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1 Introduction

Because of the increasing consumption of fossilsfad associated environmental concerns, more
attention has been paid on hydrogen utilizatioresitis combustion products do not contain hydromasband
carbon dioxide. However, its greater flammabilitydgpropensity to leak, and its low ignition energgke the
practical use of hydrogen in industrial productiestorage and distribution, an important safetyas&xplosion
hazards in the hydrogen industry are often consitldo be associated with the onset of detonation or
Deflagration-to-Detonation Transition (DDT) following flame acceleration. The flame accelenatdepends
not only on the reactivity of the mixtures, butcatsn the dimensions of the experimental set-upothsacles
and the magnitude of ignition energy [1]. Adding iahibitor (e.g. methane or propane) is consideasdca
solution for handling safety issues in industrigplications of H/Air mixtures. It is thus of important interest to
identify the mechanism of flame acceleration intsbimary fuels mixtures.

Ciccarelli et al.[2] carried out an experimentaldst about the effects of different blockage ratbR,
obstacle spacing and mixture equivalence rdtion the initial stage of the stoichiometric propaireflame
acceleration. They considered obstacles made upifafe plates distributed along the tube. Theyniduhat
flame acceleration in the tube with the higher Bi®tacles is greater when the obstacle spacingsmonds to
the tube diameter. However, for lower B.R obstacteey found no significant effect of spacing onsth
accelerating period. They obtained an optimum flaoeeleration condition when the length of reciatioin
zone between the adjacent obstacles in the unbwaeis comparable with the obstacle spacing. Wittovel
Schlieren method, Johansen et al.[3] and Cicaretlil.[4] performed visualizations of flame accat®n in
stoichiometric methane-air mixtures in an obstrdcdquare channel. They observed that the firstlaet®n
stage is due to flame area enhancement resultimg karge-scale flame distortion and small-scalbulence
wrinkling downstream of obstacles. The later stages mainly governed by the interaction of flameeh
interactions and flow contraction through the oblgtairs.

To our knowledge, only few works address flame kragion in such binary fuels fC;Hg-Air mixtures.
Law et al.[5] studied hydrocarbon addition to irihibxplosion hazards and found that small or mogera
addition of propane effectively reduced laminarning velocities and restrained the possibility dfusional,
thermal and hydrodynamic cellular instabilitiesHg/air flames. More recently, Sorin et al.[6], Bozedral.[7]
and Cheng et al.[8-9] have determined detonati@raatteristics of binary fuels HCH,-Air and H/CsHg-Air
mixtures and th®DT run-up distances from pressure signals withoutaligation.

The present paper is a further work of our previsuglies [8-9]. It focuses on the visualization dy
shadow method of the initial stage of the flameetmation in the HCs;Hg-Air mixtures in a square channel
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laden with obstacles. The mixture composition drrholar fractiorx are given by® [x Hy+ (1) CHg] + (5—
4.5 (0, + 3.76 N), x = Hy/(H, + GHg).This paper reports on the first results, whick aelative to an
equivalence ratiab=1.1, molar fraction of hydroger=0.9 and 0.95, initial temperature 293 K, and ahiti
pressures Pi=0.5 bar and 1 bar.

2 Experimental set-up

Experiments are performed in a stainless-steelr@damith 40-mmx40-mm square cross-section and 4-m

length. The channel is made up of 8 sections ab0wm length. Two sections located at the beginahthe
tube are equipped with glass windows for visuailiratNine piezoelectric pressure transducers (KISRL603B,
1 ps rise time) are distributed along the channel. 8rlecated on the first optical section, at 35 ftom the
ignition point, two on the second optical secti®dh;cm apart, the first at 12.5 cm from the endheffirst optical
section. The flame is accelerated by an array abgeal obstacles with B.R=0.5 located along tinst fhalf of
the channel. The obstacles are the square platesav@l-mm diameter orifice; their spacing is edaahe tube
inner diameter and the thickness is 8 mm. The méstare ignited by an automotive spark plug witbual 5-
mJdischarge energy.

A typical Z-shadow system is used fasualization. The optical set-up is made up of &-Batt
mercury vapor arc lamp (HC500W20), two 45-cm dianerabolic mirrors with 4-m focal length, andighh
speed digital camera Photron APX RS3000. The camasaoperated with a s shutter time, 17500 frames per
second, and a spatial pixel resolution of 20P8. The visualization domain extends over aboubbistacles
from the ignition point.

3 Results and discussion

The high-speed shadow images of the flame accrlargiven in Fig.1 show the flame acceleration for
two different initial pressures. After ignition,gHlame has hemispherical shape, convex to thé fueburned
mixtures. Its radius increases until its arrivaltbe channel inner surface. #t1.486 ms, the flame is at mid-
span of spacing between the ignition point andifhebstacle. Due to confinements of channel wall, fiiwe
begins to contract and seems to develop to thekedc'tulip flame”. The flame center line-velgciincreases
as the fresh gas flow contracts to the obstacliceriOnce the flame-tip passes through the fitsttacle, a
turbulent combustion appear downstream the obsthiderresponds to “the flame rolls up in vortitebserved
by Johansen et al.[3] and Ciccarelli et al.[4]. léoer, the core flame tip remains laminar. The flaanea is
greatly increased and accordingly increases thenwefric burning rates which in turn increase thami
velocity. This feedback mechanism is observed amntxt obstacles. It results in high acceleratibthe flame
tip. The velocity reached is 600 m/s at 1bar an@d #¥s at 0.5bar. However, for 1 bart=8.086 ms, the flame
presents multi-structure outline at the exit of #econd obstacle and compression waves seem t@ occu
downstream of 4 obstacle at=3.371 ms.

Fig.2 shows the visualization obtained for x=0.9Pat1bar. We can observe that the propane addition
significantly reduces the flame velocity. #43.543 ms, for instance, the flame passes througBtobstacle for
x=0.95, however it just exits thé' bbstacle fox=0.9. The flame acceleration mechanisms are néfaglsame
as those observed in Fig.1. The flame acceleratisults from the growth of the flame surface du¢htoflow
contraction at the obstacle orifice and to the dlebt combustion in the recirculation zone behind flame
front. Compression waves in the unburned gas areaiserved at the exit of th8 dbstacle.

To better analyze the variations of the initialipdrof flame propagation, the average flame tipoities
as a function of distance from the ignition poirg glotted in Fig.3 at Pi=1.0 bar (red square ®iahd Pi=0.5
bar (pink points). The square points in the horiabnoordinate represent different positions oftables along
the channel. From the Fig.3, we can observe tleatidime tip velocity increases just before it pagbeough the
obstacles and decreases during the first mid-spataces spacing. In the distance from the ignigioimt to the
4™ obstacle, there is no significant influence ofialipressure on the flame acceleration and it setarbe
independent of initial pressure. After th& ébstacle, the flame tip velocities in the two casecrease
monotonically probably due to the effect of compgies wave in the unburned gas.

Fig.4 represents the variation of the flame tipoeél as a function of distance X from ignition pbi
along the length of the channel. The results sh@at the addition of propane reduces the flame wésc The
flame velocity increases similarly just before ftmme passes through the obstacles and decreasies finst
mid-span obstacle spacing.
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Figure 3. Flame velocity as a function of distakce  Figure 4. Flame velocity as a function of distaXce
for different initial pressure Pi for different hydrogen molar fraction

Conclusions

In this paper, we have performed visualization rofial stage of flame acceleration in,/BsHg-Air
mixtures using shadow technique with high speedetaniThe experiments are carried out in an obsfdield
stainless steel channel with 40 m#® mm square cross-section and 4-m length at the temperature with
two initial pressures (Pi=0.5 bar and 1 bar) andnbllar fractionsx (d=1.1;x=0.9 and 0.95). The results show
that the acceleration flame results from the catima of unburned flow near obstacle and from dethy
turbulent combustion in recirculation zone behihd flame front. The evolutions of measured flamiecides
are due to the acceleration or deceleration ofitiluirned gas which passes through the obstacleslifferent
X, we obtain the nearly same variation of flame ##yo(x=0.9 at Pi=1bar) as those in mixtures@.95 at
Pi=1bar). It should be noted that the addition mfpane in such binary fuels mixtures significantguces the
flame velocity.
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