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Flame-vortex interaction : effect of residence time and formulation of a new efficiency function
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In this study, a combined experimental and numerical investigation of a toroidal vortex interacting with a stagnation premixed flame is carried out with the aim of quantifying the ability of such a vortex to stretch the flame. By scrutinizing the literature, it was found that, although inferred from exactly similar numerical simulations, existing parametric expressions for the efficiency function (the ratio of the flame stretch to vortex strain) do not agree in the way the latter should behave when the ratio of the vortex rotational velocity U θ to the laminar flame speed S L is increased. These expressions also appear to be unequally accurate when compared to experimental data and do not feature the non monotonic evolution of the efficiency function with U θ /S L which is observed in both experimental data and numerical simulations of a 'isothermal' propagating interface. In addition, whilst previous studies have focused only on the impact of U θ /S L and R v /δ L (R v being the vortex typical size and δ L the laminar flame thickness) our study reveals the importance of other parameters, the most important of which being the residence time of the vortex associated with its convection velocity. These results yield a new formulation for the efficiency function which compares favourably well with experimental data.

Introduction

Understanding and predicting the different mechanisms at play in turbulent premixed flames is a tremendously difficult challenge. The main reason is that there is still a lack of knowledge of the turbulent flow structure which features a large variety of turbulent scales. A given eddy thus experiences many different processes induced by turbulent scales of different sizes, such as vortex stretching and sweeping, diffusion by viscosity, these effects being particularly arduous to model. In addition, when reacting flows are concerned, the flame does not act as a passive scalar because of its propagative character and the inherent heat release that locally modifies the fluid physical properties. The high local flame curvature and strain, also impact its local consumption or displacement speed in a way which remains poorly understood.

There is thus a need for fundamental investigations of the interactions between the fluid motion and a flame in simplified and well controlled situations. One of these is the case of a flame interacting with a single vortex dipole (see the review by Renard et al. [1]). Pioneer studies of Flame-Vortex Interactions (hereafter abbreviated by FVI) emerged in the 90's with notably Poinsot et al. [2], Roberts and Driscoll [3], Wu and Driscoll [4], Roberts et al. [5], Lee and Santavicca [6] and more recently with Renard et al. [1], Colin et al. [7], Charlette et al. [8], Bougrine et al. [START_REF] Bougrine | turbul[END_REF].

Although some effects such as vortex stretching, sweeping, tilting are not present, FVI are expected to mimic, at least partly, the processes at play in real turbulent flames. The aforementioned investigations on FVI have led notably to the construction of the socalled spectral diagrams which allows to identify the conditions needed for a vortex to stretch the flame, to create pockets of fresh gas or to locally quench the flame. In addition, these results yielded expression of efficiency functions, i.e. the transfer function between vortex strain and flame stretch. In this prospect, Colin et al. [7], Charlette et al. [8] have focused on the effect of vortex size R v relative to the flame thickness δ L and vortex rotational velocity U θ relative to the flame speed S L . More recently, the effect of Lewis number has been incorporated by Bougrine et al. [START_REF] Bougrine | turbul[END_REF]. These efficiency functions are extremely valuable as they are widely used in LES of turbulent premixed combustion in order to model the sub-grid scale wrinkling factor [7][8][START_REF] Bougrine | turbul[END_REF].

The aim of the present study is to explore one particular aspect of the interaction between the flow motion and a flame, which we referred to as the strainsweeping competition (see for instance the review by Driscoll [10]). This competition can be conceptually described in terms of time-scales. Based on phenomenological arguments [11], the strain-based time scale τ s of a scale r with characteristic velocity u r is τ s ∝ r/u r ∝ r 2/3 . This time-scale is generally referred to as the eddy turn-over time. Previous studies devoted to FVI investigations [2][3][4][5][6][7][8][START_REF] Bougrine | turbul[END_REF] indicate that the smaller this time scale, the larger is the flame stretch.
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On the other hand, Tennekes [12] suggested that an- The threshold value for discriminating the flame con-189 tour is set as the average value between the gray scale of these two peaks. This yields estimations for the progress variable, noted c, which is by definition 0 and 1 in the unburned and burned gas respectively. The velocity field within the unburned mixture is estimated by classical 2D-2C Particle Image Velocimetry (PIV).

For this purpose, the Matlab subroutines of Thielicke and Stamhuis [15] were used. A time sequence of Mie scattering images at four distinct instants is shown in Fig. 2. The vorticity field and flame contours are superimposed. The time t 0 = 0 was set arbitrarily as the time t where the vortex center was 2.5mm downstream the burner outlet. One observes that at a time t=4ms, the flame is rather flat suggesting that the vortex generator is sufficiently far from the burner outlet for not creating a wake. As the vortex is convected (t=6ms and 8ms), the flame is increasingly stretched. Its area then reaches a maximum before decreasing (t=10ms) while the flame goes back to its original position.

The vortex parameters, i.e. the circumferential velocity U θ , the convection velocity U c and the coreto-core distance R v , have been inferred from PIV by fitting the velocity field calculated with an Oseen vortex. Our experimental set-up allows to cover the range 0.5 U θ /S L 2.5 whereas R v /δ L slightly varies around 6.5. Our database thus lies between the no-effect limit and the quenching limit assessed by Roberts et al. [5].

Experimental results

Domain size effects

The focus of this paper is on the flame stretch associated with the interaction with a vortex. Given the vortex rotational velocity U θ and the distance between vortex cores R v (see Fig. 2), the vortex strain is generally estimated as U θ /R v [7][8][START_REF] Bougrine | turbul[END_REF]. On the other hand, the flame stretch is evaluated as

K(t, ∆) = 1 A(t, ∆) ∂A(t, ∆) ∂t (1) 
where, thanks to axisymmetry, A(t, ∆) = y(s) x 2 + y 2 ds is the flame area at a time t evaluated over a domain of width ∆ (see Fig. 2).

s is the curvilinear parameter, y and x are the flame contour spatial coordinates and the prime denotes derivatives with respect to s. Then the efficiency function is defined as in [7][8][START_REF] Bougrine | turbul[END_REF], viz.

C(∆) = K max (∆)/ (U θ /R v ), where K max (∆) is the maximum value of K(t, ∆).
The appearance of ∆ in the efficiency function is new. In previous numerical studies [7][8][START_REF] Bougrine | turbul[END_REF] a given value for ∆ ≈ 6R v corresponding to the size of the simulation domain was chosen. However, it appears straightforward that K max depends on ∆. Indeed, because the portion of flame interacting with the vortex is constant (i.e. there exists a ∆ above which ∂A/∂t is independent of ∆), we expect K max to decrease with ∆ 2 since A(t, ∆) monotonically increases with ∆ 2 . Figure 3 presents
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In Eq. ( 2), ∆ i represents the domain width above 2) to obtain K 0 max . The circle symbols correspond to the present measurements whilst the square symbol is taken from Bougrine et al. [START_REF] Bougrine | turbul[END_REF] data with an Oseen vortex was generally of about 4%. though rather limited, some departures between ex-288 perimental data and the predictions of either [7][8][START_REF] Bougrine | turbul[END_REF] it was observed that increasing U θ irremediably led to 341 a higher convection velocity consistently with analyt-342 ical studies (see [1] and references therein). It was 343 found experimentally (Fig. 5) that the convection ve-344 locity U c -U u (X c ) (U u the streamwize velocity ex-345 perienced by the vortex located at X c ) scales as U 

U θ /S L C = K 0 m a x / (U θ /R v ) C c h C b C c o
U θ /S L {U c -U u (X c )} /S L (U θ /S L ) 2 / 3
R v 2 [mm] Uc[m/s ] X c[ c m] Uθ[m/s ] Uc -U u ( X c) [m/s ]
In the present case, the Navier-Stokes are not explicitly resolved and the velocity field is set as follows. First, U u and V u , i.e. the velocity component in the streamwise x and transverse y direction of unperturbed flow (before the generation of the vortex) is given by U u (x, y) = -2 a(x)dx and V u (x, y) = a(x) × y, where U 0 = 1.23m.s -1 is the inlet velocity of the burner and a(x) = ∂V u /∂y(y = 0) is the transverse strain of the unperturbed flow. a(x) was fitted from experiments using a second order polynomial.

The coefficients of the polynomial were adjusted for each equivalence ratio.

Secondly, the vortex velocity field was added to U u and V u and set using the Oseen expression. The input parameters for the Oseen vortex are U θ , X c (the streamwize location of the vortex center) and R v , the core-to-core distance. In the present case, by analyzing experimental data (see Fig. 6), it was found that of U θ /S L = 0.94, 1.43, 1.83 are presented in Fig. 7.

The increase of A(t, ∆) is very nicely reproduced by the simulation, whilst some slight departures are observed close to the maximum of A(t, ∆). This indicates that the early stage of the interaction (i.e. before the vortex reaches the burnt gas) relies mainly on a kinematic interaction and that the heat release does not play a significant role at this stage. The simulated flame stretch compares favourably well with experiments for the three cases represented in Fig. 7. A scatter plot between the measured and simulated K 0 max for the entire database is further given in Fig. 8. Here again, a nice agreement is observed. Departures between numerical and experimental data for K 0 max lies within 20% on average.

Formulation of a new efficiency function

By use of such numerical simulations, the effect of U c and U θ on K 0 max can thus be studied independently with the aim of incorporating these parameters in a more complete expression for the efficiency function.

In Fig. 9 
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from which C = F × (U * c /S L ) -1/3 can be recovered.
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U max is the rescaled velocity ratio for which the bend-464 ing of F is observed and was found to be equal to 2.5.
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The ability of this expression for modelling the flame 466 stretch from the vortex strain is emphasized in Fig. As mentioned in the introduction, strain and sweeping effects are respectively representative of rather small (u r ) and large scales (u ) phenomena. This indicates a priori that in a LES, C can be evaluated, using the sub-grid scale velocity for U θ and the total (resolved + sub-grid scale) velocity for U c . The residence time also requires the knowledge of the vortex sweeping direction compared to the flame normal direction, for which a sub-model has yet been developed. Another important point concerns the fact that in LES, the efficiency functions have to be integrated over all the sub-grid scales. In previous studies, e.g.

[8], the integration was done in spectral space. It is worth stressing that the integration over available turbulent scales might not be necessary by keeping the description in physical space (that of the structure or correlation functions), in which the notion of cumulative over turbulent scales is implicit (see e.g. [17]). Indeed, in Ref. [17], use was made of an expression for the turbulent strain (Eq. ( 1) in [17]) which represents the strain due to the combined effect of all smaller scales (as the structure function does, see e.g. [START_REF] Townsend | The structure of turbulent shear 588 flow[END_REF] p.11, or [START_REF] Davidson | Turbulence: an introduction for scien-590 tists and engineers[END_REF] p 366). This expression is thus equivalent to the subgrid scale strain. Consequently, the multiplication of the efficiency function by the latter expression for the strain directly represents the flame stretch of all smaller scales than the scale considered.

i.e. the subgrid flame stretch and there is no need for spectral integration. Further work will be devoted to exploring the impact of the ratio R/δ L on C by changing the diameter of the vortex generator. We also plan to study in detail the effect of fuel composition and especially the Lewis number effects.
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  other relevant time scale in a turbulent flow relates to 63 the sweeping effect by energy-containing eddies. He 64 pointed out that a given scale of size r is convected 65 by the large scales, i.e. with characteristic velocity 66 of the order of u , the root-mean-square of the veloc-67 ity fluctuations. The sweeping time scale as called by 68 Tennekes [12] thus writes τ c ∝ r/u . This has been 69 verified experimentally by e.g. Poulain et al. [13]. It 70 is worth stressing that these two phenomenology both 71 lead to the same prediction for the scaling exponent 72 of the energy spectra and are therefore undistinguish-73 able in spectral space. In the field of combustion the 74 sweeping time scale is somehow related to the resi-75 dence time [10] and basically describes the duration 76 of the interaction of a vortex located in the vicinity 77 of the flame. As far as the sweeping (or residence) 78 time scale is concerned, FVI [3, 4] corroborates the 79 intuitive statement that the smaller this time scale, the 80 smaller the flame stretch since the vortex spends less 81 time in the vicinity of the flame for rolling it up. In tur-82 bulent flames, there is thus a competition between tur-83 bulent strain and turbulent convection, the latter phe-84 nomenon acts in decreasing the flame stretch whereas 85 the former has the opposite effect. It is thus worth 86 investigating these effects independently in order to 87 give further insight into their respective influence on 88 the flame. Further, a more complete expression for 89 the efficiency function which accounts for both strain 90 and residence time effects could be derived and used 91 in LES. 92 In the present study, a new experimental set-up was 93 designed in the goal of quantifying the degree of the 94 interactions between a vortex dipole and a stagnation 95 premixed flame. Some simple numerical simulations 96 based on the 'isothermal' G-equation, have been fur-97 ther carried out and validated against experimental 98 data. Such simulations allow to assess the effect of 99 the convection velocity and rotational velocity inde-100 pendently. Finally, the respective effect of these two 101 phenomena on flame stretch are separately quantified, 102 incorporated into a new formulation for the efficiency 103 function, and compared to experimental data.

104 2 .

 2 Experimental apparatus 105 Investigations are carried out in a single jet stagna-106 tion flame configuration which is a modified version 107 of that used by Bouvet et al. [14]. A schematic of the 108 burner is provided in Fig. 1. A laminar strained flame 109 is stabilized against a 4-mm-thick stainless steel plate. 110 The stagnation plate is attached to an alumina foam 111 plug selected for its insulating properties. The fuel 112 and oxidizer are introduced through the side of the 113 burner. A so-called 'particle diffuser cone' filled with 114 6 mm glass beads is used to ensure a homogeneous 115 mixture in the nozzle plenum. The reactive mixture 116 then flows into the burner plenum through a 5 mm 117 thick aluminium grid. It is finally accelerated in the

Figure 1 :

 1 Figure 1: Schematic of the experimental setup

123Figure 2 :

 2 Figure 2: Time sequence of Mie scattering images of a typical FVI (U θ /S L = 1.43). The flame contours and vorticity field are superimposed. The top of each image has been cropped to show only the first 20mm. The line corresponds to the flame contours with area A(t, ∆) estimated over a domain of width ∆. U θ , U c are the vortex rotational and convection respectively, whilst R v is the vortex core-to-core distance.
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Figure 3 :

 3 Figure 3: Evolution of K max with ∆ for U θ /S L = 1.43. Symbols represent experimental data whilst the line corresponds to the fit using Eq. (2).
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 39327 Figure 3 emphasizes that the values for the effi-

Figure 4 :

 4 Figure 4: Efficiency function C = K 0 max /(U θ /R v ) as a function of U θ /S L . The lines labbeled C co , C ch , C b correspond respectively to the parametric expressions provided by Colin et al. [7], Charlette et al. [8], Bougrine et al. [9], corrected using Eq. (2) to obtain K 0 max . The circle symbols correspond to the present measurements whilst the square symbol is taken from Bougrine et al.[START_REF] Bougrine | turbul[END_REF] 
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  Fig. 4 also suggests that though based on exactly

Figure 5 :

 5 Figure 5: Convection velocity U c -U u (X c ), where U u (X c ) is the streamwise velocity of the unperturbed flow at the vortex center location X c , as a function of U θ . The dotted line is given by 0.5(U θ /S L ) 2/3 .
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  Roberts and Driscoll[3] were first to realize that 329 the flame stretch is also driven by the convection ve-330 locity U c of the vortex dipole. More precisely, they 331 suggested that for a given U θ , increasing U c yields 332 a smaller flame stretch because the residence time of 333 the vortex in the vicinity of the flame decreases. This 334 intuitive statement was further confirmed by Wu and 335 Driscoll [4] on the basis of numerical simulations of 336 a propagating surface. There is thus a need for incor-337 porating these two opposed effects (convection vs ro-338 tational velocity) into a more complete expression of 339 the efficiency functions. However, in our experiments, 340

Figure 6 :

 6 Figure 6: Time evolution of the vortex parameters for a given case in the database. The vortex core-to-core distance R v , the convection velocity U c and U c -U u (X c ), the vortex center streamwize position X c , and the rotational velocity (black) are represented as a function of time. Symbols are experimental data whilst lines stand for the simulation.

4 .

 4 Simulations of a vortex interacting with a propagating interface 4.1. Implementation and validation Present numerical simulations consider the flame as a two-dimensional (axisymmetric) propagating interface convected by the fluid motion U while advancing at the laminar flame speed S L . The kinematic relationship between the flame and the flow field is then given by the G-equation which writes [4, 6] ∂G ∂t + U.∇G = S L |∇G|.

U

  θ does not vary with time and was therefore set to a constant. The vortex center X c was convected at a velocity U c , viz. ∂X c /∂t = U c , where U c -U u (X c )

Figure 7 :Figure 8 : 1 U 3 FFigure 9 :

 78139 Figure 7: Time evolution of the flame area A(t, ∆) (a) and stretch K(t, ∆) (b) for ∆ = 10mm, for three different ratio of U θ /S L = 0.94, 1.43, 1.83. Dashed and full lines correspond respectively to experimental and numerical data

  (a), are provided the numerical results for the efficiency function as a function ofU θ /S L for 0.6S L ≤ U c -U u (X c ) ≤ 4.7S L .Noticeable is the non monotonic evolution of C with respect to U θ /S L that was previously observed in the experiments (see Fig.

4 )Figure 10 :

 410 Figure 10: Scatter plot of the experimental vs modelled flame stretch using the present efficiency function (a), that of Colin et al. [7] (b), Charlette et al. [8] (c) and Bougrine et al. [9] (d). Symbols are coloured by U θ /S L

467 10 .473•[ 7 ]

 107 Departures between modelled and measured K 0 max 468 are similar to Fig. 8, i.e. within 20%. The present 469 formulation for C further appears to be more adequate 470 than either that of Colin et al. [7], Charlette et al. [8] The present study is devoted to the exploration 474 of the flame stretch induced by a vortex dipole with 475 special emphasis on the strain-sweeping competition. 476 Both experiments and numerical simulations of a stag-477 nation flame have been carried out, with the aim of as-478 sessing the ability of available parametric expression 479 for describing the efficiency function. The outcomes 480 of the present study can be summarized as follows: 481 It was first shown that, though based on the same 482 numerical data, C provided by both Colin et al. 483 , Charlette et al. [8] predict an increase of C 484 with respect to U θ /S L whereas that of Bougrine 485 et al. [9] emphasizes the opposite trend. In addi-486 tion, all these expressions fail in describing the 487 non-monotonic evolution of C with respect to 488 U θ /S L which is observed in both experimental 489 and numerical data.
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  Secondly, by comparing experiments to simplified numerical simulations based on the 'isothermal' G-equation, it was shown that the early stage of interaction is driven by a kinematic interaction between the vortex and the flame. The maximum flame stretch issued from such numerical simulations is in agreement with experiments. Finally, these simulations allow the effect of the residence time of the vortex in the vicinity of the flame to be investigated. A new parametric expression for the efficiency function is proposed and compares favourably well with experimental data.
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