ACCIDENTAL PHENOMENA AND CONSEQUENCES

SECTION 1.01 ACCIDENTAL PHENOMENA

(a) Release of Hydrogen

(i) Subsonic & sonic jets

Gaseous hydrogen releases through a hole or a coaduproduced as a result of a positive pressure
difference between a container and its environm&he aperture is often modeled as a nozzle.
Depending on the upstream pressure, a flow thrauglonvergent nozzle to a lower downstream
pressure can either be chocked (or sonic) or sithsbine crossover pressure is a function of thie rat
of the constant volume to the constant pressureifapkeat, see Hanna and Strimaitis (1989)

The flow resulting from a subsonic release is lalsian expanded jet. The concentration profile of
hydrogen in this expanded jet is inversely propowi to the distance to the nozzle along the akis o
the jet. At a given distance from the nozzle, tbrcentration profile of hydrogen in air is distried
according to a Gaussian function centered on tige @ke following formula has been suggested by
Chen and Rodi (198djor the axial concentration (vol) decay of vareabensity subsonic jets:
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(Eq. 1)

Where C(x) is the concentration (vol) at locatiQrCxis the concentration at the outlet nozzlgésdhe
jet discharge diameter,, is the density of the ambient airg the density of the gas at ambient
conditions, x is the distance from the nozzle aldhg jet axis, x is the virtual absicca of the
hyperbolic decrease (usually neglected becauseftthe order of magnitude as the real diametat) a
K is a constant equal to 5.

For hydrogen, chocked releases occur when the egwstrpressure is 1.9 times larger than
downstream, otherwise the flow is subsonic. Therftate of a chocked flow is only a function of the
upstream pressure, whereas the flow rate of a sitbsslease will depend on the difference between
the upstream and downstream pressures. A releagedrcompressed gas storage system into the
environment will therefore be chocked as long asstbrage pressure remains larger than 1.89 bars.

A chocked release of hydrogen undergoes a preasgra temperature drop at the exit of the nozzle.
The pressure will drop until the exit pressure heacthe value of the downstream pressure. At that
point, the release becomes subsonic and the e@dspre remains constant at the downstream value.

In the chocked regime, the gas velocity at the @xibe nozzle is exactly the sonic velocity of gees.
The flow rate can therefore be estimated from

m= rAc (Eq. 2)
wherer is the density of hydrogen at the exit of the t@zzalculated using the local value of the

temperature and the pressure. The flow rate véth fle affected by the shape of the aperture,dricti
and the length of the conduit between the researarthe release point.



Because the exit density changes as a functioempérature and pressure, and because the sonic
velocity is essentially proportional to the squaret of the temperature, the flow rate will not @m
constant but will vary as the upstream pressurpgd¢Bigure 1).

Figure 1 shows the effect of using real gas hydiqeperties compared to ideal gas. It is well know
that at high storage pressures real hydrogen gastids are lower than ideal gas densities. Table 1
compares real versus ideal hydrogen densitiesngtegmature 288 K and pressures 200 and 700 bar,
(values taken from the Encyclopedie des®gaEor given storage volume the real gas assumption
results in less stored hydrogen mass and consdylesd released mass in an accidental situation.

Table 1: Comparison between real and ideal gaseptiep
Pressure (bari Real density (kg i) | Ideal density (kg i) | Relative error (%

200 14.96 16.85 12.6
700 40.18 58.90 46.6

The effect of real gas properties has been takeraiccount in the 1983 Stockholm hydrogen accident
simulations by Venetsanos et al. (2003yhere tables from Encyclopedie des gaz were tesebtain

the hydrogen density. Real gas properties calamatbased on the Beattie—Bridgeman equation of
state were reported by Mohamed and Paraschivoid520vho modeled a hydrogen release from a
high pressure chamber. Real gas properties usinghikl-Nobel equation of state were considered by
Cheng at al. (2008)who performed hydrogen release and dispersiorulegions for a hydrogen
release from a 400bar tank through a 6 mm PRD apgeand found that the ideal gas law
overestimates the hydrogen release rates by up%o diring the first 25 seconds after the release.
Based on these findings these authors recommendeal gas equation of state to be used for high
pressure PRD releases.
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Figure 1 Mass flow rate as a function of time frar® mm aperture of a 345 bar compressed gas 27.3
litre cylinder (calculated using the NI§The Bettie-Bridgeman and the ideal gas equatibssate
based on Mohamed and Paraschivoiu, 2005).

A chocked jet (Figure 2) can be basically dividatbian under-expanded region, where the flow
becomes supersonic, forming a cone-like structtie Mach cone) (Figure 3); and an expanded
region, which behaves similarly to an expanded auiosjet. The under-expanded region is
characterized by a complex shock wave patternJving bow and oblique shocks (Figures 3 and 4).
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Figure 4 Normalized density contours as a funatibposition (hydrogen jet in hydrogen atmosphere;
source: Pedro, Peneau, Oshkai & Dijilali (2006)

As for subsonic releases, the concentration prafilbydrogen in the expanded region is inversely
proportional to the distance to the nozzle alorg dkis of the jet and is distributed according to a
Gaussian function at a fixed distance from the leoZhe axial concentration decay can be calculated
using the formula for variable density subsonis j&q. 1), where the discharge diameter is replaced

by the effective diameter, which is representafvihe jet diameter at the start of the subsonitoreg
i.e. after the Mach cone.
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For the determination of the effective diametelioas approaches have been proposed, such as Birch
et al. (1984} Ewan and Moodie (1986)and Birch at al. (1987 In this latest approach, the
effective diameter and corresponding effective ejois calculated by applying the conservation of
mass and momentum, between the outlet and a po&iggond the Mach cone where pressure first
becomes equal to the ambient, assuming no entrairmhambient air.

dy =~ d
eff = j (Eq4)
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Wherer; and y are the density and the velocity of the jet at thlet (respectively), & is the
effective velocity, dthe diameter of the outlet. The effective velodstgalculated using the following
expression:

P; - Pa
et —Uj T : (Eq. 5)
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where pis the pressure of the jet at the outlet anisphe ambient pressure.

Regarding the constant K entering Eq. 3, differeaities have been reported in the literature. An
average value of 4.9 is mentioned by Birch 1984 aferage value of 5.4 was reported in Birch 1987.
This approach (Birch 1984 and 1987; Houf and Sché2®05%%) has been validated experimentally
for vertical chocked releases for pressures bel@dwars for natural gas and hydrogen.

A lower value K = 3.7 was reported by Ruffin et @1996}° who investigated experimentaly the
concentration field of horizontal supercritical gedf methane and hydrogen for 40 bars storage
pressure and with orifice diameters in the rangef25 to 150 mm. Ruffin et al. used the Birch 1984
approach in defining the effective diameter. Furtiere, Chaineaux (2008) referring to the
experiments in Chaineaux (1989)eported a value of 2.25 for 200bar hydrogen esldfaom a 0.5
mm hole and a value of .2.89 for 700bar hydrogérase from a 0.35mm hole.

Other experiments supporting the decay law of Earethe experiments by Chitose et al., 200610

have measured the concentration profile of a hyelmoglease from a 40 MPa storage unit. They
observed that as a function of distance, the cdratin profile of leaks with diameters rangingrfro
0.25 to 2 mm was inversely proportional to theatise to the nozzle and that all data points felhon
simple inverse power scaling law as a functionhef hormalized distance. Based on the experimental
work, they obtained flammable concentration extefit3.6 m, 6.6 m and 13.4 m for leak diameters of
0.2, 0.5 and 1.0 mm respectively. An experimennaasure the concentration profile of a horizontal
release using a 10 mm diameter leak through a hrpkee from a 40 MPa storage unit showed that
the extent of the 4% (vol) concentration envelopached a distance of about 18 meters, 3 seconds
after release.

Flammable release extents can approximately besletdd using Eq. 3. The maximum extent of a
time-dependent release will not be estimated ugiagnitial storage pressure, but using a latenesal
(see Houf and Schefer, 2005). Predicted flammadtsmse extents are shown in Figure 6 below. The
axial distance to the lower flammability limit o##(vol) for hydrogen varies from 2 to 53 m for leak
diameters ranging from 0.25 mm to 6.35 mm if tlegagie pressure is 1035 bars.



Figure 5 Distances to concentrations of 2.0%, 4 8%%0, and 8.0% mole fraction on the centreline of
a jet release from a 207.85 bars tank for varieak iameter obtained using the Sandia/Birch
approach. The dashed lines indicate upper and Ibagnds with £10% uncertainty in the value of the

constant K. (from Houf and Shefer, (2005)

(i) Two phase jets

The phenomena associated with two phase jet dispease reviewed by Bricard and Friedel (1988)
Within a short distance just downstream from thdebuthe flow can experience drastic changes
which must be considered for subsequent dispersabculations. The physical phenomena taking
place in this region comprise (i) flashing if thquid is sufficiently superheated, (ii) gas expansi
when the flow is choked and (iii) liquid fragmentat The corresponding quantities to be determined
as initial conditions for subsequent dispersioncaaktions are the flash fraction, the jet mean

temperature, velocity and diameter, and the dregiket

Figure 6 Model of a two-phase flashing jet

Flashing occurs when the liquid is sufficiently stipeated at the outlet with respect to atmospheric
conditions and corresponds to the violent boilifighe jet. The vapour mass fraction after flashimg
most often determined in the models by assuminglisdpic depressurization of the mixture between
the outlet (position 1 in Figure 6) and the planevdstream over which thermodynamic equilibrium at

ambient pressure is attained (position 2 in Figre

2
C,dT

X, = lH— (Eq. 6)

fg



Where H ; is the latent heat of vaporization a@id; is the liquid specific heat.

When the flow is choked at the outlet, the gas plexpands to ambient pressure within a downstream
distance of about two orifice diameters. This cawsstrong acceleration of the two-phase mixtuce an
usually an increase of the jet diameter. In the efmdhe velocity and diameter of the jet at the eh

the expansion zone are given by the momentum arg$ inalance, respectively, integrated over a
control volume extending from the outlet (positibnto the plane where atmospheric pressure is first
reached (position 2). It is assumed that no anisained in this region. The approach is simieihie

one described above for choked gaseous hydrogenTae corresponding equations according to
Fauske and Epstein (1988) are:
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(Eq. 7)

Liquid fragmentation (or atomization) is caused tlyp main physical mechanisms: flashing and
aerodynamic atomization. With flashing atomizatidhe fragmentation results from the violent
boiling and bursting of bubbles in the superhediguid, whereas aerodynamic atomization is the
result of instabilities at the liquid surface. Tdetermination of the initial droplet size (positighis a
required initial condition, if the subsequent digi@en models account for fluiddynamic and
thermodynamic non-equilibrium phenomena, like rainand/or droplet evaporation. In the case of
aerodynamic fragmentation, the maximum stable dsize is usually given by a critical Weber
number, which represents the ratio of inertia ®uaface tension forces:
DU?r d
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Wheres is the surface tension of the liquid,;is the gas densityd  is maximum stable droplet

max

diameter andU the mean relative velocity between both phasesanfye of values are used for the
maximum Weber number, see Bricard an Friedel (1988) 12 being the most common value.

In the previous discussion the mass flow rate arhbioconditions (position 1) were assumed known.
Hanna and Strimaitis (1989) have reviewed varapsoaches for calculating the release mass flow
rate for liquid and two-phase flow releases. Dethilnformation on the subject can be found in
chapter 15 of Lees (1998)in chapter 9 of Etchells and Wilday (1998)s well as in the older review
of critical two phase flow models by D’Auria andgvii (1980f*

If the liquid in the reservoir is at saturated cdtiods, and if equilibrium flow conditions are
established (i.e. for outflow pipe lengths > 0.1th@n the two-phase choked mass flux (kgr&) can
be calculated following Fauske and Epstein (1§88)
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(Eq. 9)

Where H, is the latent heat of vaporizatioﬁ)pf is the liquid specific heat, T is the saturation

temperature which is function of the storage presguv,, v, are the saturated vapour and liquid

specific volumes. This equation applies only if tepor mass fraction after depressurization to
atmospheric pressure (position 2) obeys the foligvariterion:



p(Vg B li:fz)(cpr) (Eq. 10)
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Figure 7 shows the equilibrium choked mass fluxcwdated using Eqg. (10) for an LH2 release as
function of the storage pressure.

Figure 7 Mass flux calculated using Eq. (4) folL&i®? release, as function of the storage pressure

(i) LH2 Pool spreading and vaporisation

Liguefied gases are characterized by a boiling tpaill below the ambient temperature. If released
from a pressure vessel, the pressure relief frastesy to atmospheric pressure results in spontaneous
(flash) vaporization of a certain fraction of thguid. Depending on leak location and thermodynamic
state of the cryogen (pressure expelling the cnyaeough the leak is equal to the saturation vapou
pressure), a two-phase flow will develop, signifitta reducing the mass released. It is connectétd wi
the formation of aerosols, which vaporize in the without touching the ground. Conditions and
configuration of the source determine features ldé €volving vapour cloud such as cloud
composition, release height, initial plume disttibn, time-dependent dimensions, or energy balance.
The phenomena that may occur after a cryogen elagsthe environment are shown in Fig. 8.

Fig. 8: Physical phenomena occurring upon the selef a cryogenic liquid



LH2 Vaporization

The release as a liquefied gas usually resultseratcumulation and formation of a liquid pool ba t
ground, which expands, depending on the voluméespénd the release rate, radially away from the
releasing point, and which also immediately stéstsaporize. The equilibrium state of the pool is
determined by the heat input from the outside filken the ground, the ambient atmosphere (wind,
insolation from the sun), and in case of a burmingl, radiation heat from the flame. The respective
shares of heat input from outside into the pool @epending on the cryogen considered. Most
dominant heat source is heat transport from the@rgtoThis is particularly true for LH2, where a
neglection of all other heat sources would resulin estimated error of 10-20%. For a burning pool,
also the radiation heat from the flame providegaificant contribution. This is particularly trder a
burning LNG pool due to its much larger emissiviggulting from soot formation [Dienhart 1998]

Upon contact with the ground, the cryogen will ishert initial phase slide on a vapor cushion (film
boiling) due to the large temperature differencevieen liquid and ground. The vaporization rate is
comparatively low and if the ground is initially tea, no ice will be formed. With increasing coverag
of the surface, the difference in temperatureegehsing until — at the Leidenfrost point — thpoua
film collapses resulting in enhanced heat trangfdirect contact (nucleate boiling). On wategrth

is the chance of ice formation which, however, dejogy on the amount of mass released, will be
hindered due to the violent boiling of the cryogeayticularly if the momentum with which the
cryogen hits the water surface is large. Unlikedadle testing (confined), ice formation was no¢wof
observed in field trials (unconfined).

The vaporization behaviour is principally differdat liquid and solid grounds. On liquid groundse t
vaporization rate remains approximately constat tbunatural convection processes initiated in the
liquid resulting in an (almost) constant, large pemature difference between surface and cryogen
indicating stable film boiling. On solid groundlgetvaporization rate decreases due to coolingeof th
ground. The heat flux into the pool can be appraxéd as being proportional 8% The vaporization
time is significantly reduced, if moisture is presén the ground due to a change of the ice/water
properties and the liberation of the solidificatienthalpy during ice formation representing an
additional heat source in the ground.

LH2 Pool Spreading

Above a certain amount of cryogen released, a poadthe ground is formed, whose diameter and
thickness is increasing with time until reachingemuilibrium state. After termination of the releas
phase, the pool is decaying from its boundaries larehking up in floe-like islands, when the
thickness becomes lower than a certain minimum kviscdetermined by the surface tension of the
cryogen (in the range of 1 to 2 mm). The developgneém hydraulic gradient results in a decreasing
thickness towards the outside.

The spreading of a cryogenic pool is influencedthwy type of ground, solid or liquid, and by the
release mode, instantaneous or continuous. Insaantaneous release, the release time is thedietica
zero (or release rate is infinite), but practicalhort compared to the vaporization time. Spreadimg

a water surface penetrates the water to a cerégjred, thus reducing the effective height resptasib
for the spreading and also requiring additionapldisement energy at the leading edge of the pool
below the water surface. The reduction factor \&giby the density ratio of both liquids tellingath
only 7% of the LH2 will be below the water surfdeeel compared to, e.g., more than 40% of LNG or
even 81% of LN2.

During the initial release phase, the surface afgae pool is growing, which implies an enhanced
vaporization rate. Eventually a state is reacheithvis characterized by the incoming mass to equal
the vaporized mass. This equilibrium state, howedees not necessarily mean a constant surface. For
a solid ground, the cooling results in a decreddbeoheat input which, for a constant spill ratd|



lead to a gradually increasing pool size. In castirir a water surface, pool area and vaporizats
are maximal and remain principally constant as wascluded from lab-scale testing despite ice
formation. A cutoff of the mass input finally remuln a breakup of the pool from the central redeas
point creating an inner pool front. The ring-shaped! then recedes from both sides, althoughistill

a forward movement, until it has completely diecagw

A special effect was identified for a continuoudease particularly on a water surface. The
equilibrium state is not being reached in a grdgiuakreasing pool size. Just prior to reaching the
equilibrium state, the pool is sometimes rathemiog a detaching annular-shaped region, propagates
outwards ahead of the main pool [Brandeis 1¥83Jhis phenomenon, for which there is hardly
experimental evidence because of its short lifeticen be explained by the fact that in the first
seconds more of the high-momentum liquid is relgédlsan can vaporize from the actual pool surface;
it becomes thicker like a shock wave at its leadidge while displacing the ground liquid. It resuit

a stretching of the pool behind the leading edgkthas a very small thickness, until the leadingeed
wavelet eventually separates. Realistically thg ool will most likely soon break up in smaller
single pools drifting away as has been often oleskim release tests. Whether the ring pool indeed
separates or only shortly enlarges the main padilisa is depending on the cryogen properties of
density and vaporization enthalpy and on the sotaiee

Also so-called rapid phase transitions (RPT) cdiddbbserved for a water surface. RPTs are physical
(“thermal”) vapor explosions resulting from a spam#ous and violent phase change of the fragmented
liquid gas at such a high rate that shock waves lpeaformed. Although the energy release is small
compared with a chemical explosion, it was obsefeed NG that RPT with observed overpressures
of up to 5 kPa were able to cause some damagstttatdities.

Experimental Work

Most experimental work with cryogenic liquefied gaas fuels began in the 1970s concentrating
mainly on LNG and LPG with the goal to investigaecidental spill scenarios during maritime

transportation. A respective experimental program liguid hydrogen was conducted on a much
smaller scale, initially by those who considered handled LH2 as a fuel for rockets and space ships
Main focus was on the combustion behavior of the?L&hd the atmospheric dispersion of the
evolving vapor cloud after an LH2 spill. Only létiwork was concentrating on the cryogenic pool
itself, whereby vaporization and spreading nevarevexamined simultaneously.

The NASA LH2 trials in 1980 [Chirivella 1988]were initiated, when trying to analyze the scemari
of a bursting of the 3000 yof LH2 containing storage tank at the Kennedy 8p@enter at Cape
Canaveral and study the propagation of a largeedoalrogen gas cloud in the open atmosphere. The
spill experiments consisted of a series of sevafstrin five of which a volume of 5.7 %of LH2 was
released near-ground over a period of 35-85 s. fmelading on a “compacted sand” ground was not
a major objective, therefore scanty data from tesinly are available. From the thermocouples
deployed at 1, 2, and 3 m distance from the spilhtp only the inner two were found to have come
into contact with the cold liquid, thus indicatingnaximum pool radius not exceeding 3 m.

In 1994, the first (and only up to now) spill testish LH2, where pool spreading was investigated in
further detail, were conducted in Germany. In fofithese tests, the Research Center Juelich (FZJ)
studied in more detail the pool behavior by meaguthe LH2 pool radius in two directions as a
function of time [Dienhart 1995]. The release of2iHas made both on a water surface and on a solid
ground. Thermocouples were adjusted shortly abloeestirface of the ground serving as indicator for
presence of the spreading cryogen.

The two spill tests on water using a 3.5m diamstémming pool were performed over a time period
of 62 s each at an estimated rate of 5 I/s of Ldd®alue which is already corrected by the flash-
vaporized fraction of at least 30%. After contaicth® LH2 with the water surface, a closed pool was
formed, clearly visible and hardly covered by theitev cloud of condensed water vapor. The



“equilibrium” pool radius did not remain constahyt moved forward and backward within the range
of 0.4 to 0.6 m away from the center. This pulsatike behavior, which was also observed by the
NASA experimenters in their tests, is probably eauby the irregular efflux due to the violent
bubbling of the liquid and release-induced turbaken Single small floes of ice escaped the pool fro
and moved outwards. After cutting off the sourcenassive ice layer was identified where the pool
was boiling. In the two tests on a solid groundegiby a 2 x 2 faluminum sheet, the LH2 release
rate was (corrected) 6 I/s over 62 s each. The froat was also observed to pulsate showing a
maximum radius in the range between 0.3 and 0.Bietes of the cryogenic pool were observed to
move even beyond the edge of the sheet. Not alakhythermocouples within the pool range had
permanent contact to the cold liquid indicating 1symmetrical spreading or ice floes which passed
the indicator.

Computer Modelling

Parallel to all experimental work on cryogenic pbehavior, calculation models have been developed
for simulation purposes. At the very beginning, glyrempirical relationships were derived to
correlate the spilled volume/mass with pool size @aporization time. Such equations, however, were
according to their nature strongly case-dependemhore physical approach is given in mechanistic
models, where the pool is assumed to be of cyliatishape with initial conditions for height and
diameter, and where the conservation equationséss and energy are applied [e.g., Fay 3oad
Briscoe 1988]. Gravitation is the driving force for the spreagliof the pool transforming all potential
energy into kinetic energy. Drawbacks of these nwdee given in that the calculation is terminated
when the minimum thickness is reached, that ordyi¢lading edge of the pool is considered, and that
a receding pool cannot be simulated.

State-of-the-art modeling applies the so-calledi®@hdayer equations, a set of non-linear differaht
equations based on the conservation laws of massnamentum, which allows the description of the
transient behavior of the cryogenic pool and itgor&zation. Several phases are being distinguished
depending on the acting forces dominating the slmga

1. gravitational flow determined by the inertia of ttiyogen and characterized by a hydraulic
gradient at the front edge;

2. gravitational viscous flow after pool height andesgming velocity have decreased making
sheer forces at the boundary dominant;

3. equilibrium between surface tension and viscouse®mwith gravitation being negligible.

During spreading, the pool passes all three phagesreby its velocity is steadily decreasing. For
cryogens, these models need to be modified withe@sto the consideration of a continuously
decreasing volume due to vaporization. Also filnilibg has the effect of reducing sheer forces at th
boundary layer.

Based on these principles, the UKAEA code GASP (Besumulation over Spreading Pools) has
been created by Webber [Webber 18%4k a further development of the Brandeis modedriBeis
1983]. It was tested mainly against LNG and alsmwhl evaporating pools, but not for liquid
hydrogen. Brewer also tried to establish a shalkoyer model to simulate LH2 pool spreading,
however, was unsuccessful due to severe numenistlilities except for two predictive calculations
for LH2 aircraft accident scenarios with reasonabgilts [Brewer 19813

At FZJ, the state-of-the-art calculation model, MUhas been developed, which allows the
description of the transient behavior of the cryogepool and its vaporization [Dienhart 195]it
addresses the relevant physical phenomena in hsthntaneous and continuous (at a constant or
transient rate) type releases onto either solidiqoid ground. A system of non-linear differential
equations that allows for description of pool he¢ighd velocity as a function of time and locatien i
given by the so-called “shallow-layer” equationsdxh on the conservation of mass and momentum.
Heat conduction from the ground is deemed the damtimeat source for vaporizing the cryogen,



determined by solving the one-dimensional or optiigntwo-dimensional Fourier equation. Other
heat fluxes are neglected. The friction force iesem considering distinct contributions from lamina
and from turbulent flux. Furthermore, the LAUV modecludes the possibility to simulate moisture
in a solid ground connected with a change of mat@roperties when water turns to ice. For a water
ground, LAUV contains, as an option, a finite-diflaces submodel to simulate ice layer formation
and growth on the surface. Assumptions are a pleméayer neglecting a convective flow in the
water, the development of waves, and a pool aa@erdue to buoyancy of the ice layer.

The code was validated against cryogen (LNG, LH#l) gests from the literature and against own

experiments. LN2 release experiments were conductéde KIWI test facility at the Research Center

Juelich, which was used for a systematic studyh&inpmena during cryogenic pool spreading on a
water surface. The leading edge of the LN2 poalssally well reproduced. There is, however, a
higher uncertainty with respect to the trailing edghose precise identification was usually distdrbe

by waves developed on the water surface and thekinpeof the pool into single ice islands when

reaching a certain minimum thickness.

The post-calculations of LH2 pool spreading durimg BAM spill test series have also shown a good
agreement between the computer simulations aneiiperimental data (see Fig. 9) [Dienhart 1895]

Figure 9: Comparison of LH2 pool measurements véfipective LAUV calculations for a
continuous release over 62 s at 5 I/s on watel) @ed at 6 I/s on an Al sheet (right)

During the tests on water, the pool front appeatke beginning to have shortly propagated beyond
the steady state presumably indicating the phenomei a (nearly) detaching pool ring typical for
continuous releases. The radius was then calculatsidwly increase due to the gradual temperature
decrease of the ice layer formed on the water seirfaquilibrium is reached approximately after 10 s
into the test, until at time 62.9, i.e., about amswl after termination of the spillage, the poo$ ha
completely vaporized. Despite the given uncerteftihe calculated curve for the maximum pool
radius is still well within the measurement rangée ice layer thickness could not be measured
during or after the test; according to the caldafgtit has grown to 7 mm at the center with the
longest contact to the cryogen. The spill testghmnaluminum ground (right-hand side) conducted
with a somewhat higher release rate is also chetiaetl by a steadily increasing pool radius. Th fa
that the attained pool size here is smaller thathenwater surface is due to the rapid coolinghef t
ground leading soon to the nucleate boiling regamé enhanced vaporization, whereas in the case of
water, a longer film boiling phase on the ice lagiees not allow for a high heat flux into the pool.
This effect was well reproduced by the LAUV caldida.

(b) Dispersion of Hydrogen

(i) Dispersion in the open atmosphere

Many different accident situations are conceivableich can give rise to the inadvertent emission of
a flammable substance and which have great infeu@mcthe evolution of a vapor cloud. It can be



released as a liquid or a gas or a two-phase meixiLine component, from which the substance is
released, may be a tank, a pump, a valve, pipe wodther equipment. The orifice, through which it
is leaking, can vary over different shapes andssiZéhe leaking fluid can flow into different
geometries. And finally it is the thermodynamic ditions of the fluid, which determine its release
behaviour. Four major categories for the releadigoid or gaseous hydrogen can be identified:

1. small-scale, moderate hydrogen release from peiomeat boil-off;

2. vaporization of a liquid hydrogen pool on a solidiquid surface;

3. two-phase jet release of hydrogen after openingtes under pressure; and
4

rapid escape of hydrogen to all sides after thastatphic failure of a pressure

Phenomena

The generation of a gas cloud in the atmospheiigipally caused by forces resulting from the
internal energy of the gas and/or from energy mshte system, from which the gas has escaped, or
from a relative excess energy in the environmehts€ opposed are dissipative forces, among which
atmospheric turbulence is the most important one.

In case there is no early ignition, the vapour dishape is further determined by density difference
atmospheric conditions, and topography. Severadgmaf a gas cloud formation can be distinguished:
In the early phase, the gas cloud is still unmiaad usually heavier than the ambient air. Its spngp

is influenced by gravitational force resulting innaar-ground, flat cloud. The following phase is
characterized by a gradual entrainment of air fiaurtside into the gas cloud enlarging its volume,
thus lowering gas concentration, and changingeitgperature. In the final phase, due to atmospheric
dispersion, density differences between cloud ambient air will be leveled out, where
concentrations eventually fall below flammabilitgnits. Thus density of the gas mixture vapor cloud
varies with time.

The turbulence structure of the atmosphere is cepgb®f large-scale turbulence described by the
large-scale wind field, and of isotropic turbuleneéhich is a rapid variable superimposed to the
medium wind field. The latter is generated dueh® fiact that “roughness elements” extracts kinetic
energy from the medium wind field, which is tramséel to turbulence energy. It is this energy and of
particular importance the small eddies, which finaletermine the spreading of the gas cloud; the
larger eddies are responsible for its meanderingthEr factors influencing the turbulence structure
within a gas cloud, apart from the atmosphericulambce of the wind and temperature field inside the
turbulent boundary layer (5 mm < z < 1500 m), are:

1. velocity gradient (sheer force between wind fiahd gas cloud);
2. current created by buoyancy forces;
3. heat transfer from ground into cold gas (thermatuced turbulence); and

4. rapid expansion from vaporization of cryogens.

Fluctuations in the concentration as a consequehtiee atmospheric turbulence are typically in the
order of a factor of 10 above the statistical agera

The spreading of a gas cloud in the atmosphergdagly influenced by the wind conditions which
change with height. Vertical wind profiles can ketedmined as a function of the so-called stability
categories depending on the temperature conditisman example, Pasquill suggested the categories
A, B, C for unstable, D for neutral, E, F for sehionditions, [Pasquill, 196%] The spreading
mechanism of a gas in the atmosphere is mainly igingwith the ambient air. The boundary layer
between gas and air governs momentum and massrepghahich is much stronger than molecular
diffusion. Horizontal dispersion perpendicular tingv direction is about the same for all stability
categories; it is different for vertical dispersidgnder stable conditions, vertical exchange islisma



leading to a long-stretched downwind gas cloudcdntrast, a temperature decrease with height,
which is stronger than the adiabatic gradient BOK9100 m), results in an effective turbulent
diffusion and rapid exchange. This is particularlye for a hydrogen gas cloud, which behaves in a
neutral atmosphere as if it were in an unstablalition. Worst-case scenario would be the existence
of a large hydrogen gas cloud generated with mihimarnal turbulence, on a cold, humid day with
high wind velocity and strong atmospheric stahility

The jet release of a liquefied cryogen under pressuconnected with the formation of aerosols. The
two (or three)-phase mixture developed exhibitsnrliomogeneous concentration distribution. There
will be a rapid vaporization, which may create lpchigh H, concentrations. It was observed that the
larger the liquid fraction of the two-phase jete tlarger was the evolving flammable vapor cloud
[Kneebone 19741’ Another effect observed for vertical jet-like gateases under certain conditions
is a bifurcation of the plume into two differentlgtating vortices. After a short acceleration phase
double vortex is developing which eventually splits This effect may reduce the height of the gas
cloud and lead to a stronger horizontal spreadihguig 1993f-

With respect to just vaporized LHthe lifetime as a heavier-than-air cloud (1.3nkYy/is relatively
short. It needs only a temperature increase ohyideogen gas from 20 K to 22 K to reach the same
density of the ambient air (1.18 kg)m This short time span of negative buoyancy ighsly
prolonged by the admixed heavier air, before theybocy becomes positive and enhances with
further temperature increase. Unlike pool vapoiirateading to only weak vapor cloud formation,
instantaneous release of LBIr high release rates usually result in intensivbulences with violent
cloud formation and mixing with the ambient airLH, is released onto water, rapid phase transitions
occur, which are connected with very high vaporiatates. The exiting vaporized gas also carries
water droplets into the atmosphere increasing #hesity of the vapor cloud and thus influencing its
spreading characteristics.

The spreading behaviour of a large gas cloud ferifit from a small one meaning that the effects in
small cloud cannot necessarily be applied to aelange. For small releases, the dynamics of the
atmosphere are dominant and mainly covering gridatital effects due to the rapid dilution. For large
amounts released, the evolving gas cloud can imfeieitself, the atmospheric wind conditions
changing wind and diffusion profiles in the atmosygh This so-called “vapor blanket” effect could be
observed particularly at low wind velocities, wheihe atmospheric wind field was lifted by the gas
cloud and the wind velocity inside the cloud dragphpe practically zero.

The near-ground release of cryogenic hydrogen tieguin a stable stratification has, in the initial

phase, a damping influence on the isotropic turiméen the boundary layer to the ambient air, thus
leading to a stabilization of the buffer layer ¢aled cold sink effect). For small wind speeds,
additional effects such as further heating of tlas gloud due to energy supply from diffusion,

convection, or absorption of solar radiation, adl &e radiation from the ground will play a certain

role, since they reduce gas density and enhandgévpdsuoyancy.

A still deep-cold hydrogen gas cloud exhibits auam heat and mass exchange on the top due to the
stable stratification. A stronger mixing will tak@gace from the bottom side after the liftoff of the
cloud resulting from buoyancy and heating from ¢gineund. The dilution is slightly delayed because
of the somewhat higher heat capacity of hydrogenpased to air. In case of a conversion of para to
ortho hydrogen, a heat consuming effect (708.8g},Jleduces the positive buoyancy. This process,
however, is short compared to dispersion.

Another effect determining a cold hydrogen clouthdyéour is the condensation and solidification,
respectively, of moisture which is always presenthie atmosphere. The phase change is connected
with the liberation of heat. Therefore density &itased and thus buoyancy is enhanced. The higher
the moisture content in the atmosphere, the sdsrike phase of gravitation-induced spreading ef th
vapour cloud terminated. The effect of condensadien results in a visible cloud, where at its oant
lines, the temperature has just gone below the plEnt. For high moisture contents, the flammable



part of the cloud is inside the visible cloud. olow moisture content, flammable portions can also
be encountered outside the visible cloud. The Msiind flammable boundaries coincide at conditions
for an ambient temperature of around 270-300 Krandidity levels of 50-57 %.

According to the “model of adiabatic mixing” of araht air and hydrogen gas, assuming there is no
net heat loss or gain for the mixture, there isract correlation between mixture temperature and
hydrogen concentration, if air temperature andquesand relative humidity be known. This means
on the other hand that thermocouples could be asdrydrogen detectors. The model was found to be
in good agreement with measured concentrationangake conditions of the NASA Lispill trials

as an example, the cloud boundaries were assesbagliing had a hydrogen concentration of around
8-9 %.

The topography has also a strong influence onttnespheric wind field and thus on the spreading of
the gas cloud. Obstacles such as buildings or @theiers increase the degree of turbulence suath th
the atmospheric stability categories and their eicgdi basis are loosing their meaning locally. This
situation requires the application of pure transpguations which may become very complex due to
the generation of vortices or channeling effecesdikaris 1993f. A gas cloud intersecting a building
will be deflected upwards reducing the near-grogodcentration in comparison to unobstructed
dispersion. On the other hand, if the source is tieabuilding in upwind direction, a vortex is ated
with a downwards directed velocity component, whicly increase the near-ground concentration.
This effect, however, may be more important fordyegases than for the lighter gases.

Experimental Activities

The first hydrogen release experiments conductét i, date back to the late 1950s [Cassut $960
Zabetakis 1961]. They included, however, only little informatioon concentrations and were
basically limited to visual recordings. The expeaxirtal series with LErelease conducted by Arthur
D. Little [Reference?] were dedicated to the obsgown of the dispersion behavior showing that still
cold hydrogen gas does not rise immediately upwalig has the tendency to also spread
horizontally. The initial column-like cloud shapeatdr transforms into a hemispherical shape.
Measurements of the translucence reveal largetiar&gin the concentrations indicating incomplete
mixing (see Fig. 3-x1). The continuous release i@ta of 2 I/s over 16 min and of 16 I/s over 1 min
and for wind speeds between 1.8-7.6 m/s, the dpwvejwisible vapor cloud had an extension of up to
200 m before fading away. Gusty winds had the efiésplitting up the gas cloud.

The first and up to now most relevant test ser@sstudy hydrogen dispersion behaviour was
conducted by NASA in 1980 with the near-ground aséeof LH. In five tests, a volume of 5.7°m
was released over a period of 35-85 s; in two nests the released volumes were 2°8m18 s and
3.2 ' in 120 s, respectively [Witcofski 1984 Chirivella 19867. Eight times the concentration was
measured at a total of 27 positions. Temperaturasorements were also indicators fop H
concentration. These trials have shown that theagour cloud can drift for up to several hundred m
particularly if the ground is able to sufficienttpol. The tests also demonstrated that the vayimniza
rate of LH; is strongly dependent on the type of release, mumte so than that of other cryogens.

In 1994, the German Bundesanstalt fur Materialtausg und Prifung (BAM) conducted Lifelease
experiments with the main goal to demonstrate difietys characteristic of a rapidly decaying hydrogen
vapour cloud in the open atmosphere in contrasheéobehaviour of vaporizing LPG. Six Li3pill
tests were conducted with amounts released of @&{total 260 kg) at rates of around 0.6-0.8 kg/s.
The tests were also to show the influence of adjadmildings on the dispersion behaviour
[Schmidtchen 1994, Dienhart 199%].



Figure 1: Shape of H2-air vapour cloud, from [Zalkéet 1961]
Focuses mainly on vapour from LH2 dispersion — rteesplit and complete with GH2

(i) Dispersion in obstructed environment

When studying the hydrogen dispersion in obstruetedronment it should be taken into account that
the dispersing cloud behaviour completely diffevs the cases of gaseous and liquefied hydrogen
spills. Actually, hydrogen disperses as a heaviarair gas when escapes to the atmosphere from the
liquid state and is characterized by horizontal emgnt and relatively long dilution times, whereas i
gaseous form hydrogen is a buoyant gas. In thisessome of the results presented for the dispersion
of other flashing liquids could be applicable te thydrogen dispersion. For example Chan (1892)
performed calculations for the numerical simulasiaf LNG vapour dispersion from a fenced storage
area, and found that vapour fence can significaneitiuce the downwind distance and hazardous area
of the flammable vapour clouds. However, a vapemcé could also prolong the cloud persistence
time in the source area, thus increasing the patefiarr ignition and combustion within the vapour
fence and the area nearby. Also Sklavounos andsRR204}° performed a validation of turbulence
models in heavy gas dispersion over obstacles,hwdoald also be applied for the earlier stagesef t
spill.

In the presence of buildings or other obstaclaswtimd direction is also expected to play an imgairt
role for the cloud dispersion, due to the shieldiffgcts of these obstacles.

The obstacle effect is twofold, in one way it iritsbgas convection, but on the other hand creates
turbulence, thereby increasing gas dilution, extamnthe flammable region, and even accelerating the
flame. Hydrogen may cause a series of accidenthtev(jet fire, flash fire, detonation, fireball,
confined vapor cloud explosion), depending on ilme tof ignition and the space confinement. Unless
an immediate ignition occurs, it becomes evideat tlispersion calculation is required, in order to
determine the lower flammable limit zones in theager area of hydrogen facilities and hence
preventing, via appropriate measures, flash fires@nfined vapor cloud explosions corresponding to
delayed ignition, see for example the work of Rigad Sklavounos (2008)

Though accidents related to storage and use oblgdrwill certainly occur, there is not much data
available in the literature about what happens witgrid hydrogen is accidentally released near the
ground between buildings of a residential area.yCielWw numerical codes used for dispersion
estimation can be applied to hydrogen, which méhasfurther developmental work is necessary in
this field.



Statharas et al. (2008)describe the modelling of liquid hydrogen releas@eriments using the
ADREA-HF 3-D time dependent finite volume code foloud dispersion and compare with
experiments performed by Batelle Ingenieurtechmik BAM as part of the Euro-Quebec-Hydro-
Hydrogen-Pilot-Project (EQHHPP). They mainly deaithwlLH, near ground releases between
buildings. The simulations illustrated the compleghaviour of LH dispersion in presence of
buildings, characterized by complicated wind patielplume back flow near the source, dense gas
behaviour at near range and significant buoyanatiehr at the far range. The simulations showed
the strong effect of ground heating in the,ldispersion, as can be observed comparing Figel2an
The model also revealed major features of the digpethat had to do with the “dense” behaviotdr o
the cold hydrogen and the buoyant behaviour of ‘th@ming-up” gas as well as the interaction of
the building and the release wake.

Figure 1: Predicted 4% isosurface att = 100 daut ground heating effects (Statharas et al., 2000

Figure 2: The predicted 4% isosurface at t = 1@0ith, ground heat effects (Statharas et al., 2000).

Schmidt et al. (1999) performed a numerical simulation of hydrogen gdsases between buildings.
Gas cloud shape and size were predicted using dhgo@ational Fluid Dynamics code FLUENT 3.
The modelling was made as close as possible tpattern of the liquid hydrogen release experiments
performed by BAM in the framework of the EQHHPPuFmain results were found:

The release of hydrogen at high velocities (up he tritical velocity) results in a much more
hazardous situation than a release at low exitcitids. At high velocities, high concentrationsHt



near the ground and a considerable enlargemeheafinge where explosive mixtures occur, have to
be expected. See Figs 3 and 4.

The approach of the hydrogen cloud to walls or motblestacles influences the pattern of the
concentration field. Parts of the objects whichtalzs the cloud dispersion cause a dilatation ef th
regions with explosive mixtures.

Strong wind and low release velocities lead tor@macement of the upward drifting of the hydrogen
cloud. This minimises the risk of the occurrencexjlosive mixtures near the ground.

The range of average concentrations of hydrogedysed by a gas release in a vertical direction
starts to widen at relatively low heights. Thisulesin an enlargement of the range with explosive
mixtures.

Figure 3: Fast release in z direction, 4 vol. %sistace (Schmidt et al., 1999).

Figure 4. Slow release in z direction, 4 vol. %sigrface (Schmidt et al., 1999).

Venetsanos et al. (2003) performed a study of dluece, dispersion and combustion modelling of an
accidental release of hydrogen in an urban envieminiThe paper illustrates an application of CFD
methods to the simulation of an actual hydrogeriasign. Results from the dispersion calculations
together with the official accident report were dise identify a possible ignition source and estana

the time at which ignition could have occurred, Bag 5. The combustion simulation shows that an



initially slow(laminar) flame, that accelerates digethe turbulence generated by the geometrical
obstacles in the vicinity (primarily the pressumeks). Since the hydrogen cloud is very concerdrate
with a large region with more than 15% hydrogen vmyume, there is ample scope for flame
acceleration. However, the general geometricaligardtion is rather open, and beyond the bundles
of pressure tanks there are few obstacles. Thistevit to restrain the acceleration of the flamd an
prevent the flame from accelerating to very highexfs as seen in the simulations. These resulte are
a large extent compatible with the reported acdidensequences, both in terms of near-field damage
to building walls and persons, and in terms offi@ld damage to windows. Their results demonstrate
that hydrogen explosions in practically unconfingebmetries will not necessarily result in fast
deflagration or detonation events, even when thdrdgen concentration is in the range where such
events could occur in more confined situations.

Figure 5: Predicted velocity and volume concentrafield on a vertical cross-canyon plane at 9 m
downwind from the source and time 10 s after sifatlhe release (Venetsanos et al., 2003)

(i) Dispersion in confined environment

Hydrogen Behaviour

The accidental release of hydrogen in confinedrenment differs from the open atmosphere and
semi-confined cases in the fact that the leakadmcated in a room. Then, the released hydrogen get
mixed with the room atmosphere, building up therdispersing outwards through venting holes.

Depending on the storage system, hydrogen leakguéd or gaseous phase. For leaks involving,LH
vaporization of cold hydrogen vapour towards thecsphere may provide a warning sign because
moisture condenses and forms a fog. This vapooizgbrocess usually occurs rapidly, forming a
flammable mixture. On the other hand, for GH2 leglks diffuses rapidly within the air.

The hydrogen gas released or vaporised will digpmough the environment by both diffusive and
buoyant forces. Being more diffusive and more buby#han gasoline, methane, and propane,
hydrogen tends to disperse more rapidly. For lownmatum, gaseous hydrogen leaks, buoyancy
affects gas motion more significantly than diffusiv For high-momentum leaks, which are more
likely in high-pressure systems, buoyancy effectslass significant, and the direction of the re¢ea
will determine the gas motion; on the other hanjgt @& established, which reduces its inertia ®vitil
mixes.

Conversely, saturated hydrogen is heavier tharataihose temperatures existing after evaporation.
However, it quickly becomes lighter than air, makithe cloud positively buoyant. At the end,
localized air streams due to ventilation will alsitect gas movement. Therefore, in all cases, 4 lig



gas cloud is developed near to the leak. It isindmydrogen, which is less dense than air in twam.
This density difference induces a vertical buoylante, making the hydrogen-rich cloud rise up and
the heavier atmosphere air drop down. A region Wwhgricher in hydrogen is developed and a
buoyant plume is established. This plume mixes i surrounding atmosphere but in a non-
homogeneous way. When the plume impinges the tofheofenclosure, it spreads throughout the
ceiling and stagnates there. Depending on the seldacation and the geometrical aspect ratio
(slenderness) of the building, the inertia forcesild be able to drive the atmosphere to either-well
mixed or stratified conditions.

In the medium and long-term, other mixing phenomeoald appear and change the atmosphere
conditions. Other releases of hydrogen could piehhydrogen-rich cloud downwards favouring
homogeneous conditions. Heat transfer (mainly byeotion) between room atmosphere and walls
could induce secondary circulation loops, theratiya@cing the mixing processes.

All of these phenomena yield the final distributimirhydrogen within the confined environment: well-
mixed, stratified, locally accumulated, etc. Moregvthe presence of some systems could change
these conditions, normally helping the mixing psxelhey are: venting systems, connections to other
rooms, fan coolers, sprays, rupture disks, etartter to deal with accident events, some mitigation
systems have been developed as dilution systemdnjdstion of inert gas), igniters (which burn
flammable mixtures) and recombiners (which oxidigglrogen in a controlled way) etc. Valuable
devices are the Passive Autocatalytic RecombinBisRj, which reduce the hydrogen mass by
inducing the reaction with oxygen at low hydrogemaentrations, using palladium or platinum as
catalysts.

In summary, six stages of a release in a confimr@nment can be identified: (1) leakage; (2) jet;
(3) buoyant plume; (4) homogeneous/stratified d&sipa; (5) convective and venting phenomena; and
(6) mitigation systems (if any).

The phenomena related to leakages and jets have dealysed in the chapter on “release of
hydrogen”, considering the phase of the hydrogéease (liquid or gas), the structures developed
(spills, jets and so on), the sonic or subsoniaitmm at the hole and other related phenomena.

After them, the hydrogen-rich cloud losses its timaeand buoyant forces become dominant. Usually,
this cloud is less dense than the surrounding radr then the force is directed upwards. When the
hydrogen released is very cold, buoyant forcesccpoint downwards. However, the heat and mass
transfers during the mixing process reduce theurgxtiensity and invert the buoyant force direction.
The fluid structure established is a plume, wh&re tegions are distinguished: forced plumes and
buoyant plumes. At the forced plume both forcesrfia and buoyancy) are of similar magnitude and
separate pure inertia region (jet) apart from tine ppuoyant region (plume).

The buoyancy to inertia ratio is expressed by #mesanetric Froude number

Fr = roJ o2 , (Eqg. 11)
(ry - ro)9d,

where Uy, ro anddy are the fluid velocity, the fluid density and tde&ameter at the break point,
respectivelyg is the gravity acceleration amg is the bulk density. Using this dimensionless nemb
Gebhart et al. (198%) recommend the following expressions (Table 1)tfe three regions of a
vertical upward structure. The x-direction is aldhg centreline of the structurg, /. andc, the fluid
velocity, the fluid density, and concentration &t tcentreline. Notice that velocity (u) and
concentration (c) profiles at any transversal plargeexpressed by Gaussian functions.

When the structure shape is very different fromuaward vertical one, these regions need to be
established by numerical simulations (see Seci2.3.below).



Table 1 — Recommended expressions for the threéenegf a vertical upward structure (from
Gebhart et al. 1988).

REGIONS | |NERTIA INTERMEDIUM BUOYANCY
FORCED PLUME (OR
STRUCTURE JET BUOYANT JET) BUOYANT PLUME
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(Eq.12) (Eq.13)
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X X
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(Eq.14) (Eq.15)

[Reviewer's comment: The equations in the tablevabghould either be renumbered or the number rethove
The equation numbers are not referred to in our]tex

Molecular vs. Turbulent Mixing

The relative importance of advection and diffusiiorthe distribution or mixing of a chemical species
like hydrogen may be derived through non-dimensigrithe general advection-diffusion equation of
transport. This dominance is a function of flowoaty u, species diffusivity D and time t, and nimy
expressed in terms of the non-dimensional Péclaibeu:

D

Pe 2 (Eq. 12)

where D is the diffusion coefficient, u is the agity, t is time and L is a characteristic lengtials.
Diffusion is the dominant mechanism when Pe>>1taaasport by advection dominates for Pe<<1. It
is important to note that, whenever large timesr tharacteristic lengthscale, L = ut, are considge

the advection transport would always dominate. PBelet number expresses the ratio between the
characteristic times of advection and diffusioneTéngth travelled by a particle is proportional to
for advection and td't for diffusion.

Characteristic length and time scales for advedimhdiffusion transport may be expressed by



Ladvection= Ut (Eq. 13)

L
tadvection™ u (Eq. 14)
Lgiffusion = v Dt (Eq. 15)
L2
Lgiffusion = D (Eq. 16)

These expressions are useful as rules of thumb.

Potential for Accumulation Depending on Leaking

When the jet or buoyant plume is established withi@ enclosure, the medium-term atmosphere
conditions would be either well-mixed or inhomogene The relevant phenomena are: (1) local
accumulation on dead-end regions; (2) stratificatiomogenisation in ceilings; (3) homogenisation
by convective motions; (4) venting phenomena; &)artigation systems.

Local accumulation usually happens in regions riarrelease point or in the way of circulation
loops. There are regions in the enclosure with gaatlenclosures, badly-vented or ceiling, which
make difficult the ascending dispersive maotions.

Stratification-homogenisation in ceilings is a ma@mplex phenomenon. The stratification consists
on forming stable layers of fluid which do not méach other, because of the lack of atmosphere
gradients apart from jets, plumes or boundary Ry®@hen stratification happens the fluid is not

stagnated, but the motion does not allow mixingveen separate layers.

The mixing patterns established in the enclosueciduced by jets, plumes and convective heat
transfer. These phenomena induce moments in thk flinich produce the competition between two
forces: inertia and buoyancy. When the inertiaderare dominant, the enclosure atmosphere will get
mixed. When buoyancy is prevailing the stratifioatremains, and in this case the vertical gradgent
established as a balance of (Woodcock et al., 2p01l) thermo-hydrodynamic stability (by
temperature gradients); (2) horizontal fluxes (lryemtrainment); (3) ceiling plumes (by Rayleigh-
Bénard convective motions).

The thermo-hydrodynamic stability is characteribgdhe Richardson number, Ri,

. ry-ry)gH
Ri,, = % (Eq. 17)
f¥Ue
and the Reynolds number
ryuH
Re,, =———, (Eq. 18)
m

where H the enclosure height, the entrainment velocity am the dynamic viscosity at the break
point. When Richardson number is greater than umity greater than the inverse of the Reynolds
number, buoyancy forces dominate inertia forcesthaddensity gradients at the horizontal direction
are negligible. From this condition, Peterson ()%94stablished criteria for stratification in a



confined environment (bounded at the upper part, dpen in transversal directions to avoid
accumulation).

In the case of a round jet, stratification occuhemwthe following criterion is satisfied:

2/3

A >>1 (Eq.19),

02+/2H

as demonstrated by Lee et al. (1974hd Jain and Balasubramanian (197@ig.1).

Ao gy
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Figure 1: Stratification criteria for round jetsetBrson, 1994)

In case of a round buoyant plume, the criteriahésfollowing

5/3

417 H 16

—— —  Fr >>1 (Eq.20)

These criteria are not conditions sufficient to mjifg the buoyancy gradients. It is necessary to
analyse other effects in order to establish mixangstratified conditions in enclosures: horizontal
fluxes and ceiling plumes. The Rayleigh number,J&#ch is defined as

g(f¥ B rw)H3

5 Pr, (Eq. 21)
ryn

Ra, =

is used in this case to determinate these conditdhen the Rayleigh number is greater than 1@9, th
turbulent fluxes generate density gradients whietiuce the stability of the stratified layers, and
initiates mixing patterns (Woodcock et al., 2001).

Finally, the location of the release point couldluee established inhomogeneous conditions in a
closed room, by the fact that the inertia forces @ot enough to impulse the hydrogen below the
release point. Then hydrogen will accumulate atupper part of the room and the mixing process



will be led by slower phenomena: molecular diffusior convective heat. Some experiments as
NUPEC M-8-1 (CSNI, 1999) and Shebeko et al. (1988have illustrated this phenomenon.

Influence of Natural Ventilation of Structures

In general, the accidental release of hydrogeronficed environments will be affected by ventilatio
streams coming from other rooms or from the atmesphAs a general safety rule: “Any structure
containing hydrogen system components shall be uadely ventilated when hydrogen is in the
system” (NASA, 199%). The amount of ventilation required will vary éach case depending on the
total supply of hydrogen, the rate of generatiam] ¢he venting arrangement from the process or
hydrogen system. The goal of any hydrogen vertitasystem is to keep the concentration below the
lower flammability limit (4% at normal conditions).

Ventilation systems use vents, ducts, heat exclianfgs and other components. They are based on
the principles of natural or forced convection asalibed above in this chapter. Under most common
conditions, hydrogen has a density lighter tharaad tends to rise upwards when in contact with air
On the other hand, the air temperature affectvéindilation behaviour: warmer air is less densa tha
cooler air, and therefore warm air tends to puskangs when in contact with cooler air.

The use of a fan, as a forced ventilation systeam,th supply approximately 25 times the volume of
hydrogen to maintain a safe concentration of hyeinod he reliability of this system depends on the
eventual event of a mechanical or electrical failur

In order to avoid these reliability problems, passsystems are usually established on hydrogen
applications in enclosures. A typical configuratisnbased on using high and low vents on walls.
Under most common conditions, hydrogen has a liglgasity than air and tends to rise upward when
in contact with air. Moreover, warmer air is leense than cooler air, and so warm air tends to push
upwards when in contact with cooler air. In genegalventilation system is driven more by air
temperature differences than by hydrogen concémraand can be affected by the difference of
temperature between the enclosure and the extmasbnment.

On a cool day, when the inside temperature is htiten outside, the lighter warm air mixed with the
lighter hydrogen in the enclosure will rise togetbat the high vent, drawing fresh cool air in tigh

the low vent. Both the temperature of the warmaaid the presence of hydrogen will drive the
ventilation rate. Under these conditions, the hgdroamount in the enclosure will decrease. On a
warm day, the direction of air flowing through thents can reverse. When this happens, warm air
trying to enter the top vent pushes back the hyshidgying to rise out the same vent, causing the
hydrogen to stagnate and build up inside the eapbodOn this condition the hydrogen is trapped
within the enclosure and the molecular diffusiontli® only mechanism to mix the hydrogen.
Therefore, the explosive conditions could be noided.

Other systems use tubes as a small chimney theliesathe hydrogen at some elevation. The use of
these tubes in combination with low or high velbising set at the same height on the wall, prevents
some of the unwanted thermal convection descridmavea However, the combination of these
systems has to be studied in detail, consideriegeffect of the external conditions in order toidvo
failures in the ventilation behaviour under certincumstances.

Experimental Tests

Tests most representative of hydrogen behaviotniménclosures are the following:

- The Russian tests by Shebeko et al., (1988).duygdr distribution experiments for a subsonic releas
of hydrogen in a closed vessel.



- GEXCON, NH and STATOIL (GEXCON, 2083 performed hydrogen dispersion experiments in a
confined compartmented space.

- CEA has performed slow release helium dispertésits in their MISTRA facility, Caron-Charles
and Blumenfeld (2001}, also Blumenfeld and Caron-Charfes

- Tests in the gallery facility of INERPS

A valuable knowledge and experimental databasebbaa compiled in the field of nuclear fission
safety through an extensive program of tests fatrdgyen distribution and mixing within confined

geometries, with the aim to develop and validateerical tools for modelling hydrogen relases and
mixing processes. Geometrical conditions are tymitauclear reactor containments (large and multi-
compartment), and test conditions are very nudeacific (high contents of steam, no venting). As
an example they are worth mentioning the testopmdd in the HDR and BMC facilities in Germany
or the NUPEC one in Japan (CSNI, 1999), as welthase planned or performed at the ThAI
(Kanzleiter, 200%) and PANDA (Auban, 2008) facilities.

(iv) Numerical simulations

The object of dispersion modeling of hydrogen redsais the calculation of the concentration
distribution of hydrogen in their vicinity. Fromighdistribution, envelopes of constant concentregio
encompassing higher concentration levels can t@rdated, from which clearance distances to limit
the consequences resulting form accidental ignitidre shape of these envelopes can be complex,
and will depend on the emission problem, which mheil@es the nature of the flow and its rate of
release, the obstacle configurations and the emviemtal conditions. Computer fluid dynamics
simulations are thus often used to perform suctutations, as they can take into account in priecip
any level of details.

Calculation Models for the Simulation of Atmospbddispersion of Gas Clouds

There are several classes of calculation modedsriolate the atmospheric dispersion of gas clouds:

1. Gaussian model

Jet model

Box or slab model
Particle simulation model

k- model representing CFD models

I

Large Eddy Simulation

The Gaussian plume model is the classical appréacthe simulation of the spreading of neutral
(sufficiently diluted) gases incl. pollutants ordi@activity. It is a simple model describing the
concentration profile as a solution of the diffugedvection differential equation with empirical
coefficients depending on the atmospheric conditiofhis model, however, is inappropriate for
treating the buoyant behavior of light or heavyegas

Dispersion models are often accompanied by a jease model to calculate the dispersion of a
released gas with significant momentum flux, whikthe dominant parameter for jets. The jet can be
classified into two main zones, a region of adjsihfrom storage conditions to atmospheric pressure
and a region of “conventional” jet dispersion atb@nt conditions. If storage conditions are
pressurized, the initial zone of adjustment wilsgibly include flashing for a liquid or choked two-
phase jet. The conventional dispersion region Isegith a so-called region of flow establishment, in
which similarity profiles for the concentration aaxiial velocity evolve; following this the jet ewals



with self-similar profiles. The main features digfilishing the various jet models are the treatroént
the air entrainment and the choice of the simiigiofile (e.g., top-hat, Gaussian).

The macro or two-zones mixture model developed B$B [Giesbrecht 1986f regards the bursting
of a pressure vessel, where the high exit velaeisylts in a fully turbulent propagation of the sals
contents. Two zones are distinguished: a core mbtiee vapor cloud where (cold) liquid droplets are
still existing, and a boundary zone. In the cor@ezoideal mixture with spatially constant and
temporally decreasing concentration is assumedevitithe boundary zone, a spatially constant and
temporally decreasing turbulent diffusion coeffities assumed.

In box or slab models, the released gas cloudsisnasd to be of cylindrical shape. The processes of
advection (transport by the mean wind field), aitrginment, and gravitational spreading are
implemented in empirical correlations which wererivkl from experiments. Box models were
basically developed to simulate heavier-than-aipovaclouds with averaged temperature and
concentration. In extended versions, vertical peefiof temperature and concentration can be
assumed. Acknowledged box models are the US cod&@ADES [Havens 1990] or the British code
HEGADAS [McFarlane 19964,

Particle simulation models are based on the sttichaature of the movement of particles in the
atmospheric wind field. In a simulation, numerotypically 5000-15,000) particles are being emitted
and their trajectories traced making a statistaralysis of the velocity fluctuations. The turbulen

velocity is considered to undergo changes only afteertain time defined as the Lagrange corraiatio
time. The distribution of the particles in a givealculation grid is then a measure for the
concentration distribution. An improvement of thedal is given by assuming a so-called Markov
process for a particle meaning that the fluctuatpamt is further subdivided into a component
representing the capability of remembering, andralom component. The velocity at time t is then
composed of a fraction proportional to the “old’lo@ty at time t-dt and a remainder produced in a
random number generator. One representative masdisiulation model is the German code LASAT
[Martens 1991F.

State-of-the-art modeling of the transient behawviogases with either positive or negative buoyancy
in the atmosphere is provided by Computer Fluid &yits (CFD) models, which simulate complex
flow processes by solving the Navier-Stokes equatim an Eulerian 3D (or 2D) calculation grid
structure. This approach comprises the conservatioations of mass, momentum, and energy. Apart
from being (in most cases) immensely time-consurrtimgse models require a detailed input of initial
and boundary conditions.

In the two-equation k-turbulence model, special partial differential &pns are solved to describe
the transport of turbulence as well as its genamaéind dissipation. Of all the approaches, the k-
model offers the highest relative independencengfigcal relations. It appears to be the only ome t
allow a proper simulation of hydrogen dispersioacduse it meets the requirements of describing
effects such as turbulence energy in the gas climtekaction with the atmospheric wind field, the
characteristic positive buoyancy, transient soureitls initial momentum, and last but not least, gas
flow in a complex geometry (buildings, terrain).elke modelling and many of its variations have
been implemented in a number of computer codesndisshed by the choice of the numerical
solution method, which was found to have a sigaificeffect on the calculation procedure.

Large Eddy Simulation (LES) is a technique thataigidly finding widespread use. It is a computer
intensive approach, where the large eddies arettexplicitly, while the smaller eddies are moelel|
using a so-called sub-grid scale model. Developroésub-grid scale models is a very active field.
The sub-grid scale model introduces a const@gtwhich is not a constant, Pope (2084Pope
(2004¥° also showed that it would not be possible to @bagrid independent solution, as the value
for C; needed to be adjusted as the mesh was refined.ald6Srequires care when setting up the
model and specifying the initial flow field, inclurdy velocity and concentration fluctuations.



Simulation of Hydrogen Dispersion in the Atmosphere

Only a few efforts have been made in the pastrtmlsite the dispersion of hydrogen gas mostly due
to the poor experimental data base available. Efflyrts were made in the late 1970s by the Los
Alamos National Laboratories on a box model forrogeén taking into account heat transport from
the ground into the cloud [Edeskuty 1980Rnd then applying the Gaussian model of neumdl a
buoyant dispersion as part of the WHAZAN softwasekage [Stewart 1998]

The NASA has developed the code AFGASDM applicadleH, and other aviation fuels. The model
is something between a Gaussian model and an &wmleiid model solving the conservation
equations following a gas “parcel” released asfaymtil it has diluted below the flammability lirs.
Effects of air entrainment and phase changes aoataken into account [Brewer 1981].

The k€ atmospheric dispersion model POLLUT was develagetie TU Munich to describe hot gas
plumes escaping from stacks of power plants. Thie ezas used in a DLR study [Eichert 1982
investigate hydrogen dispersion from accidentaast of LH from vehicle tanks both in open terrain
and in a road tunnel.

The computer code CHAMPAGNE of Mitsubishi Heavyustties is a multi-phase, multi-component
thermodynamics model originally dedicated to theeasment of severe accident in fast breeder
nuclear reactors. It has been modified to alsa treaformation and propagation of hydrogen vapor
cIoudPsB. CHAMPAGNE was successfully applied to th&S% LH, spill tests from 1980 [Chitose
19967~.

Simulation of hydrogen dispersion in semi-confinadironments

A subsonic horizontal hydrogen jet experiment anbdsequent CFD simulation was reported by
Swain (2004 (Figure 1 and Table 1). Hydrogen was released acfmin through a 1 cm diameter
orifice. The predicted concentrations showed gagrdement with measurements.

Figure 1 Concentration contour of a 25 scf/minastée The numbers show locations where the
concentration of hydrogen was measured experintgntal

Table 1
Sensor position| Experimental Simulation Deviation (%)
H2 concentration (%)| H2 concentration (%)
1 5.0-5.9 5.04 -8.13
2 5.6-7.0 6.96 10.48
3 9.4-10.8 13.99 38.50
4 8.1-9.4 8.25 -5.70




(63}

5.6-6.6 5.29 -13
3.5-4.6 5.37 32.60

(o]

The BAM 5 and 6 LH2 dispersion experiments in tlespnce of buildings [Marinescu-Pasoi and
Sturm 1994F were simulated by [Statharas 2000] using the ADREAcode. The source was
modeled using a series of two phase flow jets. idiqphase evaporation during the dispersion was
taken nto account using the homegeneous equilibmaatel. The calculations were performed using a
one-equation turbulence model. Reasonable agreewidmtmeasured concentrations was reported
when ground heating was taken into account.

The Battelle ke model BASSIM originally designed for hydrogen camtion in nuclear
containments has been applied to predicting the BAd release trials in 1994, providing reasonable
qualitative results for 3D effects of hydrogen @isgion behavior [Rastogi 1992]

The 1983 Stockholm (Sweden) hydrogen accident wasliated by [Venetsanos et al. 2003] using the
ADREA-HF code for dispersion and the REACFLOW cdaiethe combustion. An integral tool was
applied to simulate the release of 4 kg of hydrofyem a network of 18 interconnected cylinders of
15 I volume each containing hydrogen at 200 bar.

Figure 2: Simulation of the 1983 Stockholm hydrogenident [Venetsanos et al., 2003], Left:
Modelled site and lorry carrying 4 kg of hydrogenli8x50 |, 200 bar bottles (red circle), Right:
Predicted lower flammability hydrogen-air cloudiate 10 seconds after start of release

Simulation of hydrogen dispersion in confined emminents

The use of hydrogen applications (especially automap in confined environments like private
garages, public parking, maintenance shops, elgstns, compressor buildings, tunnels, etc. regquire
detailed evaluation of the risk related to potdntigdrogen leaks and if necessary identification of
measures to be taken in order to avoid buildupashinable/explosive hydrogen atmospheres. In this
respect the CFD methodology has been widely useti@sn in the review below, since it is generally
able to realistically account for the various getrinal configurations and complex release condgion

Hydrogen leaks inside a residential garage compagauhst gasoline, natural gas and propane leaks in
the same environment were simulated by Swain (£998)ng the FLUENT code. Calculations were
based on the GEOMETgarage geometry (2.52 x 6.59 x 2.74 m) with a singint placed in the
center of one wall of an otherwise sealed garage. [€ak rates for fuels other than hydrogen were
adjusted for equal size holes and equal energy ift@s in the fuel lines considering both laminad a
turbulent flow where applicable. The results of Himulations show that for the lower leakage rate
(1000 I/hr) and typical garage air exchange (2.@HAepresenting natural ventilation), hydrogen and
methane did not create dangerous conditions whitpgmne and gasoline did produce dangerous



conditions in similar accident scenario. For thegéa fuel leakage rate (7200 I/hr) and minimal air
exchange rate (0.2 ACH) all four fuels producedyvierge combustible clouds after 2 hours of
leakage. However, the energy content of the coniilestiouds was different, with hydrogen being at
most % that of the other fuels. Both natural gastaydrogen filled the entire garage with a flamneabl

mixture after two hours, while propane and gasdiited just over half of the garage volume with a
flammable mixture. At the higher air exchange @®2 ACH), the hydrogen still filled the garage
with a flammable mixture, which reached about 6.68ydrogen concentration after two hours.

Hydrogen dispersion experiments in a half-scaldbiveg and subsequent CFD validation using the
FLUENT code were performed by Swain (19897 he hallway geometry dimensions are 2.9 x 0.74 x
1.22 m. Hydrogen leaked at a rate of 2 SCFM (0/8% from the floor at the left end. At the righitde

of the hallway, there were a roof vent and a lod@or vent for the gas ventilation. Four sensorsewer
used to record the local hydrogen concentrationiatrans with time. Predicted hydrogen
concentrations time series were found in good ages¢ with the experimental data. The same
experiments were simulated by Agranat et al. (200d5ing the PHOENICS code. Predicted results
were found similar to the ones obtained using th&/ENT code with maximum concentration
differences between the two models of about 20 %.

Boil-off from the cryogenic hydrogen tank of a daa private garage was simulated by Breitung .et al
(2001)* using the GASFLOW code to calculate the tempandl spatial distribution of hydrogen and

criteria to evaluate the flame acceleration andrgtion potential. Boil-off was assumed occurrihg a
a rate of 170 g ddyand the boil-off release to occur intermittentlyfive pulses per day of 100 or 10

s time period each, which gave 0.34 or 3.4 gespectively.

The facility modifications and associated incremaéntosts that may be necessary to safely
accommaodate hydrogen fuel cell vehicles (HFCVdbur support facility case studies: 1) commercial
multi-story above-ground parking, 2) commercial tinsiiory below-ground parking, 3) residential two
vehicle garages and 4) commercial maintenanceffspriice station were evaluated by the California
Fuel Cell Partnership (CaFCP, 2084For each case study, a baseline building desapdeveloped
incorporating functional requirements and applieabbnventional building codes. CFD modelling
(FLUENT) was used to analyze a limited set of H&lIscenarios inside the four types of facilities.
The study was based on parking a 5-passenger seittarcompressed H2 gas reservoir carrying
capacity of 6 kg at 10,000 psi (689.5 bar) pressthe HFCV was designed to comply with SAE
J2578 and J2579 standards for H2 and fuel cellsshathclude provisions for safety systems onboard
the vehicle. Such assumed mechanisms include thkerimentation of a hydrogen detector in each
wheel well. Each detector was designed to signahwat down and isolation H2 procedure upon
detecting 1% H2. Another assumed mechanism incltldesuse of an on-board computer that is
capable of shutting down H2 flow upon detectingaegér than 20 CFM leak (9.4 It)swhen the
vehicle is dormant. In addition the HFCV was eqeigphpvith a valve that isolates H2 in the tank upon
engine (fuel cell) shut down. This assumed isatati®echanism was designed to monitor and test for
leaks upon vehicle shut down and prior to starbyphe on-board computer. In the study most of the
modelling scenarios were based on a 20 CFM leak fiieneath the vehicle. This leak rate
corresponded to a fuel cell power output of abolitk®V. For the considered hydrogen release
scenarios it was found that:

For the considered residential garage layout noifinations to the baseline structures would appear
to be necessary for vehicles equipped with safgdtems that detect hydrogen leaks according to the
chosen scenarios. CFD modelling of one configunatbhowed that a 1% hydrogen concentration
would reach the wheel well within 28 seconds whagtectors could initiate a shut off of the fuel
supply. Since not all vehicles will be equippedhniitydrogen detectors, or be configured like the
chosen vehicle design, additional modelling prodidgata on the time for a 5% hydrogen
concentration to accumulate at the garage ceilligs information may be used by carmakers to
develop strategies to limit the amount of time tthet vehicle operates at zero speed before shutting
off the fuel supply.



For the considered below and above ground parkagjittes no modifications to the baseline
structures were recommended. Existing ventilatiothe below ground structure would dilute a 20-
CFM hydrogen leak so that a flammable mixture waoadly exist in close proximity to the vehicle.

Similarly, natural ventilation would dilute hydragéeaks for the above ground parking facility.

For the considered maintenance facility no modiiices to the baseline structures were
recommended. The high rates of ventilation wouldtdithe assumed 20-CFM leak and result in a
flammable mixture only in close proximity to thehigle. The potential for flammable mixtures
forming at the ceiling of the facility was also @essed. The time required for a hydrogen leak toltres
in 20% of the LFL at the ceiling was determinedddferent vehicle leak rates. Options for imprayin
the ventilation in the building are presented ia téport.

Helium dispersion experiments in a private garagjménsions: 6.42 x 3.71 x 2.81 m) including a
mockup of a car and performed by Swain (189®)re simulated by Papanikolaou and Venetsanos
(2005)* using the ADREA-HF code and the standamrkedel. Helium was released below the car at
a flow rate of 7200 I/hr. The predicted results evByund generally in acceptable agreement with the
experiment. For the case with the lowest vent #iiee vertical concentration gradient was found
underestimated compared to the experiment. This watisbuted to the turbulence model
overestimating mixing under the given low flow carahs.

Tunnel accidents with an LH2 powered vehicle wereutated by Breitung et al. (2008) The
investigated scenarios assume damage of the LH8msyselease of gaseous hydrogen, mixing with
air, ignition and finally combustion. Calculatioshowed that gaseous hydrogen rises to the tunnel
ceiling forming a strongly stratified mixture. Skgpsize, inner structure and temperature of the
evolving H2-air cloud were calculated. Using newealeped criteria, the time and space regions with
potential for fast combustion modes were identifiedr the given hydrogen sources the combustion
regime is governed by the ignition time. For lageiiion a slow and incomplete combustion of the
partly premixed H2-air cloud along the tunnel cgjliwas predicted. For early ignition a standing
diffusion flame develops with dimensions and hdéakds determined by the hydrogen release rate.
Temperature, oxygen and flow velocity fields durthg combustion were computed. In both cases
only minor pressures were generated. The highesada potential appeared to exist for intermediate
ignition times.

Simulations of hydrogen releases from LH2 and C@ki2ate vehicles (cars) in a naturally ventilated
tunnel were reported by Wilkening et al. (2060The work was performed within the framework of
the EIHP’ project. The ADREA-HF code was used for the disjoer calculations. The REACFLOW
code was used for the combustion calculations. T2 release scenarios were considered. A flow
restrictor installed and a two-phase release ofgs3was assumed in the first scenario. A shut-off
valve activated 5 seconds after the release andsaogs release of 60 g/s was considered in the
second. For the CGH2 scenario sonic release fr@@0abar storage tank was assumed. The reported
overpressure results indicated that for the scesawnsidered there is no major difference in using
liquid hydrogen or compressed hydrogen fuel.

Simulations of hydrogen releases from CGH2 comraéreghicles (busses) in city environment,

tunnel environment and mainenance garage enviranmere performed during the EIHP2 project,

using the ADREA-HF code for dispersion and the REROW code for combustion. Three different

storage pressures were considered for the CGHZsede 200, 350 and 700 bar. Compartive
simulations were performed for a 200bar CNG bus.

Catastrophic hydrogen releases inside the Alpha RRHBH2 Backup Power System by Stewart
Energy) generator room were simulated by Agranaalei2004)° under real industrial working
scenarios and real geometry, using the PHOENICS: adl the LVEL turbulence model. Two
scenarios were considered in the simulations: @ceérfast release from a high-pressure line and a
horizontal fast release from a medium-pressure. liffee CFD simulations showed that the two
installed sensors are capable of detecting 10 % ¢leud (0.41%) separately at 8.8 and 9.7 seconds



for the high-pressure vertical leak, but only oees®r which is closer to the leak orifice can detiee
same concentration cloud within 20 seconds for mmedium-pressure horizontal release. The
numerical simulation confirmed that the currentsegrinstallation can promptly report the potential
catastrophic hydrogen leak under the above scenatiowever, the fact that 10 % LFL hydrogen
cloud cannot reach one sensor during the horizoatehse indicates that the sensor location can be
further optimized and more sensors are requirethisystems.

The method for determination of maximum ventilatiescribed in the standard IEC EN 60079-10
was validated by Nilsen et al. (2064jor a small hydrogen production (by water elegisis) unit
located inside two different enclosure geometrigsing the FLACS code for dispersion and the
PHAST code for release. It was found that the medgbested in standard IEC EN 60079-10 is not a
conservative approach when deciding the ventilatiapacity large enough to keep flammable gas
clouds at a negligible size and therefore mustdael with care.

Hgh pressure hydrogen release experiments insigestirage room of a full scale model of a
hydrogen refueling station were reported by Tanekal’®. Storage pressure was 40 MPa while
nozzle diameters in the range 0.8-8 mm. The storagm with dimensions 6x5x4 m included 35
cylinders of 250 | capacity each. Ventilation opgysi of 1m height existed on all 4 sidewalls and
where either 50 % or 100 % open. The time histéthe average hydrogen concentration in the room
was modelled usimg a simple gas accumulation mf@lebver et al. 1994 and compared against
the experimental data. It was found that the maddekble to predict well the experimental
concentrations in the experiments involving mom@wy varying pressure (lower nozzle diameters),
but tends to overpredict the concentrations fothigher nozzle diameter.

CFD simultions of hydrogen dispersion in tunnelss\parformed by [Mukai et al. 200%] using the
STAR-CD code and standardekmodel. The amount of hydrogen leaked was 8Qapproximately
5.08 kg), which corresponds to the amount necedearjuture fuel cell vehicles to achieve their
desired running distance. The study consideredifieal longitudinal and lateral areas of tunnéis,
undergounf ventilation facilities and the electatist dust collectors.

(c) Knowledge gaps and recent progress

Simulations of hydrogen dispersion using the CFRDhmdology have increasingly grown in number

during the last 10 years and are expected to gr@m enore in the near future. Prediction of the time
and space distribution of the flammable hydrogeud$ evolving after accidental hydrogen leaks of
various types in widely different environments s tmain output necessary for subsequent risk
assessment estimation of the various hydrogen capioins. In this process, simulations have been
performed using different CFD codes (commerciaksearch tools) and different modelling strategies
(turbulence models,source treatment, discretizations, etc.).

To ensure the quality and trust in industrial CHaplaations best practice guidelines have been
developed in the past either of a general charditer[ERCOFTAC 2000f or more related to
particular applications like [HSL 200%] No CFD guidelines specific to hydrogen dispersion
applications have been proposed.

Taking the above in consideration a significanbefhas been concentrated within the European
Network of Excellence HYSAFE with aim to performsgstematic evaluation of the various CFD
approaches (codes and models) in predicting hydraligpersion, based on a series of benchmark
exercise problems, using existing and new statheoéirt experimental data.

The results of the first such hydrogen dispersienchmark exercise (SBEP-V1) were reported by
[Gallego et al. 2008}. The experiment simulated was that of [Shebelkal.et988], who investigated
the dispersion of hydrogen in an hermetically ofbsglinder (20 m volume) by measuring axial
hydrogen concentrations (6 locations) at times feotn 250 minutes following an initial 60 s verlica
subsonic jet release at a rate of 4.5 I/s from mriOnozzle. Large variations in predictions were



monitored during this first benchmark (as expectedhich could be attributed to variations in
turbulence models, boundary conditions as wellisretization options.

The aim of the second hydrogen dispersion benchragekcise (SBEP-V3) was three fold a) to
further investigate on the ability of the modelgptedict the long term stratification/diffusion ptem

in a confined space, b) to test the ability of miede predict the concentration field of a vertical
subsonic hydrogen jet release and c) to attemptingmize or justify large variations between model
predictions. Recently performed hydrogen dispersigperiments by INERIS at their gallery facility
(garage like enclosure with dimensions 7.2 x 3B%m) were used for this benchmark. The release
was vertical upwards at a rate of 1 g/s from aficeriof 20 mm diameter and lasted for a period of
240 s. The total simulation time was 5400 s. Thechmark took part in two phases a blind pre-test
phase and a post—test one.

Further benchmarks focus on testing the abilitgredict free choked hydrogen flows, obstacle effect
on hydrogen dispersion within confined spaces dkasénydrogen dispersion from Lieleases.

Computer fluid dynamics simulations of choked floave difficult to tackle due to the presence of the
shock waves. The simulations may require, for comiaksolvers, resolving the Mach cone and the
shock wave patterns to some degree of detailseSircextent of the flammability envelopes resgltin
from chocked releases from apertures of about inaypreach 10 to 100 m depending on the storage
pressure, length scales of up to five orders ofnitade must be covered by the mesh. In addition,
convergence will usually be problematic.

The difficulties faced by direct CFD simulations ciioked releases may be alleviated by using
effective diameter approaches. The applicability effiective diameter approaches to horizontal

releases of hydrogen should be investigated furtparticularly for the large hydrogen releases

resulting from high pressure flows, where the @ffexf buoyancy on the shape of the release remain
an issue.

For choked hydrogen releases the fact that the rnmalacentration is proportional to the inverse
distance has been observed experimentally, butngthat significantly different proportionality
constants have been reported, a systematic ingéistighoth experimental and computational is still
required to cover a wider range of storage pressamd orifice diameters.

Regarding obstacle effects on hydrogen dispersishduld be mentioned that steady-state flow rates
can lead to unsteady behaviour of the dispersittenpain some cases, particularly when impingement
flows or external flows (over a surface) are coeséd, due to significant vortex shedding. Such
situations may require a statistical definition tbé constant (flammable) concentration envelope,
based on the probability distribution of findingji@en concentration of hydrogen at a specific lorat

at a given time.

The two most commonly used turbulence modkls,and k-w models, have a number of known
limitations, i.e. relating to modelling of highlyubyant flows and flows exhibiting high anisotropy.
Large Eddy Simulation technique is in theory besigited to such flow situations, but is currenty t
computer intensive for routine calculations of Ergimber of scenarios. This is especially the oése
long (in real-time) simulations.

Finally as far as LH2 release and dispersion anmece&med it seems that more experimental
information is needed to trigger further physicatierstanding and model development/improvement.
From the past experience it seems that these mrdpests should focus on better control over the
experimental conditiosn (less uncertainty).
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