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1 Introduction

Diluted combustion systems are widely used nowadaysh as: (i) in exhaust gas recirculation com-
bustion systems which are proved to be an effeatiag to improve combustion efficiency and to
reduce pollutant emissions, )dii) in fire extinguishment. Phenomena involvedfiame stabiliza-
tion, like liftoff and extinction remain real keyojmts in the control of the diluted combustion. \Rre
ous work (Min et al., 2010) highlighted the inflweenof a diluent addition on flame liftoff phenomena
as well as its relative effects between dilutidrerimal, and chemistry. This work aims to invesggat
the influence of different diluents (GON,, Ar and CQ+Ar) on the lifted flame stabilization behavior,
as well as the process of flame extinction withlarge range of aerodynamic conditions.

2 Experimental Configuration

Experimental set-up is the same as detailed destiib(Min et al., 2010). Inside a confined atmos-
pheric vertical square furnace, methane is injetttesligh a round tube with an inner diameterB

mm and a burner rim, & 2.1 mm. The oxidant, air or air mixed with audiht inside an upstream
blender (CQ, N, Ar or mixture of CQ+Ar whose heat capacity is the same as that.pf énters a
stabilization chamber by four inlets. Finally, liows through the combustion chamber with a 0.25 m
side. Quartz windows are installed in two oppositles of the chamber for visualization needs. Oxi-
dant and methane flow-rate velocities are givethenranges: 0.% Ugyigant< 0.67 m/s, I Ucns < 30

m/s respectively. Gas flows are measured by massrfieters with an accuracy of 1% full scale. As
carefully explained in (Min et al., 2010), it wasrified that mechanical impacts due to the way the
diluent is added in the air stream do not affea@ntiies studied here. Flame extinction limits deél
hereafter were measured and repeated at leasttitlmes Extinction limit uncertainty varied from 3%
to 5% for all diluents. CH* chemiluminescence inragiwas used to investigate the flame base in or-
der to quantify how evolves the liftoff height, ohefd as the standoff distance of the lifted flarheva

the burner. To do that, direct CH* emission of feamvas collected by an Intensified CDD camera
(Princeton, 1 fps, 576x384 pixels, 16 bits, expestume: 250us, 0.08 mm/pixel, 50 mm lens)
equipped with a band-pass filter, BG-12 which cesdeat 430 nm with a 50 nm FWHM. As lifted
flames present turbulent aspects, no Abel invergiethod was applied to instantaneous images. A
binarisation process based on the histogram shagpused to extract the flame foot contour. The
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flame base extremity is determined as the firg from the image bottom where the luminous signal
is higher than the surrounding noise threshold. Jdmee images were used to calculate the apparent
flame radius defined as the distance between tbddteral cuts of the flame base. Results pfaHd

Rp are given by the most probable values obtained 2060 images.

3 Flame extinction limit

Flame extinction under no-dilution condition wasifid impossible under the present operating aero-
dynamic conditions. In agreement with Muniz and gal's extinction diagram (1997), conditions are
not strong enough to achieve flame extinction. &fae, this paper concerns flame extinction ob-
tained only by adding a diluent to the air. On Iiasis of a previous work concerning flame stability
from anchoring to lift-off (Min et al., 2010), erttion experiment campaign has been carried out to
complete flame stability charts. Extinction limhave been identified as the ratiogfw Qair)extinction
defined by diluent and air flow rates at which fesrblow out. First, experiments were carried out fo
a given diluent to determine how air and methanecitees (U, Ucns) coupled with dilution to extin-
guish flames. Results are illustrated with air @itbwith CQ for U, and Wns ranging as mentioned
above. Diagrams as that one proposed in Fig. 1 shewmportant role played by the air velocity:
extinction limit considerably decreases ag id increased. Moreover, three types of limitglata for

a given U; : solid lines correspond to the lifting limits, {&/Qai)iting @nd dashed ones relate to the
extinction limits, (Qo#Qaibiow-out DY blow-out; dotted lines are the same limits lboth lifting and
extinction indicating that once flame lifted, natse lifted flame is available. Thus, dashed limsr-
sect dotted lines at the methane velocitydd, It should be noted that curve fog> 0.1m/s in Fig.1
reports only data for &, < 15m/s, above which flames tend to approach furmaks, and it conse-
quently changes operative conditions.

To facilitate the reading, an example obtained atl0.4 m/s is taken as a typical diagram in Fidt 2.
is divided into three regions, each one charadteyia flame state: anchoring at the burner, liftafid
extinction. When C@is added in the air stream, three scenarios lgadiextinction are observed: (i)
for Uchs < Ucraex = 8 m/s, the attached flame lifts off. As no stalifted flame is available, flame is
pushed back continuously and finally extinguisi@sfor Ucnaex< Ucra < Ucnaiing= 14.5 m/s (the
value of the lifting point reached in the absentelitution), the attached flame turns to be a tifte
flame before blow-out is achieved; (iii) forckh > Ucaiting, the flame, initially lifted, blows out by
adding a non negligible diluent amount. Fogpl)= Ucpaes the unigue extinction limit value,
(Qco Qainextinction Presented in Fig.2 indicates the existence ofaaattteristic extinction limit for lifted
flames under a givenJJwhatever Wy, Let us note that lifted flame extinction occuas dway from
the burner exit, nearly at the same height aboutcm5or all tested experimental conditions. This
height is 2.5 times greater than the one (~ 19 amdined by aerodynamics in a similar non diluted
configuration (Muniz and Mungal, 1997). At suchighhstabilization position, the mixing flow veloc-
ity is greatly reduced because of the large sectiad the lifted flame is no longer influenced bg t
initial methane jet. Thus local flame base cunatadii towards the fresh gases are no longer sharp
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After gathering all the results, the extinctionitimmay be presented in the physical spaces§@sair,
Ucha, Uai) as a surfaceeingion Satisfying Eexinction(QcodQairn Ucha, Uair) = 0. As seen in Fig. 3, it is
composed of a part of the lifting surfa€giing(Qcod Qair, Ucra Uar) = 0 defined previously by Min et
al. (2010) provided that )4 < Uchg.ex TOr Ucpa= Uchg.ex Eexinciion 1S described by the following equa-
tion linearly dependent ongld QcodQar + 0.152 Ui - 0.119 = 0. Wsexis simply obtained from the
phenomenological algebra systéfing (Qco Qair, Ucha, Uair) = 0, Qod Qair + 0.152 ;- 0.119 = 0.
The two distinct extinction surfacdsghlight the burner rim influence. For flames akted at the
burner, the burner rim helps to stabilize theidieg edge, described as a propagation kernel bg-Tak
hashi and Katta (2000); it prevents the flame fextinction by providing a reduced flow velocity and
an inflammable mixture behind the rim by means wfa&ke structure. This is consistent with the work
of Otakeyama et al. (2009) concerning flame stzddilbn mechanisms. Therefore, fogdd< Ucha ex
flames, still anchored, present a “delay” in exiioie compared to flames in the liftoff state. Tlaetf
that attached flames extinguish at a higher extindimit, due to the rim protection, than the a&for
mentioned characteristic extinction limit, induesimmediate flame-extinction just after theirdfft
The linear dependence of the extinction limit og, \diven by the above parametric equation, can be
explained by the stabilization process of a lifiadhe inside a coflow jet: lifted flames stabilireside
the mixing region where a suitable flow velocitydasn inflammable mixture can be simultaneously
found (Cessou et al., 2004). Therefore, increasigginduces a global augmentation of the flow ve-
locity inside the mixing region. As a result, toimtain flames lifted in the vicinity of an extingli-
ment limit, the diluent amount has to be decredsaibtain a higher flame burning velocity, &ar-
acterizing propagating flame edge dynamics. Thrdabghway, the balance between flow velocity and
S. necessary to stabilize flames can be renewed. WM&k as shown by Wyzgolik and Baillot
(2007), a small increase ofylJgreatly influences the jet mixing layer, and irrtigalar its vortical
structures in the near field, which plays a cruoid in lifted flame stabilizatiorBesides, the extinc-
tion plateau obtained fordd, > Uchg ex indicates that methane velocity has no influemmcextinguish
flames once lifted, when diluent is added in thesale. Since lifted flame extinction occurs faragw
from the burner exit, region of complete mixingween methane and air, for a turbulent coflow fet, i
achieved at this height. Thus, increasingiddeads to a negligible local flow velocity modiftean
because of the large furnace section and of thetautl air flow rate. Finally, mixing between air
and the augmented methane flow, results a sliglmad in the spatial concentration field. By adjust-
ing their liftoff height and radius, flames stabdd inside this complete mixing region can findeat
tion where suitable local flow velocity and mixturenditions are simultaneously ensured. Therefore,
the methane velocity increase, leading to a miffeceinside the complete mixing region developing
far away from the burner exit, does not influertoe éxtinction limit.
Influence of the nature of a diluent has also tstadied by using three other diluents; Nr, and the
CO,+Ar mixture whose molar heat capacity equals ttidd0 Results are illustrated for the casg &
0.1 m/s in Fig. 4. The relative order between etiim limits measured with the different diluenss i
the same as that ordering liftoff limits (Min et,&010). This means diluents modify flame extioti
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processes similarly to flame lifting processes Wwhieere shown to be influenced through three main
effects (dilution, thermal and chemistry) by Guoakt(2010). Thus, a new parameteg; K which
characterizes the capability of a diluent to bréakne stability relative to that of GQis jointly de-
fined for the two processes as followsg = (Quiuen/Qairextinctiod (Qcod Qairextinction = (Quitu-

enl Qainiitiing/ (Qcod Qainiiting- Values of Kyent for diluents studied in this work are found todmpual to
Kcoz =1, Kyz = 1.9, Ky = 2.9 and kgoz4a= 1.6. As found irFiqing surface (Min et al., 2010) fordd,

< Ucraex @ Unique extinction parametric equation writtetthwKg,ent IS €stablished for describing
Eextinciion SUrface: (QuendQair)/Kaivent + 0.152 Wi - 0.119 = 0, for Yus > Uchaex Therefore, flame ex-
tinction limits for other diluents can be deducsahi those of C§ once KjuentiS known.

4 Flame liftoff height and radius

The liftoff height, H (H.° with no dilution) is used to characterize liftddrfie stability. In the no-
dilution case (see figure 5), liftoff height incees with Wy, increase. The influence of,lis quite
limited in the range 0. Uy, < 0.27 m/s whereas an offset in the ¢dirve is found at L} = 0.4 m/s.
This is similar to what was observed by Wyzgolikda@millot (2007). This abrupt increase is piloted
by the edge flame dynamics and its burning velotitgeed, as mentioned above, lifted flames stabi-
lize in the mixing region where a suitable flowagty can be found to balance its propagation speed
close to 0.4 m/s here. Oncg;ls greater than this value, lifted flames areatse to find a position in
the near field where flow velocities are comparabléhe flame propagation speed. Thus lifted flames
move farther downstream where the methane-oxidaahgivelocity is locally reduced. This heuris-
tic explanation was already confirmed by WyzgolitdaBaillot (2009) through a Mdiluted air for
which an abrupt increase of the lifted flame sthetU,;, = 0.2 m/s, a value equal to the flame burning
speed of the associate stoichiometric mixing.

Adding a diluent decreases the reaction rate thirabigee ways (pure dilution, thermal and chemical
effects), which induces a reduction qf ®iao et al., 2010). Thus lifted flames being mdtack-
wards, H is increased. Here, GON, and Ar were chosen as diluents. Their additionahaignificant
influence. Among the three diluents, €Ras the greatest influence on liftoff height, deled by N,

and then Ar; for example, only 5% of @@an achieve a three times increase pf Ak shown in
Fig.6, the abscissa normalization by imposes a unique Hcurve for the three diluents under
given aerodynamic conditions. This can be stilllax@d through the laminar burning velocity \Sa

key element in lifted flame stabilization proce8scording to the work of Qiao et al. (2010), meas-
ured and calculated ®f premixed flames attained an identical valuevighed that the following rela-
tive amount of diluent, equalto 1 : 1.9 : 2.9, wdsled for CQ N, and Ar respectively. Their result is
consistent with the present values qfi . Hence identical Hvalues were obtained for lifted flames
having the same SBy using (Qiuen{ Qain)/(Quiluend Qaiiing @S & reduced abscissa, the superposition of
curves obtained with different diluents was alreadted in our work (Min et al., 2010) for attached
flame concerning their standoff height as welltesrtOH zone thickness: it was quantified and inter
preted as a similarity-law behavior. Moreover, naliming H_by its initial value H_ eliminates the
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shift between curves induced by aerodynamic camiti and leads to a unique-Blolution as a
function of the diluent proportion for a given;UFor lifted flames with iH< 100 (1* window) and
21D < H, < 350 (2™ window), an exponential parametric equation igpeed to describe the global
H./H° -evolution: H/H® = exp@1(Quiuen! Qair)/Kdiuend, With 8; dependent on 4J. In this equation,
Kaient takes into account the influence of diluent typhile H°_ includes the impact of &,

The apparent flame radiusp Was extracted from the integrated CH*-chemilumimese images.
Results of R, in Fig.7, indicate a systematic radius enlargeaméren a diluent is added. This expan-
sion can be explained by the following mechanissma diluent is added in the air side, lifted flaisie
pushed backwards as shown byevolution. It ascends by following the stoichiomztine imposed

by reactant mixing. First, as the stoichiometriteliin a turbulent stream goes outwards along the
downstream distance, flame radius is obviously dbtm be augmented. Second, the position of the
stoichiometric line is shifted towards the oxidaitte by a diluent addition which diminishes thg O
concentration. Rshows a behavior similar to that of:Hi) a unique R curve for the three diluents as
a function of the reduced abscissag{&/Qai)/Kaiwens (i) @ global exponential-like gRevolution,
Rp/R% = exp 62 (Quiu end Qair)/Kdien, With 8, dependent on }J only for lifted flame located inside the
first window (H < 10D). Indeed, R-data for lifted flames with H> 210 do not satisfy any more this
evolution-law. It shows an over-increase behavigr th a substantial amount of diluent.

Now, results of Rare plotted vs. the corresponding data ofitHorder to analyse their relative in-
crease. With no-dilution, =have been verified to follow a linear evolutionaserved by Cessou et
al. (2004). With dilution, RRx°-data for lifted flames with H< 100 evolves against {H,° as a
power-like fitting curve: RRp° = (H./H.°)%*>. This exponential coefficient can be also dedifoech

the relative ratio betweeh andé,. Thus, H increases more rapidly thap,Rvhen a diluent is added.
Besides, the fact that data collapse on the samve ceveals that one flame radius corresponds o on
possible flame stabilisation height, regardlesaarbdynamic and dilution conditions. This indicates
that lifted flames ascend along the stoichiomdine by following a unique probable path for lifted
flames with a Id < 100. On the other hand, for lifted flames with a #1210, an apparent shift is
observed from the former power-evolution. This implan overexpansion of flame radius which can
be attributed to the methane jet influence: (i)Hpr< 10D, flame base located in the near field is es-
sentially driven by to the jet mixing layer. Thilgme base should remain close to the mixing inter-
face of methane and oxidant in order to get afaatisry mixture and velocity condition; (ii) forfied
flame with a H > 21D, its base stabilizing at the complete mixing reg® no longer influenced by
the methane jet structure. As a great amount afedil is demanded to achieve such, khe
stoichiometric line greatly moves outwards. Thiplains the over-expansion of flame base.
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5 Conclusion

Flame extinction behavior for air-side diluted nuremixed flames has been extensively investigated
within a large range of aerodynamic conditions &l as for four different diluents. In the physical
space (Quen!Qairn Uain Uchg), extinction limits are expressed as a 3D surfaggcion FOr Uy >
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Uchaex €Xtinction limits are described by a characteristirface which linearly decreases with the
increase of i} and is independent ofd,. It concerns lifted flames for which the burnemris not
involved in stabilization mechanism. FOeM < Ucpa ex Eexincion COINCides with the flame lifting sur-
face, Fiifing(Quiluen! Qain Uain Ucna). Flames, necessarily attached to the burner tihdst even at a
dilution level higher than the former charactecistalues due to the wake structure behind the burne
rim. As extinction occurs soon after flame lift, Eeincion partially coincides withFiqing. Further-
more, Kiiuent Characterizing the relative order between extimctimits measured with three diluents is
the same as that obtained for liftoff limitszde= 1, Ky = 1.9 and K, = 2.9, which means Gas the
greatest influence, followed by,Nand then Ar. Unique evolutions obtained with tlileents for H

and R respectively have been found when(Q/Qai)/Kaiwent IS Used as the normalized abscissa. In-
deed, an identical burning velocity |Ss obtained provided that the three oxidants ciheted by
(Quiluend Qair)/ K givent 2ppearing as a similarity-law quantity. Both &hd R follow an exponential-like
evolution. However, an over-increase of flame radi®) is observed on condition that lifted flame
stabilized inside the complete mixing region (H21D).
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