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Abstract: A new version of the Lagrangian dispersion mdd&lroSpray was developed to simulate the dispersiolight gas emitted at
high speed. The model was used and tested in dneefof the BioH2Power Project to describe the @cdal release of hydrogen gas at
supersonic emission speed. A preliminary analykithe performance of the model is here proposedugethe data observed during an
experimental field campaign carried out in Tuscétafy).
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INTRODUCTION

The accidental release and dispersion of hazardaxis,or explosive gases may cause severe prolitethe population and
the environment of the area where such materi@shandled. These hazardous clouds may be emititéallynless dense

than the ambient air and often, because of higrageopressure, have a very high initial speed.amiqular, hydrogen is

stored in cylinders at very high pressures anglliighly flammable, thus its transport and settlenie plant sites present the
risks of accidental high-pressure releases andosixuls. It is important to have a model able toutate and predict an
accidental dispersion of the gas and to correcttimate the area possibly affected by critical emiation levels, even
leading to explosions, where the population mighifjured. The model needs to be both accurateg sileases generally
occur in complex terrain and in presence of obstachnd fast running, since an emergency respanmsind dispersion

scenario is expected in very short times.

In the frame of the BioH2Power Project, the impletagan of such requirements was pursued developingw version of

the Lagrangian model MicroSpray, apt at simulatigh pressure and high speed releases of lightsgd$e model was

tested in the case of an experimental campaigmgwhich six hydrogen releases from a cylindeeggure of 1 MPa and
exit velocity of about 1900 r#$ were measured and analysed. The results fromntheerical simulations of the
experimental trials are quite encouraging and stiaw MicroSpray is performing well even in suchrerte condition. The

model is able to reproduce the gas motion andue gireasonable concentration estimation, also avghpersonic jet of a
buoyant gas in an environment where the time aadespcales belong to the lower range of the miategs and cm), and
with all the uncertainties related to the experitaboonditions and affecting the optimal comparibetween predictions and
observations. This research supports the evaluatiadhe technical reliability and safety, and ttoeial acceptability, of

different and alternative unit plants for the protion of hydrogen from biogas.

OUTLINE OF THE NEWLY DEVELOPED VERSION OF MSS MODELLING SYSTEM

MicroSpray is part of the model system MSS (Modussgtfal, 2004; Tinarelliet al, 2007) that includes MicroSwift and
MicroSpray. MicroSwift is an analytically modifieshass consistent interpolator over complex terr@iven topography,
meteorological data, buildings and obstacles, asroassistent 3-D wind field is generated. It iDable to derive diagnostic
turbulence parameters to be used by MicroSpragénsie flow zones modified by obstacles. MicroSPR#&¥ Lagrangian
Particle Dispersion Model (LPDM) able to take imttcount the presence of obstacles. It directliwdsrfrom SPRAY code
(Anfossiet al, 1998; Tinarelliet al, 1994 and 2000; Ferrert al, 2001; Carvalhet al, 2002; Trini Castellet al, 2003)
and it is based on a 3-D form of the stochastiogesim equation for the random velocity.

In MicroSpray the turbulent velocity and the diggeent of each particle are given by the followéggations:
dy; = (x,u,t)dt + by (x,u,t)dW; (t) (1)

dx = ﬁai +y "’Ubi)“ @)
wherei,j=1,2,3 ,U, is the mean wind velocity vectar, is the Lagrangian velocity vectony,; is an additional velocity
accounting for the buoyancy effects, (x,u,t) is a deterministic term anlo|j (x,u,t) is a stochastic term and the quantity
dw; (t) is the incremental Wiener process. The determiiniefficient depends on the Eulerian probapitiensity

function (PDF) of the turbulent velocity and is el@hined from the Fokker-Planck equation. The stetib&erm is obtained
from the Lagrangian structure function and is edato the Kolmogorov constant,Cfor the inertial subrange. In the
standard MicroSpray version, the rise of hot plumhesy, is accounted for in a simplified way (As&et al, 1993). Input
data, such as wind velocities, standard deviatiah laagrangian time scales are assigned to eacitlpagt each time step,
through a 4-D interpolation linear in space, amtrgeight closest Eulerian grid points, and in tibbetween two subsequent
input meteorological files.

The new version of MicroSpray model is especialigmted to deal with light, or dense, gas dispersiourban environment
and industrial sites. It accounts for the followiagpects: plume without initial momentum and witlitially arbitrary
oriented momentum, in any direction; positive ogaté/e buoyancy; elevated and ground level emissiostantaneous and
continuous emissions; particle reflection at thendm bottom. In this work we focus our attentiontba light emissions. At
present, no source emission modules, treatinghihsgpchanges liquid-vapour that may occur at tbecepare included.
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In the so-called ‘single-particle’ Lagrangian madelach particle trajectory is independent on thHeabieur of the other
cloud particles. Here we propose a hybrid apprdhahtakes into account the characteristics ofégheemble’ of particles,
so that it depends on how density varies in 3Drandires all the particles positions to be consideogether.

To deal with the first plume phase, in which thassion height and direction may be variable, fiew@ning conservation
equations of mass, energy, vertical momentum anchtwizontal momenta are integrated for each paréiteach time step,
in addition to the standard calculations (Anfassal, 2010):
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The variables appearing in the equations are difise
2 2 2
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where: a, p refer to air and plume, respectivelyis the plume radiud is the buoyancyk represents the entrainment rate,
U, is the wind velocity and, is the entrainment velocity, anda, are the entrainment constants arid the densityy,, v,
andw, are the particle velocity componentig,andv, are the horizontal components of the wind velgdiyis the Brunt-
Vaisala frequency. The first three equations (8v8)e derived by Hurley and Manins (1995) startirgrf Glendeninget al.
(1984) and previously proposed by Hurley (2005) Tlo remaining equations (6) were proposed by ssifet al. (2008),
following the same procedure as in Hurley and Mair995).

At the emission, a normally distributed buoyanawfls assigned to each particle, fixing the mednesa@qual to the mean
buoyancy fluxB and the standard deviation equaBi8. All these equations are solved for each parteieeach time step,
provided the density of the particle is lighterrtithat of the ambient air. During the non-neuttahge the particle equation
for the vertical component reads (see eq. 2):

dz={w, +w +Wp)it )

Afterwards, the particle continues its motion aeeatral particle, i.ew,, in the above equation is set equal to zero.

DESCRIPTION OF THE PISA EXPERIMENT

The Hydrogen Pipe Break Test (HPBT) experimental egipa was installed within the Laboratory “Scalbatt of the
University of Pisa (Matteet al, 2009), in an open field in Tuscany (ltaly). Tlpparatus was used to investigate the
behaviour of H leakages from pipelines; it was able to simulatea, low pressure Hrelease into free air. The pressure
system was designed to have a maximum working press 1 MPa. Discharge orifices of varying diamgtend discharge
pressure were changed to study different accidentaditions. The supply system used (four storagks of 3 M each) was
set in such way that with the largest orifice (1> m diameter) the maximum discharge pressure coelth&intained for
about one minute before the pressure began toldriopv 0.7 MPa. At lower pressure the jet lengthanee too small for the
task of the research, and the recharge of expetahapparatus was too expensive to take this acfiirihe releases were
directed horizontally, 0.9 m above the test growvith a slight upwards inclination of 4°, due toiastallation problem.

During the experimental campaign a total of 22stegere performed, six of them with hydrogen: fivetltese last were
suitable for the comparison with the model simolasi. Different setups of the experiment were cared, varying the hole
diameter (D=0.25 I8&m; 0.5 10 m; 1.1 1# m) and the internal pressure (P=0.2 MPa; 0.5 MPdPa). Here we discuss
two of these tests, from the second (Case 2) anthifte(Case 3) releases, both performed with D20:4m and P=1 MPa,
because they represent an interesting benchmatkdting the MSS numerical simulations. In the expents the following
data were acquired: oxygen concentration, intgoredsure, internal temperature, wind speed andtitire The pressure and
the temperature of hydrogen close to the releagel@@nd in the storage tanks were recorded dw@mdy test in order to
control the release. The air temperature, windhisitg and direction were measured continuously tearelease point using
a sonic anemometer and a thermocouple. Since titalle hydrogen sensors do not work properly &e fair, hydrogen
concentrations were derived at eight different ofrom measurements of the oxygen concentratindeuuthe assumption
that any decrease in the concentration of oxyges eceaised by the displacement of oxygen inducechéyhydrogen gas
plume. The eight measurements points were chosenspatial configuration allowing to study the gtape and wind
influence, five along the release direction, tweptticed in the cross horizontal direction and asplaced in the vertical.
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Table 1 summarises the meteorological parametakiaed from the wind data, in Figure 1 (left) tieéease and wind
angles for both cases are depicted and in Tabile pdsition of the five samplers along the releteztion is given.

Table 1. Meteorological parameters evaluated fioerviind data

Case Wind Direction Wind speed U Z g, g, Ow
[degree] [ms7] [ms™] [m] [ms? msY | [ms]
2 114 0.96 0.13 0.052 0.30 0.57 0.11
3 157 1.61 0.10 0.016 0.66 0.29 0.0¢
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Figure 1. Wind and emission directions in the metlegical system during the two releases (left) histhgram of the absolute frequency
of occurrences for the particle velocity angle€ase 3 (right)

Table 2. Locations of the five probes displacea@lihe release direction as distance from the sourc

Probe code S1 S2 S3 S4 S5
Distance inx from the source {=z=0) [cm] Case 2 14 52 92 127 198
Case 3 62 93 123 200 306
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RESULTS AND DISCUSSION

Cases 2 and 3 represemteresting case studies, since the wind direasoalmost or orthogonal or opposite to the jet
direction and they give the chance to verify thpatality of the model in correctly reproducing thieong deviation of tt
plume with respect to itgitial exit direction. In Figurel (right) a distribution frequency of the angles associatethé
velocity directionsof the particles is plotted in a histogram for Ca8s@wo peaks occur in the distribution, in proxiynio
the exit velocity directiorof the gas jet (solid red line) and to the windedton (dashed red line). The two directions
calculated in the meteorological reference syst&fa.evaluated that the puff of particles clustexsuad the jet directio
346 deg, close to the emissjaoughly within the first 2 m height above thais® and in the first 3 m far from the sour
then it definitely takes the wind direction. Thendynics of the interaction between the plume andthkient wind is cleay
visible also in Figure 2, wheeehorizontz (left) and vertical (right) projection of the plenisplotted for the Case

It is possible to appreciate the deviation of ther@ from its exit direction due to the effect oé tind on i, confirming
that the model is able to describech sho-time evolution of the plume dispersion. We notikat even releasing a lar
number of model particles (4.5°lib this case), very few of them reach the fartipesbes, due to the rotation of the plu
induced by the wind and the buoyanconsidering also the relativegmall volume around the prowhere the particles are
counted to compute the concentration, it is cleat Wwhen none among the few particles in that gfdtie domain is enteng
this discrete volume, the prediction wiive a zero value for the concentration. This wawsult in a ‘bad’ performance
the model versus a naero measured value, even if this is very small camdl be affected by large errc This aspect is
highlighted also in Figure 3, where the ratiotween the predicted and measured concentrationdatted for each sampl
as a function of the sampling box. On x axis the dimension of the vertical sidzeof the box is reported, changing fron
to 8 cm and determining the horizontal dimensia dx=dy=2.5 dz
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Figure 2. Case 2. Horizontal (left) and vertic@lft) projection of the plume of partic in the simulation coordinate syst.

The concentration€ at the five considered samplers (Table 1) werdyirsalculated in a standard wayigure 3), counting
the number of particles in each grid cell and aadating their masseM: C(i, j,k) =M (i, j,k)/dxdyd:.

Then, to account for the high emission speed, tiribution of each particle mass was weightedhentotal time that th
particle spends inside the cell during the intégratime sterdt, considering that the dominating velocity compdrigrlong
the release direction, heng C(i, j,k) = (M, j,k)/dxdydﬁupdt/dx.
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Figure 3. Case 2. Ratio between the predicted Bedreed concentrations at the sensors as a furaititie dimension of the sampling box
for the calculation

We notice that in the standard case the sensitiwitiie sampling box is larger for the closest (&1g farthest (S5) samplers.
The box dimension providing the best agreemertiattifferent samplers is given in Table 3, butémeraldz ~4 cm gives
the best results, while smaller(larger) dimensiomsg to an under(over) estimation of the obsemath. An over-estimation
is almost always occurring at around 0.5 metremftbe emission point, where sampler S2 is place®&2Ccal~Cobsis
obtained with the largest size of the sampling Bd¥s overestimation has been found in all the €asel can be related to
an erroneous determination of the emission vertioglle, combined with the probably critical distaraf S2 sampler, still
very close to the emission point but already siestb the spread of the plume. With supersoni gesmall uncertainty on
this angle can produce large variation in the plasivelocity.

Table 3. Sampling box dimensions giving the best@mentCcal vs Cobsat the samplers for the standard calculation

Probe code S1 S2 S3 S4 S5
Sampling box vertical dimension for whichCcal/Cobs=1 (cm) 4 8 ~3.5 ~4.5 ~4.5
Sampling box volume for whichCcal/Cobs=1 (n¥) 0.4 3.2 ~0.27| -~0.57| 0.57

When instead the concentrations are weighted offlytiene’ of the particles, the sensitivity to treampling box dimension
is much less enhanced but the calculated conciemisatirop to small values, mainly due to the vanals time step used,
dt=10* s, which is needed to properly describe the fastution of the plume in such high-speed conditicRserefore, a
proper estimation of the predicted concentratisre éritical issue that needs deeper investigation.

The discrepancies between predicted and observedentrations might be also related to the fact that hydrogen
measurement is an indirect one, since it is derivedhe direct measurement of oxygen, as previoasfylained. This
approach might lead to an underestimation of thaahconcentration of hydrogen in the air. All thesspects are under
investigation and further simulations are run, iasuksed in the following Conclusions.

CONCLUSIONS

The results from the numerical simulations of theaRexperimental trials are quite encouraging dmmvsthat MicroSpray is
performing rather well even in such extreme conditin fact, also with a supersonic jet of a budygas in an environment
where the time and space scales belong to the loaregze of the microscale, since we are dealing wébonds and
centimetres, the model is able to reproduce thiécfes’ motion and to give a reasonable concermnagistimation.

It is also important to interpret the MicroSpragults in the light of the peculiarities of the exipeental measurements.
During the data analysis and the numerical simutatiseveral issues were raised, related to theiengrgtal conditions and
affecting the optimal comparison between predictiand observations: the uncertainty in the emisai@le with respect to
the anemometer position; the strong fluctuatiohthe sensor position; the crucial dependencéefparticles’ dispersion
on the initial conditions, related to the smallls@nd the velocity of the release.

These aspects suggest to perform further numegigallations, varying the initial and boundary cdiadis in the model in
order to investigate the effect of the input dataartainty on the model performance and to gateefullinformation about
the variability of the observed data, estimatingjrtiuncertainty.

Further modifications of the conservation equatifitshe plume are under investigation, in ordedéscribe the transition
from momentum-controlled jet to buoyancy-controljetwith an approach that better details the msysf this process.
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