possible fatalities has to be the aim for thdrbgen infrastructure.
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Figure 1. Generic accident process

2.1 Pool distribution and wall vaporization rate ofliquid hydrogen

Chitose et al. [2] and Verfondern et al. [3] hatewn in their work that especially for the cryogeni

pool distribution the wall temperature is a mairctée. Consequently there is the possibility to
determine the pool distribution by using the bougdeall temperature.

The analytical basis has been developed by Breetad. [4] in 1965, who has shown that there is a
correlation between Kutdaladze’s nucleation boilewuation, the Breen & Westwater film boiling

equation and experimental data for the boiling yidrbgen. Based on this information, Brentari was
capable to draw a Nukiyama diagram for hydrogefier e Fig. 2.
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Figure 2. Nukiyama diagram for hydrogen [4]

The vaporization rate is mainly driven by the tfangd heat due to boiling and is defined as
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with ¢, the transferred heat according to the boiling regaimdAhfgvethe effective latent heat of

hydrogen. According to Fig. 2 the difference betw#eaid and wall temperature defines the amount
of transferred heat.

Based on these principals, a wall vaporization rha@es developed at JULICH [5], which predicts, in
principle, the dimension of a cryogenic pool using HSL experiments.

In the course of the model development a main faoftuencing the wall temperature and thus the
vaporization rate has been identified: the wallthe@nduction coefficient. High heat conduction
coefficients of the solid material lead to a higlheat flux from the areas farther off the interface
between the liquid cryogenic pool and the wall. Sauently, the boundary wall temperature is higher
as well as the vaporization rate. For lower heataoaction coefficients, the gradient of temperatare
the wall closer to the interface area is highee tBmperature therefore lower as well as the
vaporization rate.

2.3 Phase change of hydrogen

Dienhardt [1] has shown in his work that the maontdbutor for LH2 pool distribution is the
transferred heat from the wall (~97%). Other fastane the heat transferred by convection fromithe a
(~2%) and by solar radiation (~1%). Therefore tbhelistribution the heat transferred in the fluid
domain is not that important. On the other handemeeds to be a link between the phases. Gianassi
et al. [8] showed that the gaseous distributiomasnly influenced by phase changes of the contginin
fluids, such as water (solidification temperat@@3.15 K at atmospheric pressure) in humid airiand
wall materials and the components of air, oxygenilifig temperature: 90.2 K, solidification
temperature: 54.8 K at atmospheric pressure) aritbgein (boiling temperature: 77.35 K,
solidification temperature 63.05 K at atmospherespure). The released latent energy of thesesfluid
increases the heating of the gaseous hydrogenfimutisadirectly its buoyancy.

For a coupled modeling of the liquid and the gaseatistribution, a link is needed between these two
phases of hydrogen. In several papers, e.g. Veratsat. al [6] and Middha et. al. [7] it has been
shown that a thermodynamic equilibrium model fatolume element is an accurate enough approach
to predict the bulk vaporization. Based on theirkvib is planned to implement an enthalpy-based
equilibrium approach for a volume element into ANSEFX. It is expected that this approach has the
advantage of being expandable also for other dmrtbois, such as water, oxygen and nitrogen, at leas
for the thermal energy in a fluid domain. The budiporization rate, the corresponding latent heats a
calculated using such a model for one discretemmelelement in the fluid domain. Source and sink
terms are applied to fulfill the demand of conseoraof energy and at least the conservation ofsmas
for the hydrogen part of the fluid domain.

To obey the conservation of mass, liquefied andl $dctions of oxygen, nitrogen and water have to
be considered. At this stage this considerati@xjgected to be complex. The contribution of thertt
heat of water for the buoyancy of the gaseous lygiraloud has been shown by Gianassi et al [8]
and remaining solids have been found after condgdtie HSL experiment by Hooker et al. [9]. The
influence of the solids on the distribution of aopand on the cloud cannot be quantified. Duego it
complexity at this point, it is not possible to ghat either liquid or solid motion of the mentioned
substances.

Beside the implementation of the thermodynamic lémium model the correct modeling of the
properties of the fluids, which take part in thesiation is also mandatory. At this point the prype
models based on the Helmholtz energy are considerbd the most accurate. In the past years, state
equations using the Helmholtz energy descriptiorehldeen found pretty accurate and are widely
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distributed and freely available in form of tablasd the corresponding equations by the National
Institute of Standard, USA [10] and for hydrogesaed by Leachman et al. [11].

2.2 Gas dispersion of hydrogen

Gas distribution of hydrogen accidently or experitadly released is mainly driven by buoyancy.
Especially cryogenic conditions and therefore geal properties have an influence on the distributio
Also the correct property predictions are essertala reliable simulation, which has been seen
during the work for HySafe Standard Benchmark EserSBEP-V21, summarized by Venetsanos et
al. [12]. The buoyancy or momentum gas mixing edxted by applying models available in ANSYS
CFX [13]. In general, a U-RANS approach, closedtly Shear Stress Transport (SST) turbulence
model is used. The production and dissipation diuience due to buoyancy is considered by means
of additional terms in the k and equation. Dependent on the scenario different heatsfer
mechanism, such as conjugate heat transfer, theadeltion can be included. The approach is been
widely validated in the frame of different projects benchmark activities, e.g. Reinecke et. al] [14
which are mainly related to nuclear safety issddé® modeling and validation is performed under
consideration of well-known best-practice guidelirgg. ERCOFTAC (Casey & Wintergerste, [15])
or ECORA (Menter, [16]).

2.3 Recombiner modeling

Passive auto-catalytic recombiners (PARs) are widséd inside the containments of nuclear power
plants (NPP) for the removal of hydrogen that maydenerated during specific reactor accident
scenarios (IAEA, 2001 [17]). Due to their ability¢onvert hydrogen and oxygen into water already at
low (ambient) temperature, PARs provide a hydrogerk even in situations where dilution and
venting is limited or impossible. As a measure divej hydrogen accumulation and explosion, PARs
are passive safety devices without the need ofmadt@ower supply. PARs may be used in the future
as safety devices inside confined areas for th@vahof accidentally released hydrogen. In Reinecke
et al.,, 2012, [14] it was demonstrated that PARigiesi for hydrogen removal inside a NPP
containment would principally work also inside gital surrounding of hydrogen or fuel cell
applications. In the study, a hydrogen releaseasaeinside a garage has been simulated with and
without PAR installation.

The code REKO-DIREKT describes all relevant aspeftthe operational behavior of PARs, i.e.
start-up and hydrogen conversion under differeninblary conditions. The code calculates not only
the conditions at the PAR outlet (i.e. gas tempeeaaind concentrations, mass flow) but also thal loc
catalyst temperature and local gas concentratitmmgydhe catalyst sheets inside the PAR. The only
input parameters required for the calculation amsperature and gas composition at the PAR inlet and
the absolute pressure. The model is coupled by snefaa data and program flow controlled interface
routines to CFX and allows to study PAR operatimside compartments.

The principle of a PAR is illustrated in Fig. 3aside the open bottom part of a steel housinglystta
sheets form a set of parallel vertical flow chasn€@ln the catalyst surface, hydrogen entering &R P

is converted with oxygen to water. Due to the egotial reaction, a buoyancy-driven flow is induced
inside the chimney part which ensures a contingmseous flow through the PAR. In order to assess
the efficiency of PAR applications, substantiabef§ have been spent on developing model strategies
(Reinecke et al., 2010a, [18]).

Fundamental principle of PAR modeling is the intéien of the chimney and the catalyst section (Fig.
3b). For this purpose, the 2D code simulates ##vemt heat and mass transfer processes inside the
catalyst section (Bohm, 2006, [19]). A chimney mlodiescribes the mass flow through the PAR box
due to density differences.



A
outlet
air + H,O
Chimney
buoyancy
i flow
chimney
buoyancy effect
catalyst Y
H; + ¥ 0, = H,0 + heat . .
interaction
inlet
H, + air chemical
Catalyst (catalytical)
section H
reaction
mass/heat
transfer
(a) (b)

Figure 3: Principle of PAR (a), principle of PAR dalling in REKO-DIREKT (b)
The reaction model of the heterogeneous catalgiction is based on mass transfer correlations. In

this model, the conversion rate of hydrogen cowedp to the diffusion of the gaseous hydrogen
through the boundary layer to the surface

r=BIAC,,, ()

with the reaction rate r, mass transfer coeffici@nand the concentration difference of hydrogen
between bulk flow and surfac&C,;,. The mass transfer coefficighis calculated according to

ﬁ=9ﬁ5%. 3)

by means of Sherwood laws
Sh~Re' <™, (4)

where Sh is the Sherwood number, Re is the Reymolaiber and Sc is the Schmidt number. The
coefficients n and m are semi-empirical values Wiidiepend on the specific local flow conditions.
Dy, is the diffusion coefficient of hydrogen and regmets the characteristic length.

3.0 VALIDATION
3.1 Validation Strategy
Due to the strong interaction of the different plvaena and due to the fact that mostly integralceffe

tests are available, the validation procedure getan different experimental programmes and test
series (compare Tab. 1).



Table 1. Available experiments and the observea@imena.
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The CFD approach for predicting the LH2 spreadihg, vaporization and the GH2 distribution is
validated separately by means of different releageeriments, conducted in the past years, like the
NASA experiments [20] and the HSL experiments [Rring both experiments LH2 is released into
the environment. The distribution of the liquid pdor the NASA experiments is documented in
several papers, i.e. [1]. For the HSL experimeatsiducted in the UK, ground level thermocouple
from 0.5 m every 0.1 m have been recorded the teahpe. According to Dienhard [1] the liquid
reaches the thermocouples, when they show the txpeéemperature of the liquid. For gaseous
distribution several tower are aligned around #lease point for both experiments. The concentratio
is the derived from temperature measurements. Wadilly the concrete temperature is measured
during the HSL tests, which might give indicati@imut the heat flux from the ground into the pool.

The CFD approach for predicting the GH2 distributis also validated separately by means of
different experiments on various mixing mechanismsmall-scale facilities, like MiniPanda (ETH
Zurich, Switzerland) and in technical-scale tesilifées like THAI (Becker Technologies, Germany),
PANDA (PSI, Switzerland), and MISTRA (CEA, Francé).this context, especially PANDA tests
performed in the frame of the OECD/NEA SETH2 projae used for validation. Within these so-
called ST5 test series, the PAR behaviour is sitedlay means of a heat source, and the effectof th
hot exhaust plume on the atmospheric mixing andienocof a light gas cloud is investigated (Mignot
et al.,, 2012 [21], Andreani and Kelm, 2012 [22])mBar tests will be conducted and used for
validation in the frame of the EU-ERCOSAM projectthe PANDA and also in the MISTRA facility
(Paladino et al., 2012 [23)).

An on-going validation of RD (stand-alone) is penfied by means of the separate effect test fasilitie
REKO-3 (forced flow conditions) and REKO-4 (5.5 tedt vessel) at JULICH (Reinecke et al., 2012
7



[24]; Simon et al., 2012 [25]). In technical scgbest-calculations of five integral PAR performance
tests in the THAI facility have been performed witbod overall results (Reinecke et al., Int. Mtg.
Safety and Technology of Nuclear Hydrogen Produgctidontrol and Management, 2010 [26]). A
validation of the coupled RD-CFX approach is perfed based on the OECD/NEA THAI-HR tests
series (Poss et al.,, 2010 [27]). The test matrtluthes 32 PAR tests investigating the operational
behavior of three different commercial PAR unitlRE&VA, NIS and AECL) under free, unrestricted
natural convection. It covers a broad range ofveeie boundary conditions, e.g. elevated temperature
and pressure levels, and different gas mixture cstipns.

3.2 Validation of the liquid hydrogen distribution

In addition to the development of the models famdating and mitigating possible accident scenarios
the validation of the models is required. Availabiperiments used for validation of the distribatio
of hydrogen were performed by NASA [20] and HSL.[Bue to the lack of detailed experimental
data which measure the single phenomena, the tialdaf the each model itself is not possible. Only
the global validation of all models is possiblengsintegral experimental data such as from release
experiments conducted by Hooker et al. [9] or Wigkbet al. [20]. For each single model itself, ynl
plausibility checks are possible. It has to be ddieat for both experimental data sets the inlet
conditions are not fully known. A part of the inletass flow is vaporized instantaneously at the
release point. The fraction of flash-vaporizatiopdiogen has been guessed by performing a
parametric study and it was concluded that 25 %hefinlet mass flow to be immediately vaporized
gives a plausible result.

To give an insight into a calculation and the cibmtiors, an exemplary result of a pool distribution
calculation is discussed. The results can be sedfig. 4a (for further information regarding the
simulation, refer to [5]). The experimentally meaesiilength of the pool is between 1.2 and 1.3 m
after 30 s experimental time. In each figure thel piistribution can be found in the upper part sl
temperature distribution of the wall temperature riormal direction (left) and the boundary
temperature (right) can be found in the lower pig. 4a shows the results using a homogenous heat
conductivity of the concrete. In Fig.4b, the samaécualation was repeated; the only difference is a
higher (effective) concrete heat conductivity inllviilsterface normal direction. It can be seen tinat
pool length is lower and the reason can be founthé higher wall temperature at the interface
between fluid and solid. The maximum pool lengthLi$ m for this case. In comparison with the
experimental data the pool distribution is not witxpectation, but the wall temperature distribuiti

in normal direction is more comparable with the emxpental data. This leads to the conclusion that
the wall heat conduction has to be further examanstithe inlet mass flow concentration has to bette
predicted or calculated for future calculationsisTis an example of the difficulty of validation of
such models, because the identified contributarsh s wall temperature of inlet gas concentration,
have not been measured during the experiments.

Fig. 5 shows a comparison of the experimental ddtthe ground thermocouples of test 5. The
different “columns” on ordinate show the differehérmocouples, which were installed on the ground
in a distance of 0.1 m starting at 0.5 m. On thecisa, the time of the experiment is plotted. The
temperature data has been colored according tdeti@erature value. A blue color indicates a
temperature close to the LH2 boiling temperature®8 K. Based on these information, the length of
the pool has been drawn with a dotted line for ghke of clarity. Furthermore the results of both
calculations described before have been marketkifigure. At this point it can be concluded the t
model predicts the pool spreading and vaporizatithin the range of experimental and numerical
uncertainty.

3.3 Validation of the gaseous hydrogen distribution

For the gas distribution plausibility checks usthg experiments conducted by Witcofsky et al [20]
have been performed as well as calculations usiadiySafe garage experiments conducted by CEA,
France ([12] and [14]).
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Figure 4: Calculation of cryogenic liquefied hydeogpool distribution (a) homogenous heat
conductivity of concrete and (b) inhomogeneous heatluctivity of concrete, effective heat
conductivity increased in normal direction. [5]
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Figure 5: Temperature plot of the experimental datan the ground thermocouples of the HSL test 05
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The gaseous distribution of a jet has been valkitlating the HySafe Garage experiments. Fig. 6
shows the distribution and accumulation in différ&ayer of the height of the garage. The shown
values are area averaged values. Due to safegsismlium has been used instead of hydrogen, but a
similar behaviour of the gas distribution is exjgelct

The above mentioned differences show the necessity plausibility check of the results for the

several models. The validation of the results mehd is only completely possible using all models,
calculate and compare the data with the availaljgermental data and verify against already
validated codes.

3.4 Validation of Recombiner modeling

The stand-alone application of the REKO-DIREKT cduis been successfully validated against
experimental data (Reinecke et al., 2006 [28], &eke et al., 2010b [17]) and could also predict the
behavior of the PAR under oxygen depleting condgigReinecke et al., 2007 [29]). The coupled
approach is validated against the comprehensivatbdaé of PAR performance experiments (Poss et
al., 2010 [27]) performed within the OECD/NEA THAtoject. Fig. 7 gives a principle overview of
such a test by means of the test HR2. A defineduainaf hydrogen is injected at low elevation into a
dry or humid air atmosphere during a first peribdré t~1200 s). After a short delay, the PAR starts
operation and the hydrogen is recombined (<5000t atmosphere is well mixed due to the hot
exhaust gas plume.
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Figure 7: Principle overview of the OECD/NEA THAdaombiner tests and simulation results

In order to validate the hydrogen mixing the id- and outlet concentration are compared to the
experimental results (compare Fig. 8a). The vahtethe y-axis of the figures are removed as the
experimental database is restricted to the THA|gutopartners. Qualitatively and quantitatively the
GH2 concentration histories are predicted well,epkca visibly stronger slope during the early
depletion phase (t=1200s - 2000 s). The PAR inpddormance is rated by means of the H2
recombination rate and efficiency (compare Fig.. &)nsidering a very good agreement between
predicted and measured PAR conversion efficieney fiydrogen recombined vs. hydrogen entering
the PAR), the reaction model is also in very gogdeament with the experiment. The remaining
deviations related to the prediction of the reactiate can be traced back to slight differencethén
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A comprehensive summary of the test HR2 con bedair{fKelm et. al, 2012 [30])
4.0 CONCLUSION AND FUTURE WORK

The modelling strategy of simulation of hydrogegidents from the release and distribution of liquid
hydrogen, the vaporization of hydrogen and the @aseiydrogen has been described and was
completed by consideration of PARs as a possibtegation measure in confined volumes. At the
present state the single models were developedeimgmted and a first successful validation was
varied out. Due to the fact that there are unaeres related to the experimental data and mo#teof
experiments are integral effect test more diffetest cases need to be analysed in order to elienina
these uncertainties from the validation process.

The main objective is to develop an integrated e@gn for the full sequence of phenomena occurring
during an accident. It will be applied in orderaimalyse generic or realistic accident scenariostand
obtain a better understanding of the interactiothefphysical phenomena. A focus on mitigation of
such accidents will clearly limit the consequen€@aridents related to hydrogen and will lead to a
safer handling of hydrogen.
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