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1 Introduction

This paper concerns the study of the non-prediited flame stabilization mechanisms. The ustierding
of these mechanisms is always a challenge for tdobital engine and furnace design: in additiopdfety, it is
necessary that the future combustion chambers waptteeir effectiveness in order to reduce costsntcease
energy efficiency, and to diminish their emissiofigollutants and their noise levels. Several medelgistered
by Schefer et al. [1], have been proposed. Moshe&i have shown that the interaction between thadland
jet structures constitutes an important paramederttie flame behavior [2, 3, 4]. This feature hazrb
underlined by Demare and Baillot [5] through thetindy about flames stabilized firee organized methane jets.
There, two types of vortices developed: primarytices due to the Kelvin-Helmholtz (KH) instabilignd
streamwise vortices (filaments) due to secondastabilities. Results showed that the flame didstabilize on
primary rings but on secondary vortices. The preserk pursues this previous study by investigatihg
action of an air coflow on the central organizedthaee jet and, consequently, on the flame stakibiza
response. This configuration tendswards the industrial applications but also presgidclear boundary
conditions more easily implemented in numerical dations when comparisons between experimental and
numerical data are attempted. For that, the inrethame/air mixing layer is modified by imposing tjes flow
rate velocity ratio (or equivalently the mixingimt In the literature, studies on turbulent configtions can be
found that investigate the velocity field in theinity of the stabilization point [4, 6, 7]. Theasistical treatment
of the data showed that the flame stabilized iagaan of relatively low velocity (mean axial velbck 3S) but
no attempt was made to analyze results on the basidine identification of jet structures anakithcoupling
with the flame base. Here, our study aims to famushe vortex-flame interaction in order to explaianges in
the flame behavior from a laminarized stabilizatiora turbulent one. The jet dynamics, modifiedalyusting
the inner jet mixing layer, is determined by meahsparticle image velocimetry (PI1V) and time resal laser
tomography. In particular we give attention to #welution of primary and streamwise vortices.

2 Experimental set up

The non-premixed flame is fed by a methanevjtt an outer air coflow. The burner consists ob tvertical
convergent tubes. The inner one has a 65mm diaroeterand a 6mm diameter nozzle, Di, with a 0.2ngm |
The air coflow has a 266mm diameter core and a 6@mmeter nozzle, Do, with a lip thinner than 0.2nTihe
flame base is not influenced by the quiet air ashras the base is prevented from it by the aitogofbotential
core, very long here (As=1-(Di/Do) ~ 1) [10]. THew rate velocities are: 0<Uo<1m/s for the air &fid10m/s
for the methane. Hence, Reynolds number Reo=UoTD&2v,;) ranges from 0 to 2000 and Rei=Ui*i[,, is
3600. With a lifted flame, it was experimentallyrified that the vertical velocity profile at eacbzzle exit is
'top-hat' and fluctuations are low (a few percent).

Two techniques are used to investigate the prasedf the flows which can be separately seededitg oil
droplets: first, high speed laser tomography usindigital camera Kodak Ektapro (8 bits, 9000 Hzyl am
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Argon-ion continuous laser source (4 W, 515 nmo®&d, PIV using a double-pulse laser. Time betwaen
couple of pulses is chosen from 6 to 10 ps. Eaembgas an energy of 40 mJ and is spread out istheet with

a ~300mm thickness by a standard system of le@sdg.the cold part of the flow is accessible to meament
since the flame causes the evaporation of theropldts whose evaporation temperature is about 600Kges
are recorded by a CCD camera synchronized witHaber. To improve filament resolution, it was eqégd
with a macro objective which defines a field of Aif@. PIV measurements are carried out in two tydes o
sections: (i) vertical planes containing the jeafi) transverse planes, oriented at 21° in cangon with the
horizontal plane, cutting the jet at various height particular in the vicinity of the flame baskhe image
processing is ensured by the software V2IP© dewslopy CORIA laboratory based on a classical cross-
correlation algorithm. It uses a 32*32 pixels? mesth a 50% overlap for the transverse sections aa6d*64
pixelsz2 mesh with a 75% overlap for the verticakcu

4 Automatic vortex identification

A criterion is introduced to identify vorticés order to automate the calculation of their chteastics from
PIV fields. In the literature, various criteria goeoposed; most of them are listed by Jeong andsaing8].
However, their formulations are based on the vejogiadient tensor, which is not easily calculafoten PIV
data. This problem is solved by introducing thetewiidentification criterion proposed by Graftieaebal. [9]. It

needs to determine normalized kinetic mom 5,3('\/') of points M located inside an area (S) of vectamma
i and centred at point Pence, the topologgf a velocity field is obtained by means of themalized non-

dimensional scalar functiof;(P) calculated by integratinﬁp(M).ﬁ over (S).I';, a Galilean invariant

function, is positive when the identified structsiigave a counter-clockwise rotation. Here, (S)hissen as a

circle. Its radius R is a multiple of the PIV mestie,A,,. So,I1(P) is approximated by the relationship:
- - - - 2
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with N1(N,): number of points of the PIV meshing in area) (£&,)) ; (S): circle area witfR—Axyﬁ/Zradius

which only includes the meshes entirely inside (S)): annular area, wit R—AW\E/Z inner ancR+Axy\E/2

outer radii, including the no-entire meshes of {8)e vortex centre is positioned at the local maxmof [4].
Then, other geometric and dynamic eddy charadtsisan be calculated automatically.

5 Flame response and flow characteristics

A previous study of ours [10] in agreement withrks on flames in a vitiated coflow [11] showdthtt
depending on the coflow velocity, changes occumetthe flame behavior. For Ui=10m/s, the flame Bizdxd
in its hysteresis zone fox00<0.49m/s and in its lift-off zone for Uo>0.49m/s. Mover its physical features
had been classified in two zones (Fig. 1), whicls whown to be connected to the organization ofj¢he
structures (KH vortices and filaments), introdudexte in figure 2 (a and b). Zone A: for £b37m/s, the
flame is laminarized with a lobe-shaped base aluh@g yellow plume; its lift-off height slowly inceses. The
flame stabilizes on the filaments in the organiesgion, delimited by the end of the methane jeeptil core.
Horizontal tomography images recorded at the flase with the air coflow only seeded, show the rhpé
the flame base as a horseshoe shape (Fig. 2c). Edioe Uo>0.37m/s, the flame loses its lobes aaddmes
turbulent with a tubular base; its height growsuglly when the flame enters into zone B and keegtsamger
evolution than that one measured in zone A. Itiszals in the turbulent zone. The circular shap¢hef flame
impact, observed in horizontal tomography imagedicates that its wrinkled base is now composetipsf
(Fig. 2d). So, the stabilization mechanism of tleenk adapts to new conditions imposed by the dlpwo
adding. To refine the interpretation of these clesndue to mixing layer modifications, quantify gestric and
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dynamic characteristics of the jet structures ésded. In [10], a global approach pointed out thetcro
parameters’ such as the two potential cores arer ij@h spreading were efficient to describe theraldifted
flame behavior. In particular, the spreading, eatdd from the envelope of jet structures, got thinmith Uo
increase. These results are now completed by &dpgmoach in which physical quantities describiogtices
are studied as functions of Uo. First, geometriapeeters are determined: from horizontal tomograptages,
the filament length is measured at different diséesnfrom the burner exit, z in order to follow thei
development from their formation to the flame blsmtions. Moreover, instantaneous velocity fighlsvide
radii of eddies in vertical cross-sections for @ignstructures (Fig. 3 and 4) and in transversesssections for
secondary ones (Fig. 5 and 6) from which a sta@ibtinalysis with Uo is carried out. The spreadéaigs also
quantified in vertical velocity fields by measuringglesf defined as angles between the direction of vefocit
vectors of an ejected filament and the horizontah@. For that, vectors which deviate all togefhem the jet
axis (D in Fig. 3) and which are included in the innergavelope (E in Fig. 3) are selectéds averaged from
500 vertical PIV fields and evaluated as a functidrthe radial distance, r from the jet axis. lpagrs that
filaments vertically straighten as Uo increaseso8d, dynamic characteristics are considered. dheeaction
velocity of KH vortices is calculated from vertidaimography images (Fig. 2a) and compared witlcthssical
theoretical formulation [12]. Furthermore, the totg velocity U, of the KH vortices is obtained in vertical
cross-sections (Fig. 3). For each vortex, an itateeous profile of YJis calculated along specific lines (vertical
or horizontal) whose origins are the vortex cefigg. 4). The rotating velocity {and the ejection velocity,U
of secondary structures are determined in tranevelenes (Fig. 5). For a couple of streamwise vesti two
U,-profiles are measured along the line joining thie Yortex cores and a/Aprofile along the streamline which
intercepts the center of the segment delimitedhleytivo previous cores (Fig. 6). These profiles giveess to
statistical data from which the behavior of vortide determined as a function of Uo. So, the behayf the
flame is qualified with Uo.

6 Conclusion

This paper proposes to explain changes initieel flame from a laminar to a turbulent behaviwtuced by
an air coflow by analyzing modifications of the/aiethane mixing layer. To complete previous resudtsed on
a global approach [10], a systematic identificatidvortices has been developed from a new critepimposed
by Graftieaux et al. [9]. Once located, vorticeg @uantified by means of local geometric and dycami
parameters giving a data base to obtain the evoluf eddies with Uo. This leads to a better urtdeding of
the interaction between the flame stabilization gtdtructures.
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Fig.2: Laser tomography images: (a) vertical plane;
(b, c, d) horizontal plane at the flame base. Ja, b
methane seeding. (c, d): air seeding. (a, b, c):
Uo=0.1m/s. (d) Uo=0.4m/s. (1) KH vortex, (2)
filament, 3: flame impact (oil evaporation).
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Fig.3: Vertical instantaneous velocity field at the
flame base for Uo=0.1m/sly-Lkn2 (Rkn1-Rkha):
left (right) cut of KH rings, ov (oh): vertical (he
zontal) line along which a ¢profile is measured,
De: filament domain, E: inner jet envelope.
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Fig.5: Instantaneous velocity field in a transverse
plane at the flame base for Uo=0.1m/s. U: velocity
norm, SV: streamwise vortices, C: jet centre, CV:
counter-rotating vortex, RV: rotating vortex,:U
ejection velocity, | rotating velocity.
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Fig.6: Instantaneous ejection velocity-piofile and
rotating velocity -profiles for the couple of
streamwise vortices CV and RV detected in the
transverse PIV field shown in figure 5.





