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ANALYSIS OF THE DISPERSION OF LARGE UNCONFINED CLOUDS FOLLOW ING A MASSIVE SPILLAGE
OF LIQUID HELIUM ON THE GROUND
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Abstract: Because of hydrogen’s low volumetric energy contamder its gaseous form, transport and storagéqoifd hydrogen will
inevitably play a major role in any future hydrogegonomy. One of the obstacles to the expectedajeuent of the use of liquid hydrogen
is the poor state of knowledge on dispersion arplosion hazard in the event of extensive spilldgeorder to better understand spillage
scenarios, INERIS has set up a large-scale expetitoestudy the gas cloud formation and dispersimthanisms resulting from such a
spillage and the corresponding mixing process asbaated turbulence effects. Large scale dispeit@sts have been performed with
cryogenic helium presenting similar dispersion eleristics to liquid hydrogen (temperature, buaygnFlow rates up to 3 kg/s have been
investigated with instrumentation to observe andsuee buoyancy effects including internal turbuéenkhe results bring an original set of
data of temperature and velocity fluctuations wiéah be used as a basis for the development ofsatmdc model dispersion in the near
field. The proposed paper will present the expenitaleset up as well as results and their interficeta
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INTRODUCTION

Projections regarding the future development ofdis&ribution of energy sources show a very probaltrease in hydrogen
consumption. This increase will require the creatid large storage facilities, and the packaginghoe that appears to be
the most suitable is storage in liquid form (ligtngdrogen or LH2) at 20 K and at atmospheric pnesgDaun, 1993; Gretz
et al, 1990).

However, the main technological obstacle to theewigse of this kind of storage facility is undoulyethe poor state of
knowledge about the risks of explosion in case afoatainment failure. A few attempts have been madeevelop
simulation tools but their results have met withcimeriticism owing to the lack of experimental dédavalidate the initial
hypothesis (Lodhi and Mires, 1989) especially fgrogenic spills. In particular, the analysis ofstkig data shows that the
violence of an explosion cannot reasonably be estidhunless the mechanisms controlling the formatiothe cloud have
been clarified and quantified (Proust, 1999).

The main aim of the present work is to provide infation on these mechanisms and, at a first staggantify the mixing
processes and the associated turbulence effeétgyduyogenic spills.

EQUIPMENT

From a rather basic preliminary analysis (Prougg9), it has been found that buoyancy may playgaifstant role in the
dispersion behaviour and since buoyancy forcestmoagly size dependent, any representative testldibe performed at
the real scale (typically spill rate of about 1Hg/In order to avoid problems regarding the expitysof hydrogen-air
mixtures, liquid helium has been used instead whahsimilar physical characteristics to hydrogemgst, 1999).

The spillage system consisted of two Liquid helitratks connected to vacuum thermally insulatedslirieests were done
with maximum flow rates of 1.5 kg/s and 2.1 kg/spectively.

Instrumentation

Metrological equipment has been designed in om@btain all possible useful information on the dirsions of the cloud,
on internal temperature gradients and on the fat@ins of those scalars. Detailed description afohegical equipment was
given in previous papers (Proust, 1999; Pretisi, 2007). As a consequence, metrological equipnsentiéfly described in
this paper.

The basic instrumentation consisted mainly of Krtiecouples with a sufficiently thin stainless stpadtective sleeve (the
diameter of the sleeve of 250 m) to allow fairlyjadumeasurement (10 Hz).

In an attempt to obtain some information on thedgmamics of the cloud, the concept of “ bi-direntil probes ” of Mc
Caffrey has been adapted (Mc Caffrgtyal, 1976). It has been demonstrated (Proust, 1999)ttliis device allows us to
determine the cloud velocity and its fluctuatiosdang as the scale of turbulence is not too s(nali less than 10 cm).

The whole instrumentation has been installed ortaoh steel ropes (Figure ) held vertical in theaavidirection by two
cranes. The mesh has been defined using a conlutting software package (SURFER). The mesh is ‘tégh near the
spillage point (space steps of 2.5 m, 5 m, 10 mewssed in horizontal and vertical direction) thanhe other end of the
measuring field (space steps of 15 m, 30 m). Mbas tL00 sensors were installed on a vertical rgatan frame (60 m x
130 m).

A few temperature sensors have been also instaked the spillage point to estimate the size oflidpgid pool and to
deduce the thermal power absorbed during vapasizalihe tests were also filmed.
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The information collected concerns the evaporgi@tess, the structure clouds and the inner turbulen
RESULTS

Shape and structure of clouds
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Figure 1 View of a part of the experimental arrangemewighg the spill point and vertical steel ro

A test database has been set up to investigatm¢idence of the wind speed and flow rate onto shape of the clou
(tablel). This shape (Figure)li8 characterize by three parameters: L being the length of thectlon the ground, H1 beir
the height of the base of the cloud, and H2 bemgheight at the top of the cloud. The teshowed that the cloud sha
depends essentially on the flow rate and littler@nwind speed (see Table

Figure10: Example of a liquid helium cloud (test 7)
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Table 1. Main parameters concerning the dispersidiquid helium and shape of the visible cloudrgraeters defined in the text)

Issue duraton  Mass Wwind Humidity Temp (°.C) MM H2 (m) L (m)
n° (s) flow speed (%)

rate (m/s) at 3

(kg/s) m height
0 60 15 6 / 16 3 5 «
1 50 1.4 4,0+1,0 86 17 5 17 50
2 52 1.4 5,2+1,0 90 17 5 1 S0
3 52 2.1 3,0+0,5 84 12 12 82 8
4 43 2.1 4,0+0,5 84 12 ! 3 &
5 34 2.1 5,5+0,5 88 12 7 s n
6 43 2.1 4,5+0,5 88 11 7 3¢ n
7 63 1.2 2,040,5 85 12
8 65 1.2 2,040,5 85 12
9 71 2.2 2,0+0,5 85 12

Mass flow = 2.5 kg/s wind speed = 1.7 to 2.7 m/s
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Figure 3 : Isotherms far from the spillage poirtteplume is driven by an upward motion which gitrescloud an angle of approximately
30° with respect to the horizontal

In these tests, we verified that the visible shafpine cloud coincided fairly well with the isocamtration curve (isotherm)
corresponding to the atmospheric dew point. Thigrmation could be used to reinterpret availakdaiti hydrogen spillage
test on which the only available information isuas(Mc CAFFREYet al, 1976; Witcofskiet al, 1984).

The SURFER software package was used to determirghttpee and location of isothermal lines by usirgititerpolation
methods adopted during the definition of the mdshe"“ net ” of thermocouples (Figure ).

Analysis of these results shows that the plumeriged by an upward motion which gives the cloud amgle of
approximately 30° with respect to the horizontdheTupward velocity would be between 1 and 2 m/s appkars to be
relatively consistent with other published data t@bfski et al, 1984). No clear dependence on the wind speed] dosil
established, perhaps owing to the limited rangeaoition. On the other hand, the maximum extensiitine cloud and its
thickness seem to depend significantly on theagllflow rate. If, for example, we take the -5°Glgom as the reference (2
to 4% vol. of gas in air), the maximum extensionhd$ surface area would be located at 15 m fdow fate of 1.3 kg/s and
at 25 m for a flow rate of 2.5 kg/s. The maximumiiraf the cloud would be 5 m and 10 m respectively

Finally, the temperature gradients are approxirgadéC/m (i.e. 3% per m according to the calibratmnve of figurel)
along the axis of the cloud and approximately 7°C&¥% per m) perpendicularly to that axis for a floate of 1.3 kg/s.
These values are considerably greater than thdaéeld with most of the current dispersion caldatatools.

Observed Fluctuations and Mixing mechanisms

The internal turbulence of the cloud is responsitden the mixing of the gas with the surroundingnasphere. A specific
analysis of temperature and velocity fluctuatiomss fbeen conducted to clarify the effect of atmospherbulence and
buoyancy forces.

In the case of atmospheric turbulence, it has Ineg¢ed that velocity and temperature fluctuationsesent 15% and 3% of
the mean values and that the size of the largetstes of this turbulence is approximately equdiat the distance between
the measuring point and the ground.

When a helium cloud is presertigure), the intensity of velocity fluctuations is betweB0% and 100%, i.e. five times
greater than in the case of atmospheric turbulence.
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Figure 4:Velocity fluctuations in atmospheric turbulenceflve point 40 and after 100) and with the passing feelium clouc
(range 40-100) (test 7)

The same applies to temperaturesanple temperature series is givelFigure. This series is very irregular and shows
local heterogeneous behaviour of the cl
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Figure 5:Sample temperature series, comprising values rigitvalues at a rate of 10 Hz from a temperaturscss located at (X=5 m;
Y = 0 m) from the spillage point (test 3). The meancentration <T> and standard deviatsr are included on theraph.

Median time duration of this fluctuation is aroumd. This result is of the same order than thosaiomed byWitcofski and
Chirivella (1984).The size of the large structures of turbulencelaight of 20 meters is approximately 2.5 m fflow rate
of 1.3 kg/s and 5 m for a flow rate of 2.5 kg/sespective of the distance from the groi

In order to investigate internal sttuce of turbulence, spatial relation coefficent have been calcula . Examples of
correlation between neighb sensors ardisplayed on Figure The horizontal spatial correlation function betweearmm
sensors separated by a distance X, is defin
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whereTl(X) is theinstantaneous temperature at distar and —(,, the standard deviation.
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Figure 6:Spatial correlation along horizontal (a) and veiiti®) axe around a receptor located at 120 m frwrspillage point an30 m
from the ground (2,7 m/s mean wind veloctest 3) X, and Y are relatively indicated from the rele@®int and from thipoint located at
30 m in height respectively.
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Figure 7: (a) spatial correlation along horizorste¢ around a receptor located at 5 m from theagglpoint and at 5 m from the ground (test
3). X is indicated relatively from the spillage pbi(b): spatial correlation along vertical axeward a receptor located at 15 m from the
spillage point and at 10 m from the ground (testr3} indicated relatively from this point locatat10 m in height.

We could observe a pseudo periodic variation of gpatial correlation along horizontal axis. Thigia#on could be
explained by the presence of coherent structutberfield of turbulence as an eddy that appearsecio the ground and is
growing during its advection. Meanwhile such staues don't exist for spatial correlation along igattaxis, where observed
variations (Figure (b) and Figure (b)) seem nwassical. The value of the periodicity is arouidni2 and independent of
the altitude as we can see in Figure . This vauensistent with the dominant frequency on sartgigperature series. A
periodic variation is also observed in the evolutad the gas curl formed from contact of liquidibei with the plate. The
presence of curl is similar to smoke dispersionrdua fire where buoyancy forces are crucial patame

CONCLUSIONS

These results seem to indicate that buoyancy far@eslay a very significant part in the processlofid formation and not
a marginal part as is often considered (mainly asrécal advection effect). It is therefore estieth on the basis of current
data, that the intensity of turbulent transporteftioient of turbulent diffusion) in the clouds giad is at least twice as great
as that for atmospheric turbulence alone and tiseffect increases with the quantity of liquidahiarged.

Efforts are currently underway to carry out a cogtglspectral analysis of sample series in ordeegooduce numerically
with an appropriate model the physics of the disiperin the near field of a light cryogenic gas.

Main trends may be already extracted from the mitedata, in view for instance to highlight in whishillage conditions

severe explosions or toxic effects may occur. Tagiag point is to realize that buoyancy goveies formation of the cloud

and its aerodynamics, including turbulence. Thgdathe flow rate, the larger the size of the cldbd larger the turbulence
intensity.
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