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1 Introduction

Exhaust gas recirculation combustion systems adelwiused nowadays for their great combustion
efficiency and the very reduced N@mission. It is known that among the exhaust catiti gases,
CGO, and HO are of paramount importance, because of theisipbychemical properties and their
great amount. The present study is focused omfheehce of carbon dioxide added to the air on the
transition from an attached flame to a lifted flams it is shown in the literature [1, 2, 3] theima
effects due to the presence of a diluent are indlnog only by pure dilution, but also by thermatan
chemical actiondn order to find features able to discriminate betw them, two other diluents have
also been investigated: nitrogen, thermally inad argon, chemically inert.

2 Experimental Configuration

Here, experiments are carried out in the CORIA fatwoy. Flames develop in a long atmospheric
vertical square test chamber. Five windows, aligrertically, have been dug in each of two opposite
sides of the chamber to place glass monitors femalization or plates instrumented with thermo-
couples. Two slits, centered at the base of itsdther walls, allow a laser sheet to pass throbgh t
chamber. Its 0.25m2 section through which the oMilénjected, is large enough to prevent the
interaction between the flame and the walls. A tbtube with an inner diameter, ® 6mm, a 1m
length and a thick lip,; &= 2.1mm is centered inside the furnace such tlethame is injected at the
bottom of the test chamber. The oxide used heeghgr pure air or air diluted with GON, or Ar.
Gases are well mixed in a blender before entehiegfiirnace by four inlets located at the base of a
quiet chamber (more details in [4]). Oxide and raathflow rate velocities are 0.1m/s <bd <
0.67m/s and 1m/s <dJs, < 20m/s respectively. Three optical techniquesewesed to investigate
flame properties: shadowgraph method, CH* chemih@®tence imaging, planar OH Laser Induced
Fluorescence. Shadowgraph method visualizes tkefaces between hot and fresh gases which are
recorded by a Phantom camera2000fps, 1600x1200 pixels). Direct CH* emissiontloé flame,
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collected by an ICCD Princeton camera (1fps, 57@xp#els, 16bits, exposure time: 280

0.08mm/pixel) equipped with an interferential fil@entered at 430nm with FWMH 50nm, is used to
measure the flame attachment height. The OH-PlgRasiis collected by an ICCD Princeton Pl-Max
camera (10fps, 16bits, 512*512 pixels, exposuretiBOns, 0.08 mm/pixel). It is equipped with a
105mm UV lens and two glass filters (WG305 & UG1d eliminate scattering and flame radiations.
The raw OH-PLIF images are corrected for the bamlkgd and spatial laser beam intensity variations

3 Charts of Flame Stability

First, lifting process during which the flame ddtes from the burner is investigated for a non-ddut
configuration by increasing dJ, gradually for a fixed k). Methane velocities needed for the flame
reattachment, Yare lower than those for lifting, [B]. This hysteresis phenomenon describes a zone
in which the flame is either attached at or lifs@zbve the burner (see Fig. 1). This zone is corside
as a reference for the flame stability study wheliligent is added.
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Figure 3. H. vs. normalized flow rate ratio Figu. Inner flame structure: CH*, OH lines

Contrary to the pure air case, lifting systemakjcatcurs, provided that a critical quantity ofigiht
added to the air, expressed through the flow rat® (Qjien!Qaiiting, IS attained. To delimit the
mechanical impact due to species addition, threermxental procedures were proposed: 1) constant
oxygen mass, (2) constant oxide flow rate velo¢iyear strain at the oxide/fuel interface) and (3)
constant oxide mass. As reported in [4], resultt whe three procedures differ no more than 5%
despite velocity and mass augmentations about 1% @O, (20% with N and 30% with Ar)
between procedures (1) and (2), and about 15% @@ (19% with N and 41% with Ar) between
procedures (1) and (3). So, mechanical impact min the lifting process by a diluent. Fig.2 slsow
critical flow rate ratio (Quen/ Qain)iiting data obtained at lifting with procedure (1) aschions of W,

for several W. (Quien/Qainiing Strongly depends ondd,, but less on i} due to the narrow range of
values imposed to 4l All the profiles have the same trend: a slow dase with Wy, < 5m/s,
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followed by a steeper one until the natural liftimglocity is reached. This transitional behavior in
flame lifting relates to the change of methane rgime from laminar to turbulent. So, inner
aerodynamic instabilities promote flame stabilitgd. Equally, experiments with, ldr Ar lead to lift
off the flame in the same rangeddd U.i), but the critical ratios (Q/Qai)iiting aNd (Qr/Quaiiting are
two and three times greater than-§&Qai)iing, iNdicating a better stability with these dilueritée
critical ratios’ ranking confirms those obtained Bakahashi et al. [2] in a fire extinguishment stud
with very slow velocities (L4=0.0092 m/s, 0.05 m/s <&, < 0.2 m/s): it follows the order of the
diluent molar heat capacitieBo quantify stability loss, several typical flameagtities are studied as
a diluent is added.

4 Flame attachment height

The attachment height,;HH,> with no dilution) defined as the distance betw#en flame base and
the burner exit is obtained from direct CH* emissimmages [4]. The measurement uncertainty is
* 1 pixel. When a diluent is added to the air,ftame, still anchored, is pushed away and stalsilate

a downstream positiofResults in Fig. 3 show thatyf../Qair €ssentially controls Hor a given (ns,

Uar): whatever the diluent, ¥H,’ evolves as a unique function ofgQ@./Qar nNormalized by
(Quilven! Qaiiiing.  FOr the greatest flow rate ratios,, Hlways exceeds the maximal no-diluted
attachment height, Pining. Obtained at lifting. Finally, lifting occurs at anique critical height
Haiing/Ha'- IN order to check this increase is not causettlassical” aerodynamic effects, the three
procedures were applied for all the conditions.tA# series of profiles were found to have the same
trend as that in Fig. 3. Discrepancies due to tleequlures are less than 5% on average, which is of
the same order of magnitude as the measurementtaintg mentioned above. On the other hand,
when Uy or Ucng is increased, as clearly shown in Fig. 3, aeroohyos opposes dilution effect onyH
by inducing its diminishing. Thus, (fden!Quai)/(Quiuen! Qainiing @PPears as a key element in a scenario
involving a dilution mechanism in the flame statalion process.

5 Inner flame Structure: OH, CH*

How the inner flame structure responds to the pies®f a diluent is quantified through the spatial
evolution of OH and CH* species. To do that, OH-L#Rd direct CH* emission images are
simultaneously captured near its base. Analysismade processing are those proposed by Wyzgolik
& Baillot, and will not be discussed here. Linesspkcific OH and CH* surfaces are identified: lines
of the maximum OH-LIF intensity surfacesos of the maximum OH-LIF intensity gradient surfaces
on the air side, & o4 and on the methane side;, §;; the same description is made for CH* emission:
Sich Sercrn So-ch- All these surfaces are correctly described by thilths (or diameters): YWy,

W, cre, We.or Wo.-on We+ e @and We_ oy« The thickness of the OH radical zone ks delimited

by Ss+on and $.on and the thickness of the CH* radical zonekps delimited by &.cx- and
Se.cr+ All the parameters, extracted from images, afmeeé in Fig. 4 with r the radial distance from
the burner axis. b}, the vertical distance from the base of an OHaxgf is also introduced. As
determined experimentally by Wyzgolik & Baillot @ non-diluted configuration, the OH-zone of
thickness, Egy partly overlaps the CH*-zone of thicknesscksuch that § oy coincides with &y
(see Fig.4). Fig. 5 illustrates the typical evaatiof W o, We-on for Uy = 0.4m/s without and with
CQO, dilution. First, the pure aerodynamics influeneguiantified by comparing widths measured with
no-dilution at a low fuel velocity (kli;= 1m/s) and at lifting (b= 14.5m/s): increasing shear strain
on fuel side leads to the global narrowing of stefa%. on and & on toward the fuel (W. on and
We._on diminish byl g at every locations &), while H,’ increases only from 0.77 to 0.93mm (16%
width diminishing). At the same time, thicknesspkplrastically diminishes byl 30% even at the
flame base, by 00 (see Fig.6). Secondly, diluted combustion idyaea by comparing non-diluted
widths with those obtained with G@iluent (N, and Ar are not presented here). The flame respense
totally different: whatever the diluentgSon narrows toward methane when; i/ Qair IS increased,
while S_on deviates just a little. So, the side on which medit is added is crucial: there is a
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preferential diffusion of the diluent, which is @stent with [1, 3]. But, as shown in Fig.5, thell
narrowing of 3. oy does no more exist: diluent progressively aff§¥€ts oy as by is increased. With

a diluent, the growth of Ep vs. Hoy, reported in Fig. 6, is slowed down gradually fréfsy (0 at
which the value is unchanged compared to that aeesared with no-dilution under the same velocity
condition. Whatever the diluent, pevolves identically at lifting: (Quen{Qaiiiing CONtrols Epy as it
does for H. Thus, flame structure is differently modified dyithe two lifting processes. All these
features are noted in the entire-(4) U,;) range.
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6 Conclusion

Flame lifting is shown to be controlled essentidlly the critical flow rate ratio, &en/Qair, €VEN
though aerodynamics from inner jet structure dodlsiénce it. Numerical results based on Guo’s
simulation presented at Icders 2009, successfligg with our laminar results, highlight the relee
contribution of the three phenomena (dilution, thalr and chemistry) induced by a diluent. With
dilution flames can exist at a higher position, Hts evolution is dictated by @ len!Qair)/
(Quilven! Qainiing for the three diluents. In agreement with Takahaslal., adding diluent reduces the
reaction rate near the edge flame; the balanceeaetihe combustion propagation speed and flow
injection velocity is broken. Then, a new balanedéound downstream which stabilizes the flame. In
such a scenario, for given aerodynamic conditiblg:ing measured here is the maximum sustainable
height at (Qiuen/ Qain)iiing- Modifications of inner flame structures are diéfiet when lifting results from
pure aerodynamics or diluent addition. Lifting saeos are distinct, based on specific mechanisms.
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