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1 Introduction

Motivation for safety investigation of hydrogendsnnected with the global trend to find alternative
energy sources as a replacement for conventiores$.fun several fields, for instance chemical
industry, hydrogen has been safely produced, biggd, and used for many decades. However, the
developed safety procedures and technologies prawidly limited guidance for future stationary and
mobile hydrogen applications. Namely, in the casbyarogen powered vehicles, hydrogen will be
utilized within a decentralized infrastructure glatively small amounts (several kg per user) by a
large population without special training in thdéeta of combustible gases [1]. The public will only
accept future hydrogen technologies, if a safetglleomparable to that of current technologieslman
obtained.

In the review by Astbury and Hawksworth [2] a nigos research was done on accidents
involving spontaneous ignition of hydrogen at hpghssure. Over the last century, 81 major accidents
were reported. It turned out that in 86% of casese was no clearly identifiable ignition source.
Several mechanisms have been postulated as resleoonsies for this phenomenon, for example,
reverse Joule-Tompson effect, electrostatic ignjteudden adiabatic compression. However, none of
these causes could stand up detailed scientifitysiaaexcept one. In 1973, Walski and Wdjcicki
observed that hydrogen heated below the auto-mnitireshold could ignite if it was released into a
open space with oxigen or air. They demonstrated ipnition occurred due to high jump in
temperature on the contact surface, where heateddoymary shock wave oxigen mixed and reacted
with hydrogen due to diffusion. Thus, for the fitsine, diffusion self-ignition mechanism was
proposed [3]. Recently, this scenario attractesl dbiinterests as a possible cause for industaizhids
[4-8].

Unlike in the experiment conducted by Wighi and Wéjcicki, Baev [4] poured hydrogen into
a partly closed tube preliminary heating it. Howavethe tube had several obstacles, and hydrogen
self-ignition was observed only after a shock weaflected from the obstacles. In the investigabign
Mogi [5] ruptured disk was used in the rapid diggeaof high-pressure hydrogen into a tube 5-10 mm
in diameter with an open end. The faiture presswas changed from 40 to 400 bar. Ignition of the
hydrogen jet was observed in the extension tube.péper of Dryer [6] reports the similar mechanism
of hydrogen and natural gas self-ignition at thesbdisk failure and combustible gas release inéo t
tube filled with air. Furthermore. the transverbecks formed the burst disk failure leaded to Imggati
of the gas on the contact surface. Golub [7] thieigeition of high-pressure hydrogen in the tuleds
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round and rectangular cross sections is investigatgerimentally and numerically. Mechanisms
leading to hydrogen self-ignition in the tube h&deen determined.

Previously, most of works devoted to hydrogen tgafavestigated discharge into tubes or
confined space. The aim of this investigation suanerical study of boundary phenomena influence
on the hydrogen self-ignition at the discharge thisemi-confined space.

2 New concept for pressure release valve nozzle gs

In paper [8], numerical modeling of hydrogen jasibeen conducted where hydrogen jetted into
atmosphere through a symmetrical orifice in 2D c@¥ependence of flame occurrence on orifice
diameter has been obtained. It turned out thatifmeter smaller than 2.6 mm the ignition did not
started or died out fast, hydrogen pressure bgig 400 atm.

Based on the result of this work, an idea to i@pla big release valve nozzle by several smaller
nozzles of the same total area emerged. Conseguanttase of accidental high pressure hydrogen
release there is hope the ignition won't occurafibdary condition has been properly set. Namedy, th
diameter of the small orifices and the distancevbet them are matched in a way that every small
orifice behaves like an isolated one, so thatdghéion is inhibited due to rarefaction waves.

3 Numerical modeling of hydrogen jetted into atmoshpere

Investigation of hydrogen jetting into the semi-ioed space from a high pressure vessel was
numerically simulated in the axisymmetrical two-dimsional (2D) case and in the three-dimensional
(3D) case. Different geometry of technical opesihgs been studied, but overall area of the opgning
was the same in all cases. In particular, we hawepared hydrogen release from one orifice of 4 mm
in diameter and a system of 4 identical orificeghwhe diameter of 2 mm each. The total area was
16n mnt in both cases. The system of 4 identical orificgzresented 4 circular holes, placed in the
verticies of a square. The length of the square sil — was a varying parameter in the calculations
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Figure 1. Computational grid in 2D (left) and 3BAght) cases.
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The numerical modeling of the self-ignition of gdhogen jet was performed based on the full
system of Navier-Stokes equations for the multicongmt mixture of gases [9]. Chemical model in
use involved the gas-dynamic transport of a viscgas and the detailed kinetics of hydrogen
oxidation [10]. Equations were solved with the upayifinite volume procedure. The Roe flux vector-
splitting scheme with a min mod limiter was usedtfe discretization of the fluxes in the equations
In the all cases considered here, the solid surfaceassumed non-catalytic and adiabatic. The time
step was 0.1 — [is. The code was verified in work [7] against measurgsien a shock tube.
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In 2D case computational domain represented atejuaf a circle of the radius 20-50 mm.
Number of cells was N = 100x100x50. Minimum spategp svas 0.1x0.1 mMmmaximum - 0.3x0.3
mnt. Boundary conditions are shown in Figure 1 (left).

In 3D case computational domain represented aeayualr a cylinder. The radius was 10-15 mm,
the generatrix was 20-30 mm. Number of cells was 80x50x100. Minimum space step was
0.1x0.1x0.1 mrf) maximum - 0.5x0.5x0.7 mimBoundary conditions are shown in Figure 1 (right)
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Figure 2. Maximum jet temperature vs. time. Ihifieessure was 400 atm. Circles — orifice of 2 mndiameter.
Quads — 4 mm in diameter. Empty quads and ciraleespond to calculations in 2D case, filled one8b case.

4000 —

1hole,d=4mm
4 holes,d=2mm, L =3 mm

4 holes,d=2mm,L=5mm

$1ie

4 holes,d=2mm,L=10 mm

0 \ \ \ \

8 t, us 12 16

Figure 3. Maximum jet temperature vs. time. Ihiieessure was 400 atm. Quads — 1 hole, D = 4 @rosses
—4 holes,d =2 mm, L =3 mm. Rhombuses — 4shalee 2 mm, L =5 mm. Circles — 4 holes, d = 2,rhm
10 mm.

At first, test calculations were done for a singtdice of diameter 2 mm and 4 mm in 3D case.
Initial pressure was 400 atm. The results wereetated with the data from 2D calculations, and with
results from the work [9]. The reason to do the tedculations was to make sure that the use of a
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rather coarse grid in 3D does not result in big eacal error. In Figure 2. a comparison in maximum
temperature of the hydrogen jet between two-dinmradiand the dimensional cases for two different
type of orifices is presented. Circles correspanthé orifice of 2 mm in diameter: empty circle2B
case, filled circles — 3D case. Quads depict redaltthe orifice of 4 mm in diameter: empty quads
2D case, filled quads — 3D case. Test investigatidmot reveal any significant difference in tregal
obtained after 2is, the error being of the order of 10%. What wagdrtant that the general trend in
temperature dependencies for the 3D case was vedsédamely, ignition does occur for the orifice
diameter 4 mm, but there is no ignition for the & wrifice.

Finally, simulations were performed to reveal uefice of the distance between orifices on
diffusion self ignition. After replacement of théfwe with 4 mm diameter by area-equivalent system
of 4 orifices with 2 mm diameter each, placed atr8 from each other, an increase in maximum jet
temperature occurred. That can be explained wihiniterference of shock waves on the axis of
symmetry. However, when the distance between esdfigot long enough in comparison with the
diameter — 10 mm, self-ignition did not occur.

4 Conclusion

In this work, an investigation of hydrogen jettatrielease into atmosphere from a high pressuseles
was done. Results for several boundary and irgbalitions have been compared. An optimum ratio
between inlet orifices diameter and distance beatvikem was obtained that was sufficient to depress
diffusion self-ignition phenomenon.
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