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We present an equivalent medium model that considers emission from the ame volume to compute spectral radiation intensities. This is considered a more detailed description than common radiation models used in re safety applications, which often treat the ame as a grey emitting surface. Given its importance in re radiation, the present study focuses on emission by soot. The required parameters for the model are an equivalent absorption coecient, and an equivalent temperature. They were determined using two independent measurements, namely multispectral opacimetry, and infrared spectrometry. Results are presented for kerosene pool res (widths from 30 cm to 250 cm). It is shown that the equivalent temperature can be considered independent of ame size, and thus an intrinsic parameter of the fuel.

These results also make clear that radiation emitted from the ame is not grey, and can only be considered black for very large ames (i.e. wider than 1.75 m for present tests).

Introduction

Characterising radiative heat ux emitted by a re is of primary importance because it is the main heat source involved in vaporisation or pyrolysis of the fuel (for ames suciently large, i.e. wider than approx. 0.2 m [START_REF] Babrauskas | Estimating large pool re burning rates[END_REF]). Mass loss rate (MLR) and consequently heat release rate (HRR) are then driven by radiative heat ux. More generally, radiation is also a major parameter controlling re spread [START_REF] Fernandez-Pello | Controlling Mechanisms of Flame Spread[END_REF] and propagation to distant combustible targets.

Flames studied in re science are turbulent diusion ames, with fast and large spatial variations of species (combustion gases and soot) concentrations and temperature. A comprehensive description of such ames is out of reach experimentally and numerically, and is not necessary because time and space averaged heat uxes are sucient to compute the energy received by the fuel. Simplications are thus made, and in re science ame radiation is often assumed to be emitted by an equivalent grey surface (solid ame model) with a ux density equal to Φ = σ B T 4 .

(1)

In this expression two quantities have to be determined, namely the ame temperature T and the ame emissivity (σ B is the Stefan-Boltzmann constant). The ame temperature can be measured using thermocouples, but attention Email address: gilles.parent@univ-lorraine.fr (Gilles Parent) must be paid to account for heat losses (mainly radiative), otherwise the temperature can be largely underestimated.

An example of such correction is given in [START_REF] Silvani | Fire spread experiments in the eld: Temperature and heat uxes measurements[END_REF]. Regarding the ame emissivity, several approaches have been developed, as described in a recent and comprehensive review by Raj et al. [START_REF] Raj | A rened methodology to determine the spatial and temporal variation in the emissivity of diusion ames[END_REF]. The experimental methodologies listed in their work can be summarised into four main classes. The rst one is based on a simple heat balance at the surface of the combustible proposed by Babrauskas [START_REF] Babrauskas | Estimating large pool re burning rates[END_REF]. In this approach, ame emissivity is simply related to the MLR of the pool re. It is noted that this emissivity is then a mean emissivity of the ame seen from the combustible surface. The second one is based on the radiative heat uxes measured by uxmeters around the re [57]. By using radiative view factors the heat ux emitted by the ame can be estimated. In this way a global emissivity for the ame is obtained. The third one relies on ame transmittance measurements. Indeed, the ame emissivity can be related to its transmittance T by the relation = 1-T . In these methods, one [811] or several [4, 6, 12 15] heaters are put behind the ame, and an infrared camera looks at this/these heater(s) through the ame. In [START_REF] Raj | A rened methodology to determine the spatial and temporal variation in the emissivity of diusion ames[END_REF] and [START_REF] Raj | Measurement of geometric and radiative properties of heptane pool res[END_REF], 40 electrically heated strips were used, allowing to compute temperature and emissivity maps of the ame.

The last class of methods is related to two-colours pyrometry [START_REF] Zhou | Experimental investigations on visualization of three-dimensional temperature distributions in a large-scale pulverized-coal-red boiler furnace[END_REF], multicolour pyrometry, or even to hyperspectral imaging [START_REF] Liu | Measurement of distributions of temperature and wavelength-dependent emissivity of a laminar diusion ame using hyper-spectral imaging technique[END_REF]. In these methods, both emissivity and temperature are theoretically obtained at the same time.

Regarding two-colours pyrometry, a grey emissivity (same Preprint submitted to Fire Saf. J.
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emissivity for both wavelengths) is assumed, which is not true for a ame as will be shown in the present paper.

Assessing the error due to this approximation is dicult.

Except multicolour pyrometry and hyperspectral imaging, all the techniques mentioned before assume that the ame is grey, or give a grey equivalent ame emissivity. But it is known that, in the general case, radiative ame properties are not grey. This is particularly true for small ame thicknesses (e.g. < 0.20 m as cited in [START_REF] Àgueda | Experimental study of the emissivity of ames resulting from the combustion of forest fuels[END_REF]), for which radiation comes predominantly from combustion gases that emit in precise wavelength ranges, and not at all in other ranges. For intermediate size ames, soot becomes a signicant, or even predominant, contributor to the emission [START_REF] Sibulkin | Estimates of the Eect of Flame Size on Radiation from Fires[END_REF]. The spectral dependence of the absorption coecient κ(λ) for soot (and then the spectral emission coecient by virtue of Kirchho principle) are generally described by the Rayleigh theory which states that κ(λ) = 6πE(m)f v /λ. In this relation, f v is the soot volumetric fraction, λ the wavelength, and E(m) a function of the so-called optical parameter m (see Appendix A).

As an approximation, κ(λ) is often described by a simpler expression [START_REF] Modest | Radiative Properties of Particulate Media[END_REF] κ

(λ) = Cf v λ α , (2) 
where α is a coecient dependent on the fuel type.

When the ame width e increases, its optical thickness τ (λ) = κ(λ)e increases as well. Ultimately, the ame becomes opaque, and thus emits like a blackbody. According to data available in the literature, the required ame thickness to reach this limit is equal to several meters. For hydrocarbons pool res, this size is in the order of 3 m [START_REF] Steinhaus | Large-scale pool res[END_REF].

For forest fuels, authors report ame emissivities close to that of a blackbody (i.e. 0.90) for re widths greater than 2 m to 4.8 m [START_REF] Àgueda | Experimental study of the emissivity of ames resulting from the combustion of forest fuels[END_REF].

For combustible materials with (almost) wavelengthindependent absorption, a grey description of the radiation emitted by the ame is a satisfactory approach to assess heat transfer from the ame to the combustible. But many fuels, including alcohols [START_REF] Wakatsuki | Eects of fuel absorption on radiative heat transfer in methanol pool res[END_REF], hydrocarbons [START_REF] Suo-Anttila | Characterization of thermal radiation spectra in 2m pool res[END_REF][START_REF] Sikanen | Modeling and simulation of liquid pool res with in-depth radiation absorption and heat transfer[END_REF] and polymers [START_REF] Linteris | Absorption and reection of infrared radiation by polymers in re-like environments[END_REF][START_REF] Boulet | Optical and radiative properties of clear PMMA samples exposed to a radiant heat ux[END_REF], actually behave as highly nongrey materials with some transparent, semi-transparent and opaque spectral windows. Particularly several of these fuels are perfectly transparent in visible and near-infrared ranges, and opaque in mid-infrared and beyond. This results in dierences depending on the radiation source.

As an example, it was shown in [START_REF] Boulet | Optical and radiative properties of clear PMMA samples exposed to a radiant heat ux[END_REF] that absorption by PMMA changes when exposed to a re propagation apparatus (FPA), which has a high level of radiation in visible and near-infrared ranges, or a cone calorimeter, which emits mainly in mid-infrared. The same applies when considering radiation from res. Indeed, given the emissive properties of soot (see Equation 2), the emissivity of a ame is expected to be higher at visible and near-infrared wavelengths, where the materials mentioned before are almost transparent. This illustrates the importance of a spectral description of ame radiation to correctly model absorption by this kind of materials.

Spectral characterisations of large ames were reported only in a few papers. Suo-Anttila et al. [START_REF] Suo-Anttila | Characterization of thermal radiation spectra in 2m pool res[END_REF] gathered emission spectra of radiation from 2 m diameter pool res, for several liquid fuels. Spectral range was between 1.3 and 4.8 µm. In their work, emission spectra were recorded through a sight tube allowing to measure downwards radiation, from the ame to the combustible. The tube tip height was varied from a few centimetres up to 1 m above the fuel surface. Combustion gases were the primary emitters for ethanol res, while soot dominated for an ethanol/toluene mixture, JP-8, and heptane. For these three fuels, radiation was attenuated in the lower region of the ame due to absorption by H 2 O, CO 2 , fuel vapour, and soot. In [START_REF] Parent | Measurement of infrared radiation emitted by the ame of a vegetation re[END_REF], emission spectra of small wood res (tray size 50 × 50 cm 2 ) showed that emitted radiation was located in precise spectral ranges typical of combustion gases radiation. Soot emission levels were very low for such ame size. In [START_REF] Boulet | Experimental Investigation of Radiation Emitted by Optically Thin to Optically Thick Wildland Flames[END_REF], larger wood res (from 0.5 m up to 4 m wide)

were investigated. For the largest re sizes, a high emission level coming from soot was observed, but the ame was still not black. Assuming an opaque ame ( = 1)

for the largest re size and the smallest wavelengths (for which κ is the greatest according Equation 2), a temperature close to 1400 K was obtained. Still for the largest re size, the emissivity was found to be only 0.5 at wavelengths near 10 µm, showing the highly non-grey behaviour of ame emissivity. Spectral measurements performed on large scale kerosene pool res were reported in [START_REF] Erez | Flame properties of large kerosene res[END_REF]. The present paper is an extension of this study with more results provided and an extended analysis.

As stated in the introduction, a fully resolved charac- 
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cessary, but can be analytical, as it will be shown.

In a rst step, we studied kerosene pool res, and measurements were performed along a horizontal line of sight, ten to twenty centimetres above the pool. This height was chosen because the thickness of the ame is easier to determine there (width nearly equal to the pool size). Complementary work will have to be done to see if there is a signicant sensitivity of the equivalent medium parameters with the position and the orientation of the emitted radiation. Ideally, this model could be accurate enough to allow calculation of radiative heat uxes received everywhere in space given only the ame geometry.

Experimentally, the radiation coming from the ame was measured by a Fourier transform infrared (FTIR) spectrometer in the spectral range 800 cm =1 to 6000 cm =1 (i.e.

12.5 µm to 1.67 µm). This radiation is the result of the emission by combustion gases and soot along the line of sight of the spectrometer. Along this path, concentration of species and temperature inside the ame are highly heterogeneous, and vary quickly due to the highly turbulent nature of the ame. As said above, an equivalent homogeneous and isothermal medium was considered instead of these actual properties. In such a medium, the resolution of the radiative transfer equation (RTE) that describes the evolution of the spectral radiant intensity I λ (s) along the curvilinear coordinate s is analytical [START_REF] Modest | Radiative Properties of Particulate Media[END_REF] (soot scattering being neglected as discussed in Appendix A). At the exit point of a medium of thickness e, the intensity is given by

I λ (s = e) = (1 -T (λ))I bb λ (T ) = (1 -exp (-κ(λ)e)) I bb λ (T ), (3) 
where I bb λ (T ) stands for the blackbody intensity at a temperature T [START_REF] Modest | Radiative Properties of Particulate Media[END_REF], and T (λ) for the ame transmittance. The latter is related to the ame width e and absorption coecient κ(λ) by the Beer-Lambert law: T (λ) = exp (-κ(λ)e). At this stage, the radiation intensity is still dependent on two quantities: the equivalent ame temperature T and the ame transmittance T (λ). This is similar to the usual surface ame model in Equation 1, where temperature and ame emissivity were needed. Two independent measurements should thus be performed. In this work, emission spectra were gathered along with transmittance values, determined by using several laser beams crossing the ame. Laser wavelengths were chosen outside gases absorption bands, so only soot absorption, and consequently emission, was studied.

Experimental setup

Overview

Two test sites were used to conduct the experiments, depending on the re size. The rst was a former aircraft hangar (approx. 300 × 50 × 17 m 3 , length × width × height, see Figure 1), gracefully lent by Groupe ADP (Orly, France).

It easily accommodated the largest res so they could be In addition to the need to modulate the beams, a second point has to be taken into account: due to refractive index gradients inside the ame, beam deviation is observed (mirage eect). The distance between the emitter and the receiver being equal to several meters, this deviation can reach several centimetres. This is why the light was collected using a 20 cm diameter o-axis parabolic mirror, and focused at the entry of a 150 mm diameter integrating sphere with a 38 mm diameter entry port (see right side in Figure 2). The light coming from all wavelengths was mixed in the integrating sphere: optical band-pass lters were thus used to measure the signal at each wavelength.

The light sources were laser diodes, as they are available for many wavelengths, and because they are small enough to be integrated in a compact device. All the laser diodes were thermally stabilised thanks to thermoelectric coolers (TEC), insuring a very stable emission level. Thus, transmission through the ame can be simply calculated by dividing the light intensity during the tests, I(t), by the initial intensity, I(t = 0), measured at the beginning of the experiments. We checked that the signal does not suer any time drift which could arise from the stability of the laser source or the response of the detectors. This stability is visible in Figure 4 where the signal comes back

1 Peak intensity around 16 W • m =2 • sr =1 • nm =1
for a blackbody at temperature 1000 • C, and 700 W • m =2 • sr =1 • nm =1 for a tung- sten halogen source (assuming T = 2700 K and emissivity around 0.5 for tungsten).

2 Assuming a 5 × 10 =4 sr =1 solid angle and in a 10 nm spectral bandwidth, power is 0.8 mW for a 10 × 10 cm 2 blackbody, and 20 µW for a 100 W tungsten halogen lamp (assuming a 10 mm 2 emitting surface). Based on this approach, two setups were developed.

The rst one involved 4 visible and near-infrared wavelengths: 410 nm, 520 nm, 785 nm and 1650 nm. Silicon photodetectors were used for the rst three wavelengths, and an InGaAs photodetector was used for the 1650 nm wavelength. The integrating sphere was a Spectralon ® sphere suitable for visible and near-infrared wavelengths, up to 2500 nm. The second one involved 4 near-infrared wavelengths: 785 nm, 1650 nm, 2300 nm and 3800 nm. A PbS detector was used for the 2300 nm wavelength, and an InSb detector for the 3800 nm. The integrating sphere was an Infragold ® sphere. All the chosen wavelengths are loc- ated outside absorption bands of combustion gases so that only soot can signicantly absorb at these wavelengths.

Measurements were made approximately 10 or 20 cm above the pan (for small or large res respectively) for the sake of simplicity. Indeed at these heights the ame thickness can be considered equal to the pan diameter. Having a line of sight close to the pool surface could have been a problem because it is likely to cross a fuel-rich atmosphere [29, p. 131], which increases even further the ame inhomogeneity (species and temperature), both in time and space.

However, it will be shown that this did not aect the results: the measurements presented here allowed to model the emitted radiation as the emission of an equivalent homogeneous isothermal medium. Photographs of a setup are given in Figure 3.

Emission spectrometry

For all tests, spectral radiative intensities were measured using a Fourier transform infrared (FTIR) emission spectrometer (Matrix ® spectrometer by Bruker ® ), from 800 cm =1 to 6000 cm =1 (i.e. 12.5 µm to 1.67 µm). sorption coecients (see Section 3.1) and Equation 3to compute soot equivalent temperatures T (see Section 3.2).

Results

The MLR for large scale experiments (e.g. Figure 1 in [START_REF] Erez | Flame properties of large kerosene res[END_REF]) was very stable except at the very beginning and end of the re. It showed some uctuations for the small scale experiments because they were carried out with a thiner layer of kerosene and no water. Even so, transmittance and emission measurements always varied around a stable value for the main part of the tests (see Figure 4 for opacimetry), considered here as the steady phase. These results are discussed hereafter.

Opacimetry

The opacimetry setup allowed to measure transmittance T (λ i , t) across the ame at various wavelengths λ i .

A typical timeplot is shown in Figure 4 transmission for these re sizes could be lower than the measured values (i.e. larger optical thickness), and actual slopes could thus be higher.

Flame extinction coecient

As seen in Figure 4, transmittance uctuates signicantly with time due to the turbulent nature of the ames investigated here. Transmission levels also vary a little from one test to another, because experimental conditions cannot be exactly the same for each test. For these reasons, time-resolved analyses of the transmission were performed, in order to obtain mean and standard deviation values of the results for each test.

FTIR spectra are usually presented as functions of wavenumber 3 , generally expressed in cm =1 , which is the inverse of the wavelength (σ = 1/λ). For this reason wavenumbers will be used instead of wavelengths in the following.

Moreover, the power law mentioned earlier to describe the spectral dependence of κ(λ) (see Equation 2) and τ (λ) (see Section 3.1.1) is rewritten as

τ (σ) = β(σ) = β 0 σ σ 0 α , (5) 
where β 0 is the extinction coecient at a reference wavenumber σ 0 (here σ 0 = 4000 cm -1 was chosen, i.e. λ 0 = 2.5 µm). This allows to use the dimensionless term σ/σ 0 , which is preferable with the non-integer exponent α. Optical thickness was divided by the geometrical thickness of the ame, assumed to be equal to the pan size (as measurements were performed near the base of the ame) in order to obtain an equivalent extinction coecient β(σ).

For each test, the extinction coecient was tted with the model in Equation 5. In this way, time variations of β 0 and α were obtained. Means and standard deviations of β 0 and α are represented in Figure 6. The extinction coefcient β 0 is around 1.74 m -1 for ame thicknesses from 30 cm to 70 cm. For wider ames, β 0 increases to 2.1 m =1

for the 100 cm thick ame, and to 3.1 m -1 for the 175 and 250 cm thick ames. Such an increase could be expected as the soot volume fraction is likely to increase for large ames. Even so, variations of the extinction coecient are small for ames thinner or equal to 70 cm, and remain moderate for thicker ames. This is an interesting feature which is a benet of the ame volume model over a surface model. Indeed, for the latter, emissivity (e.g. in Equation 1) has to be strongly dependent on the ame thickness. Regarding the exponent α, it is around 1.12 for tests with a width less than or equal to 70 cm. Above this size, the exponent decreases, as already seen in Figure 5.

Whether these smaller values of α have a physical meaning or not is not determined yet (as discussed for the slope α in Section 3.1.1).

Spectrometry

An example of emission spectra is shown in Figure 7 for a 50 cm wide ame. =1 . Yet, such a time resolved charac- terisation of the emitted radiation was not the goal of the present work. We focused instead on averaged data. In a rst step, analyses were performed on spectra averaged over all the ame steady phase (see Section 3.2.1). Later, complementary investigations were conducted on instantaneous spectra (see Section 3.2.2) in order to check if data (i.e. extinction coecient and equivalent temperature) extracted from averaged spectra give similar results than averaged data calculated from instantaneous spectra.

Mean spectra

Considering the emission of radiation by a homogeneous and isothermal equivalent medium, as proposed in the introduction, the intensity is given by 

I σ (s = e) = (1 -exp (-κ(σ)e)) I bb σ (T ). ( see 
Combining Equations 3 and 6 thus gives

I σ (s = e) = 1 -exp -β 0 σ σ 0 α e I bb σ (T ). ( 7 
)
This model is a three-parameter model: β 0 , α and T have to be determined. The exponent α was found to be almost constant for ames thinner or equal to 70 cm (see Figure 6(b)), and it decreases for larger ames. Whether

or not this variation has a physical meaning still has to be investigated (see discussion in Section 3.1.1), but ignoring it for the present study is considered a reasonable approximation. Indeed, as the re gets wider (e increases in Equation 3), the ame becomes optically thicker and its emission tends towards that of a blackbody (exp (-κ(σ)e) → 0 =⇒ I σ (s = e) → I bb σ (T )). In this limit, the radiation intensity I σ thus becomes insensitive to the variations of the absorption coecient or the parameters used to compute it. For this reason, a constant α was deemed acceptable. A slight correction was made to the value presented earlier (in Section 3.1.2, where α = 1.12), because it was determined over the whole range of wavelengths used for opacimetry (i.e. 410 nm to 3800 nm), and not only for the infrared range. It is observed in Figure 5 that the agreement between the modelled mean extinction coecient and the measured values is poorer for infrared wavelengths. In order to use Equation 6 in conjunction with spectrometry measurements (performed from 2000 nm to 12 500 nm), a new t was performed using only infrared values, resulting in α = 1.07. Regarding β 0 (extinction coecient at the reference wavenumber σ 0 = 4000 cm -1 ), it was shown in Section 3.1.2 that β 0 is almost independent of ame thickness (see Figure 6 wavenumbers below 2500 cm =1 ). This could show a limit of the power law used to describe spectral variations of the absorption coecient (e.g. Equation 2or Equation 6).

Indeed, this model was considered valid over the entire spectral range investigated here, but there is no experimental validation for large wavelengths. It is worth mentioning that, although the results of the model may resemble blackbody curves, only very thick ames can indeed be computed using Planck's law, with emissivities close to unity. All other ames cannot be modelled as blackbodies or grey bodies, that is using constant (non-wavelengthdependent) emissivities. A given grey body could describe the data for short wavelengths but not large ones, and another one could do the opposite, but no grey body can describe the radiation intensity over the entire spectrum, and thus the spectral energy distribution.

The temperature identied for the various tests at different sizes is shown in Figure 9. The average temperature is 1208 K. Although values uctuate around this mean, no clear trend can be linked to ame thickness. This temperature can thus be considered an intrinsic characteristic of kerosene ames.

Instantaneous spectra

As seen in Figure 7, emission spectra show some large variations with time as a consequence of the pulsation and the turbulence of the ame. These changes are undoubtedly due to variations of both the optical thickness to the measurement process. Indeed, the laser beams are not perfectly coaxial, and so they do not follow exactly the same path inside the ame. This means that part of the transmittance dierence between two wavelengths is in fact due to spatial variation of the extinction coecient, and not to a spectral variation. Keeping a constant value for α is therefore considered to be a reasonable assumption. On the contrary, time variations of β 0 are very likely due to large changes of soot concentration in space and time. Time and space variations of temperature are also certain. To summarise, ts of instantaneous spectra were performed with the model in Equation 7, with two free parameters (β 0 and T ), and α being xed to 1.07.

This two-parameter adjustment was performed only for ame thicknesses less than or equal to 100 cm. This is because for larger res, and for the spectral range in which the adjustment is made, the emitted radiation approaches that of a blackbody, and thus the model becomes insensitive to the extinction coecient (or to the exponent α as discussed in Section 3.2.1). Therefore, for the 175 and In addition to kerosene, other fuels (wood, heptane, diesel and polyurethane foam) are being investigated. The optical properties presented here will also be used in conjuction with ame geometry measurements to model radiation, and compare the results to the heat uxes recorded during the tests.

Another key aspect that could not be addressed so far is ame inhomogeneity: complementary tests could be performed to produce radiative maps of ames, as done before [START_REF] Sudheer | Measurement of Flame Emissivity of Hydrocarbon Pool Fires[END_REF][START_REF] Raj | Measurement of geometric and radiative properties of heptane pool res[END_REF][START_REF] Markstein | Scanning-radiometer measurements of the radiance distribution in PMMA pool res[END_REF] but with the multispectral approach presented here (e.g. [START_REF] Suo-Anttila | Characterization of thermal radiation spectra in 2m pool res[END_REF]). A rst step would be to conduct the measurements presented here (i.e. opacimetry and emission spectrometry) along the ame centerline at various heights. These additional data would also conrm if the line of sight used in the present study can be considered representative of the ame volume that is being modelled [START_REF] Dupuy | Thermal infrared emissiontransmission measurements in ames from a cylindrical forest fuel burner[END_REF][START_REF] Suo-Anttila | Characterization of thermal radiation spectra in 2m pool res[END_REF].

To conclude, the model presented here oers an analytical formulation to account for the spectral dependence of soot radiation, and thus provides a more detailed description of ames while being computationally ecient. As the key parameters appear to be independent of ame size, only a few tests would be required to determine their values and produce a database for several fuels. An example of end application is to provide a detailed description of heat transfers for re spread models, meant to predict fullscale burning behaviour based on small-scale tests.
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Appendix A. Assessment of soot scattering

This appendix is meant to explain why soot scattering in the infrared was neglected, allowing to consider that the absorption coecient κ(λ) is nearly equal to the measured extinction coecient β(λ).

Soot particles are recognised for years to be pseudofractal aggregates of primary carbonaceous spherical particles.

The number of primary particles follows the law [START_REF] Sorensen | Light Scattering by Fractal Aggregates: A Review[END_REF] N

= k f R g d p D f , (A.1)
where d p is the diameter of primary particles, R g the gyration radius, D f the fractal dimension and k f the prefactor parameter of the aggregate. The Rayleigh Debye Gans theory for Fractal Aggregates (RDG-FA) is nowadays the most used theory to describe the interaction between light and soot. The review by Sorensen [START_REF] Sorensen | Light Scattering by Fractal Aggregates: A Review[END_REF] presents in details soot properties and the RDG-FA.

According to this theory, the absorption cross section is given by σ abs = N 4πk R 3 p E(m), , m being the complex optical index of soot, and g(kR g ) the total scattering form factor.

As pointed out by Krishnan et al. [START_REF] Krishnan | Extinction and Scattering Properties of Soot Emitted From Buoyant Turbulent Diusion Flames[END_REF], the ratio ρ sa between scattering and absorption is given by ρ sa = 2 3 N (kR p ) 3 g(kR g ) F (m) E(m) .

(A.4)

As a consequence, the bigger the aggregate (large N ), the higher ρ sa . Regarding spectral variations, ρ sa is proportional to (kR p ) 3 = 8π 3 (R p /λ 3 ). Thus, the smaller the particle or the larger the wavelength, the lower the scattering/absorption ratio. The last parameter is the Regarding the present work, infrared spectra begin at 1.67 µm, and the main wavelength range is beyond 2 µm.

For this wavelength, the maximum value of ρ sa is equal to 0.15, for benzene soot [START_REF] Krishnan | Extinction and Scattering Properties of Soot Emitted From Buoyant Turbulent Diusion Flames[END_REF]. The parameter used to quantify scattering is usually the single scattering albedo ω = σ sca /σ ext = σ sca /(σ sca + σ abs ) which is related to ρ sa to produce small size soot). As ρ sa is linearly related to N , a decrease in soot size leads to a decrease in scattering. Soot morphology of in-re and overre 2-meter wide JP-8 kerosene pool res was studied by Jensen et al. [START_REF] Jensens | Measurement of Soot Morphology, Chemistry, and Optical Properties in the Visible and Near-Infrared Spectrum in the Flame Zone and Overre Region of Large Jp-8 Pool Fires[END_REF]. Reported primary particles diameters are in the range 57 nm74 nm and gyration radii between 239 and 340 nm. Corresponding primary particle number N calculated by Equation A.1 are in the range 5595, which is signicantly smaller than the values determined in the paper by Krishnan et al. and implies consequently less scattering. Regarding primary particles, Huang et al. [START_REF] Huang | Experimental investigation on the morphology of soot aggregates from the burning of typical solid and liquid fuels[END_REF] recently reported primary particle diameter of kerosene soot (sampled in and over the ame of a small pool pan) in the range 50 nm to 60 nm, which is somewhat smaller than the values of Jensen et al.

As a conclusion, the highest reported scattering albedo for the infrared spectral range under consideration in the present work, that is wavelengths higher than 2 µm, is ω = 0.15 [START_REF] Krishnan | Extinction and Scattering Properties of Soot Emitted From Buoyant Turbulent Diusion Flames[END_REF]. The value for in-re kerosene soot is likely to be signicantly smaller, owing to smaller soot aggregates sizes and albedos reported in other works [3436].

Moreover the albedo, and thus scattering, decrease very fast with increasing wavelengths. This is why scattering by soot particles was neglected in the infrared spectral range considered here.

Figure 1 :

 1 Figure 1: View of a 6 m 2 kerosene pool re in Orly. The opacimetry setup (behind brick walls) can be seen to the left and right of the re.

  to its original value at the end of the experiment.

Figure 2 :

 2 Figure 2: Elements of the opacimetry setup.

  The spectrometer was calibrated with a cavity blackbody (Mikron ® model M330EU) at 1200 • C. Measurements were performed at the same height as opacimetry ones (i.e. 10 or 20 cm above the pan), to provide comparable data. Spectral radiation intensities will be used in conjunction with ab-M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT (a) Laser sources (note the green one bouncing o the chopper). (b) O-axis parabolic mirror, integrating sphere and detectors.

Figure 3 :

 3 Figure 3: Opacimetry setup: (a) emission, (b) detection.

Figure 4 :

 4 Figure 4: Spectral ame transmittance (log scale) for a 70 cm wide pan at four wavelengths in visible and near-infrared ranges.

4 )Figure 5 :

 45 Figure 5: Mean optical thickness as a function of wavelength for various re sizes, in log-log base 2 scale.
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  Acquisition time of the full interferogram allowing the 4 cm =1 resolution. Information required for a 100 cm =1 resolution allowing a good enough spectrum outside gases emission wavelength bands is contained in less than 5 ms around the interferogram center-burst.

  cm -70 cm)=1.12 (b) Exponent α.

Figure 6 :

 6 Figure 6: Parameters of Equation 5 for all re sizes (several repeats for the smaller ones).

Figure 7 :

 7 Figure 7: Examples of instantaneous spectra for a 50 cm wide ame.

3 )

 3 As already discussed, I σ depends on κ(σ) and T . For the infrared wavelengths involved here, soot scattering can be considered negligible, as explained in Appendix A. Thus the absorption coecient κ(σ) is equal to the extinction coecient β(σ) previously determined through opacimetry measurements. As averaged spectra are considered, a mean absorption coecient is used. It was shown in Section 3.1.2 that the extinction coecient, and thus the absorption

Figure 8 :

 8 Figure 8: Mean emission spectra for all re sizes, and the adjustments using the one-parameter model (i.e. Equation 7 with α and β 0 xed).

Figure 9 :

 9 Figure 9: Identied temperatures from adjustments made on mean spectra using the one-parameter model (i.e. Equation 7 with α and β 0 xed).

Figure 10 :

 10 Figure 10: Temperature T and extinction coecient β 0 identied from adjustments on instantaneous spectra using the twoparameter model (i.e. Equation 7 with α xed). Flame thickness equal to 50 cm.

Figure 11 :Figure 12 :

 1112 Figure 11: Parameters of Equation 7 for all re sizes (several repeats for the smaller ones).
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(A. 2 )

 2 whereas the scattering cross section is given byσ sca = N 2 8π 3 k 4 R 6 p F (m) g(kR g ), (A.3) where R p = d p /2, k = 2π/λ, E(m) = Im m 2 -1 m 2 +1 , F (m) = m 2 -1 m 2 +1 2

F

  (m)/E(m) ratio. Krishnan et al. report measurements of this parameter by several groups as well as their own, up to infrared wavelengths. The spectral trend of this ratio is a clear increase with wavelength. Overall, spectral variations of ρ sa are a competition between the decrease with λ due to the (kR p ) 3 term and an increase due to the F (m)/E(m) ratio. Because of the cubic dependence, the rst factor ends up always winning. Using measured soot morphologies and inferred soot optical indices, Krishnan et al. calculate estimates of ρ sa ratios for various fuels as a function of wavelength from visible to infrared. Kerosene soot is not referenced in this paper. A maximum, between 0.35 and 0.7 depending on the fuel, is observed at a wavelength around 500 nm. Beyond this maximum, ρ sa decreases rapidly.

  ω = ρ sa /(1 + ρ sa ). Thus, a ratio ρ sa = 0.15 corresponds to a 0.13 albedo, whereas the ρ sa maximum values (between 0.35 and 0.7) correspond to albedos between 0.26 and 0.41 respectively. Bond and Bergstrom[START_REF] Bond | Light Absorption by Carbonaceous Particles: An Investigative Review[END_REF] report albedos determined by various groups to be in the range 0.150.29, with most values below 0.2, for wavelengths in the range 514 nm to 633 nm, which is signicantly smaller than the values measured and estimated by Krishnan et al. Moreover, the measurements of Krishnan et al. were performed overre, whereas ours are performed in-re, and even near the pool surface. Krishnan et al. reported that in-re soot particles are signicantly smaller (N in the range 3080) than overre soot (N in the range 420550, excluding n-heptane [N = 260], known
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