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ABSTRACT
In future pressure relief devices (PRDs) shouldinstalled on hydrogen vehicles to prevent a
hydrogen container burst in the event of a neaily. Weakening of the container at elevated
temperature could result in such burst. In thissdhg role of a PRD is to release some or all ef th
system fluid in the event of an abnormally highsstee. The paper analyzes the possibility of
hydrogen self-ignition at PRD operation and waygoprevention.

1.0 INTRODUCTION

Motivation for safety investigation of hydrogensas from the global trend to find alternative egyerg
sources as a replacement for conventional fuelseleral fields, for instance chemical industry,
hydrogen has been safely produced, distributed,uaed for many decades. However, the developed
safety procedures and technologies provide onlytdoinguidance for future stationary and mobile
hydrogen applications. Namely, in the case of hgdnopowered vehicles, hydrogen will be utilized
within a decentralized infrastructure in relativedgnall amounts (several kg per user) by a large
population without special training in the safetycombustible gases [1]. The public will accepufat
hydrogen technologies only if a safety level comapsr to that of current technologies can be
obtained.

In the review by Astbury and Hawksworth [2] a rigos research was done on accidents involving
spontaneous ignition of hydrogen at high pressOneer the last century, 81 major accidents were
reported. It turned out that in 86% of cases thegis no clearly identifiable ignition source. Seler
mechanisms have been postulated as responsiblefendisis phenomenon, for example, reverse
Joule-Tompson effect, electrostatic ignition, andiden adiabatic compression. However, none of
these causes could stand up detailed scientifitysineexcept one. In 1973, Walski and Wdjcicki
observed that hydrogen heated below the auto-tgnitireshold could ignite if it was released into a
open space with oxygen or air. They suggestedghiton occurred due to high jump in temperature
on the contact surface, where heated by a primhogks wave oxygen mixed and reacted with
hydrogen due to diffusion. Thus, for the first tintéffusion self-ignition mechanism was proposed
[3]. Recently, this scenario attracted lots ofies#s as a possible cause for industrial hazard2][4

Unlike in the experiment conducted by Wigdki and Wajcicki, Baev [4] poured hydrogen into a
partly closed tube preliminary heating it. Howewée tube had several obstacles, and hydrogen self-
ignition was observed only after a shock wave otéflé from the obstacles. In the investigation by
Mogi [5] ruptured disk was used in the rapid disgeaof high-pressure hydrogen into a tube 5-10 mm
in diameter with an open end. The failure pressuae changed from 40 to 400 bar. Ignition of the
hydrogen jet was observed in the extension tube.pEper 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 Imegti
of the gas on the contact surface. In work by G¢Hljlihe self-ignition of high-pressure hydrogen in
tubes of round and rectangular cross sections vestigated experimentally and numerically.
Mechanisms leading to hydrogen self-ignition imlaet have been determined.



Previously, most of works devoted to hydrogen gaiietestigated discharge into tubes or confined
space. The aim of this investigation is a numerstatly of boundary phenomena influence on the
hydrogen self-ignition at the discharge into theniseonfined space

Xu et al [9], Lui et al [10-11], used multi-companepproach as well as ultra fine meshes for ateura
calculation of molecular transport to investiggberganeous ignition of pressurized hydrogen release
through a tube into air. The study confirmed pauigi of spontaneous ignition via molecular
diffusion.

2.0 NEW CONCEPT FOR PRESSURE RELEASE VALVE NOZZLE DESIGN

Previously, most of works devoted to hydrogen gaiietestigated discharge into tubes or confined
space. The aim of this investigation is a numeraal experimental study of boundary phenomena
influence on the hydrogen self-ignition at the Hege into the semi-confined space.

In paper [12], numerical modeling of hydrogen jeistbeen 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 thatlimmeter smaller than 2.6 mm the ignition did not
started or died out fast, hydrogen pressure bgiig 400 atm.

Based on the result of this work, an idea to replachig release valve nozzle by several smaller
nozzles of the same total area emerged. Conseguanttase of accidental high pressure hydrogen
release there is a hope the ignition will not odgEbioundary condition has been properly set. Ngmel
the diameter of the small orifices and the distdretgveen them are matched in a way that every small
orifice behaves like an isolated one, so thatdghéion is inhibited due to rarefaction waves.

2.1 Numerical modeling of hydrogen jetted into atmsphere

Investigation of hydrogen jetting into the semi-finead space from a high pressure vessel was
simulated numerically in the axisymmetrical two-éimsional (2D) case and in the three-dimensional
(3D) case. Different geometries of technical opgsihave been studied, but overall area of the
openings was the same in all cases. In particsiahave compared hydrogen release from one orifice
of 4 mm in diameter and a system of 4 identicdiaa$ with the diameter of 2 mm each (Figure 1).
The total area was Z6mnt in both cases. The system of 4 identical orificgsresented 4 circular
holes, placed in the vertices of a square. Thetleofgthe square side — L — was a varying paranieter
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Figure 1. Different geometries of technical opesingder investigation, but overall area of the
openings was the same in all cases. Namely, ofieeooif 2 mm in radius and a system of 4 identical
orifices with the radius of 1 mm each

The numerical modeling of hydrogen jet self-ignitizvas performed based on the full system of
Navier-Stokes equations for the multicomponent amxtof gases [13]. Chemical model in use
involved the gas-dynamic transport of a viscous ayas the detailed kinetics of hydrogen oxidation
[15-16]. Equations were solved with the upwind,iténvolume 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 susaceassumed non-catalytic and adiabatic. The time
step was 0.1 — fis.

Figure 2. Computational grid in 2D (left) and 3Myft) cases. 2D (left): 1 — pressure inlet, 2 4 wal
— pressure outlet, 4 — symmetry axis. 3D (right): dressure inlet, 2 — wall, 3 — symmetry plane.

In 2D case computational domain represented aaquairia circle of the radius 20-50 mm. Number of
cells was N = 100x100. Minimum space step was 011rtnhf, maximum - 0.3x0.3 mfn Boundary
conditions are shown in Figure 2 (left).

In 3D case computational domain represented aauafta cylinder. The radius was 10-15 mm, the
generatrix was 20-30 mm. Number of cells was N x6B@100. Minimum space step was 0.1x0.1x0.1
mm®, maximum - 0.5x0.5x0.7 minBoundary conditions are shown in Figure 2 (right)
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Figure 3. Maximum jet temperature vs. time. Ihigeessure was 400 atm. Circles — orifice of 2 mm

in diameter. Quads — 4 mm in diameter. Empty qaadiscircle correspond to calculations in 2D case,
filled ones - 3D case.
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Figure 4. Maximum jet temperature vs. time. Ihifilessure was 400 atm. Quads — 1 hole, D =4 mm.
Crosses —4 holes, d =2 mm, L =3 mm. Rhombugkboles, d =2 mm, L =5 mm. Circles — 4
holes,d=2 mm, L =10 mm.

At first, test calculations were done for a singféice of diameter 2 mm and 4 mm in 3D case. &hiti
pressure was 400 atm. The results were correlatbdive data from 2D calculations, and with results
from the work [9]. The reason to do the test catahs was to make sure that the use of a rather
coarse grid in 3D would not result in big numerieator. In Figure 3 a comparison in maximum
temperature of the hydrogen jet between 2D and &8es for two different types of orifices is
presented. Circles correspond to the orifice ofn2 im diameter: empty circles — 2D case, filled leisc

— 3D case. Quads depict results for the orificd @hm in diameter: empty quads — 2D case, filled
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quads — 3D case. Test investigation did not reaeglsignificant difference in the data obtaineemaft

2 us, the error being of the order of 10%. What wagdrtant that the general trend in temperature
dependencies for the 3D case was conserved. Naigeltipn does occur for the orifice diameter 4
mm, but there is no ignition for the 2 mm orifice.
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Figure 5. Toeplerograms of a nitrogen supersoniejease into air.

Finally, simulations were performed to reveal iefice of the distance between orifices on diffusion
self-ignition. After replacement of the orifice Wi mm diameter by area-equivalent system of 4
orifices with 2 mm diameter each, placed at 3 mamfreach other, an increase in maximum jet
temperature occurred (Figure 4, crosses plot). e}ptanation is the interference of shock waves on
the axis of symmetry. In Figure 5 visualizationfpamed by the schlieren method of exhaust from
neighbouring nozzles is presented. It clearly shtlwa forming regular Mach reflection regime
behind heading shockwaves leads to an increasecal temperature. However, when the distance
between orifices got long enough in comparison wWithdiameter — 10 mm, the orifices behaved like
independent ones, and the self-ignition did notiogd-igure 4, circles plot).

3.0 EXPERIMENTAL INVESTIGATION OF HYDROGEN SELF-IGN ITION IN A
PRESSURE RELIEF DEVICE

A Pressure Relief Device (PRD) is a safety devizd is used to prevent a failure of the containment
system by releasing some or all of the gaseousoidl contents fast enough. Invented in th& 17

century, PRDs became widespread in the early 1990arge chemical plant can have 500-10,000
PRDs [17]. The number of PRDs could dramaticallgréase with the development of hydrogen
vehicles.

In Figure 6 a PRD from SHERWOOD Company is preskriais study revealed possible weakness
of such device, if it is utilized in high pressusservoirs with hydrogen. The study was undertaken
with the help of the experimental setup, shown sdieally in Figure 7. It consisted of a hydrogen

cylinder (1) equipped with a valve (2) and a man@mé4) for measuring the pressure in the high-
pressure hydrogen chamber (3). After pressure eehehparticular value, hydrogen was released
through a model of a PRD (T-mixer) (5). The hydmgelf-ignition was registered with the help of a

photo-transducer (6).
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Figure 6. Photo of PRD valve from SHERWOOD Compéetff), scheme of PRD valve (right).
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Figure 7. Schematic of the experimental set-uph$drogen cylinder, 2 — valve, 3 — high pressure
chamber, 4 — manometer, 5 — a model of PRD (T-hi%er photo-transducer.

Data in Table 1 shows that ignition in PRD-blockpisssible after the bust disk (BD) opening at the
initial pressure of 37 bar. Also there is an oyed&pressure values that lead to ignition andviiiaes
that correspond to no ignition. Possibly it happaums to differences in BD opening [14].



Table 1. The data obtained in PRD-model from Fidgure

Pressure, bar 36.8 44.8 52 53.6 576 58(4 61
Ignition YES NO NO YES YES NO YES

4. 0 NUMERICAL MODELING OF HYDROGEN SELF-IGNITION | N A X-MIXTURE
CHANNEL

Experiments from the previous part indicated tleethes modification to PRD should be implemented
to help inhibit self-ignition more successfully araliably. The goal is to propose modificationsato
conventional PDR model, to make sure that selftignidoes not take place if the pressure in the
containment is below some reasonably high valugpeBmental and numerical studies on the
hydrogen self-ignition phenomena indicate thatéasing outflow from stagnation zone (tube bends)
will result in temperature drop, thus conditions tiee self-ignition to occur become less favordlle
14]. For this purpose numerical simulations wengng to compare flow in T- and X-mixers.

100 mm‘

Figure 8. X-mixer geometry: a — 3d view, b — freigw, c — top view. The tube diameter was 6.5 mm,
length — 47 mm; the pipe bends diameter was 4 ngth — 100 mm.

Computational domain represented a main tube apigp&Xbends (Figure ). The tube diameter was 6.5
mm, length — 47 mm; the pipe bends diameter was¥ length — 100 mm. Initial conditions at the
main tube inlet were: mass fraction of oxygen O0r8ss fraction of nitrogen 0.77, pressure P = 1 atm
temperature T = 300 K. High pressure chamber Iritiaditions were: mass fraction of hydrogen 1,
mass fraction of oxygen 0, pressure P = 20 — 1100 taimperature T = 300 K.

Boundary conditions for wall implied non-catalytiarfaces and no slip condition. The bottom part of
the computational domain was a pressure inlet figpuise hydrogen jet. The top part was a wall.
Influence of the boundary layer was neglected.

The temperature of mixture higher than 1500 K i appearance of a H20 mass fraction*d@s
assumed as the criterion of the hydrogen ignitiignificant increase in concentration of H20 and



further increase in temperature up to 2000 — 300ihdcated on self-sustenance of combustion
process.

The computational grid had 60x60x200 mesh pointstlie main tube and 60x60x100 for X pipe
bends. The time step was 1-1%5
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Figure 9. Temperature distribution at 2 differémte moments for the X-channel. Due to symmetry,
only quarter of the geometry is shown. Left: t-2@ s — no combustion. Right: t = 3.1°16—
combustion started.

In calculations development of flow in X-channelsagbtained. In Figure 9 distribution of temperature
on walls at different time moments is presentede Bu symmetry, only quarter of the geometry is
shown. Initial pressure at the pressure inlet wiaatth. At time t = 8.0° maximum temperature was
about 1600 K At time t = 3:10° self-ignition takes place, that leads to combumstiblaximum
temperature grows up to 2000 K.
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Figure 10. Temperature distribution at 2 differeme moments for the T-channel. Due to symmetry,
only quarter of the geometry is shown. Left: t 8:20° s — no combustion. Right: t = 316 —
combustion started.

In Figure 10 analogous distribution of temperattoe the case T-channel is presented. Due to
symmetry, only quarter of the geometry is showitidhpressure at the pressure inlet was 26 atm. In
this case ignition takes places somewhat earlier&.9-10.

Finally, comparison in H20 mass concentration ier T-channel and the X-channel at the same time
moment is depicted in Figure 11. Due to symmetmyy dalf of the geometry is shown. The process of
self-ignition and further combustion is clearly sdeom left Figure 8 for the T-channel, meanwhile

there is no apparent sign of the process in righireé 11 for the X-channel.
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Figure 11. H20 mass concentration at the samertioraent t = 2.9-10s for the T-channel (left) and
the X-channel (right). . Due to symmetry, only haflthe geometry is shown.

5.0 CONCLUSION

In this work, an investigation of hydrogen jettatrielease into atmosphere from a high pressusebes
was done. Results for several boundary and iragablitions have been compared. It was obtained that
after replacement of the orifice with 4 mm diamdigrarea-equivalent system of 4 orifices with 2 mm
diameter each, placed at 10 mm from each othdusitih self-ignition was successfully depressed.

It was shown experimentally that at the initial gmare of 37 bar and higher hydrogen self-ignition
discharge in a PRD-model is possible.

Numerical modeling demonstrated that utilizationaof X-mixture channel in PRDs could inhibit
hydrogen self-ignition more successfully than erédidesign of PRD. New standards in PRDs are

needed nowadays.
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APPENDIX A

The numerical modeling of the self-ignition of adnggen jet was performed based on the full system
of Navier-Stokes equations for the multicomponeixtumne of gases:
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vectors E.F correspond to the Euler equations, ve -V correspond to the viscous stresses:
P Jo¥ pv 0
ol % +p puv Oy
g=|ov | E=|awv F=|pv+p F=]0,
e ,OU(h +V2/2) pv(h +V2/2) q,
PG PG ; PVC ; i ; (2)

—J12 £ 2 . .
where u, v - cartesian components of velocity vecV =VUT + VoL velocity p - density, p -
pressure, e - total energy, h - the specific epthaf mixture, ck - mass fraction of the k companen
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q, =uog, +vo, or dy+

H _ [
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Here Pr=0.72 - molecular Prandtl number, E4 - molecular Lewis number of k componept;
coefficient of dynamic viscosity. Calculations wererformed in the laminar approach.

The subsystem of the transport equations for thepoment of the mixture of system (1), introduced to
account for the high-constituent nature of mediunah @ chemical kinetics:

7 J J . pC,V
—(pCc, )+ —(pCUu)+ —(pCcVvV)+ | —=
o.,t(pk) dx(pk) dy('ok) J y
_ 2 (,u)o"ck +o" (,u)dck v,
ox| s, x| dy| s, dy @
Here w, - chemical source, and ;Sc¢Schmidt number for k componel,s,,c‘ =H/pPDy , where DK -

diffusion coefficient. The influence of chemicahotions to the flow of gas appears as source term i
the right sides of the transport equation. Accaydim the law of mass action the expression for the
source term is written in the following form:
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v < C, v, C;
N = kﬂ/7lr1 — _Iqu |r] —
i=1 . : .

Here i+ Vi : Vi K + K -1 K,m r - the molecular weight of the | component, stoioméric
coefficients and the rate constant of forward aadklvard reactions, the number of components and
reactions respectively. The constants of reactiwesvritten in the Arrhenius form:

ky =AT™ exptE, /RT)

where A NEALE Etl are constants.

Physicochemical properties are supposed to beiunscof the local mixture composition, temperature
and pressure. They are computed using the CHEMKBWroutines.

The chemical kinetics mechanism for the hydrogeidaiion is due to Bowman and Miller (1989).
This mechanism considers 11 species H20, 02, G2, H, O, HO2, H202, N2, NO, N (M -
third particle ) and 21 elementary reactions:

1) H20+M=H+OH+ M
2) H2+M=H+H+M
3) 02+M=0+0+M
4) H+O+M=0OH+M
5) O+H2=0H+H

6) 02+H=0+O0OH

7 O +H20=0H + OH
8) H20 + H=0OH + H2
9) H2 + 02 =OH + OH
10) H202+M=0H+ OH + M
11) HO2+M=H+02+M
12) HO2 + H2 = H202 + H

12



13) H20 + HO2 = H202 + OH

14) H+HO2=0H+ OH

15) O + HO2 = 02 + OH

16) OH + HO2 = H20 + 02
17) HO2 + HO2 = H202 + O2
18) H+HO2=H2+ 02

19) N+NO=N2+0O

20) N+0O2=NO+0O

21) N+OH=NO+H

Closing the system of equations given above is yed with the aid of the calorific and thermal

h=2%c,h,

equation of states. Calorific equation is written ihe following form: ,

h, =[c,dT +h | . -
! Pt ', where hi - enthalpy of components and hiO- thealpy of formation.

Thermal equation of state is used in the followfiorgn:
1
P=pRT/u, ;:ZC./M,

wherey; - molecular weight of i component. Thus, systene@iiations consists of two interconnected
subsystems: gas-dynamic subsystem and the subsi@téhe concentrations which closed with the
calorific and thermal equation of states.

In calculations k-w model for turbulent viscositasvused.
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