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Introduction

Heat transfers are one of the main phenomena involved in the ignition and growth of a re. Amongst them, thermal radiation plays a major role, especially for intermediate to large res [START_REF] Babrauskas | Estimating large pool re burning rates[END_REF]. For example, it can control if (and how) combustion will self-sustain, or if a re will spread [START_REF] Burgess | Heat transfer in ames[END_REF][START_REF] De Ris | Fire radiationA review[END_REF][START_REF] Fernandez-Pello | Controlling Mechanisms of Flame Spread[END_REF], at close and long ranges. Its understanding is thus crucial for various elds, from industrial safety to re investigation.

Thermal radiation is usually accounted for using simple correlations (e.g. [p. 2597 in [START_REF] Hurley | SFPE Handbook of Fire Protection Engineering[END_REF][START_REF] Hamins | Estimate of ame radiance via a single location measurement in liquid pool res[END_REF][START_REF] Yang | Estimate of the Eect of Scale on Radiative Heat Loss Fraction and Combustion Eciency[END_REF]) or multiphysics models (e.g. Fire Dynamics Simulator, FDS). The former provide rapid results, but are often limited in terms of applicability, with poor accuracy when it comes to specic fuels or geometries. The latter provide more accurate results but usually require extensive computational time, and can also show some limitations, regarding complex materials properties or the inuence of combustion conditions. Many re science applications could benet from ner measurements and modelling of radiative heat transfers, and particularly regarding full-scale res. Some studies are already available, for example from an experimental point of view [START_REF] Suo-Anttila | Characterization of thermal radiation spectra in 2m pool res[END_REF][START_REF] Boulet | Experimental Investigation of Radiation Emitted by Optically Thin to Optically Thick Wildland Flames[END_REF][START_REF] Parent | Spectral radiation emitted by kerosene pool res[END_REF], and the work presented here is a contribution to this eort, as it aims at providing comprehensive radiation data and models at reduced costs (small-/intermediate-scale tests and computationally ecient models). This paper describes the measurements that were performed to characterise ame radiation, with the example of kerosene res, and how the results were used to model it, using dierent simplied, yet reasonably accurate, approaches.

Generally speaking, ame radiation is characterised by the amount of energy and the directions in which it is emitted. The former can be given by the Radiative Transfer Equation (RTE), which describes the variations of the spectral radiation intensity I σ [W • m =2 • sr =1 • cm] along direction Ω between positions s and s + ds [m] as a function of emission, absorption, and scattering by the medium (here the ame). If scattering is neglected (e.g. see appendix in [START_REF] Parent | Spectral radiation emitted by kerosene pool res[END_REF]), this is expressed as

dI σ (s, Ω) ds = κ a σ I bb σ (T (s)) -κ a σ I σ (s, Ω), (1) 
where σ [cm =1 ] is the wavenumber, κ a the absorption coecient [cm =1 ], and I bb the radiation intensity of a blackbody at temperature T [K]. Other simplications can be made, for example by considering that the ame is optically thick or, on the contrary, thin [START_REF] Collin | Evaluation of simple models of ame radiation in the frame of re propagation[END_REF].

These terms refer to the optical thickness of the medium, τ = e β [], where e is the path length [m], and β the extinction coecient [cm =1 ]. The latter accounts for absorption and scattering, as β = κ a + κ s . This means that an optically thick ame is very wide (large e)

and/or attenuates much of the radiation (large β), by absorbing and/or scattering it.

Another approximation is to consider the ame as a grey medium, which means its properties are wavenumber-independent (e.g. [START_REF] Tien | Flame radiation[END_REF][START_REF] Àgueda | Experimental study of the emissivity 378 of ames resulting from the combustion of forest fuels[END_REF]). This simplies both the experimental data acquisition and the models, but may sometimes be inapplicable, for example when the targets are non-grey materials (e.g. [START_REF] Suo-Anttila | Characterization of thermal radiation spectra in 2m pool res[END_REF][START_REF] Boulet | 382 Optical and radiative properties of clear PMMA samples exposed to a radiant heat 383 ux[END_REF]).

The directions along which radiation is emitted are dictated by the ame shape. Unless fully coupled models are used (e.g. FDS), basic proles or geometries (cylinder, cone) are usually considered because they often oer a decent description of the average ame shape and simplify calculations.

The parameters used to describe the ame shape and emission may be determined experimentally. Here, measurements on kerosene res are presented, in order to describe the radiative heat transfer from the ame to external targets. Spectrally resolved radiative properties were determined, as discussed in [START_REF] Parent | Spectral radiation emitted by kerosene pool res[END_REF]. In this paper, total radiative heat uxes will be considered. All results are analysed for multiple re sizes to study possible scale eects, and ideally take them into account. The tests and measuring devices are presented in Sec. 2.

In addition to knowledge acquisition regarding ame emission and geometry, as well as their changes with re size, the experimental data (see Sec. 3) were used as input data to model radiation and predict heat uxes received by targets. Here, four approaches are used and compared, in order to illustrate and evaluate the simplications that can be made when modelling radiative heat transfer, the required input data, and their inuence on the results. They are based on the use of a simplied ame geometry, extracted from the tests.

The ame emission is also modelled based on measurement results, by assuming the ame absorbs more or less radiation, thus theoretically ranging from a blackbody (full absorption) to an optically thin medium (negligible absorption). A ray-tracing method is used to predict the heat uxes for each approach (see Sec. 4). The results are presented and discussed in Sec. 5 and 6.

Fire tests

Overview

In order to investigate the inuence of scale on ame radiation, re experiments were performed at several sizes, with widths of 30, 50, 70, 100, 175 and 250 cm (square surfaces).

The tests discussed here were done using kerosene (Jet A-1, NATO code F-35) because such pool res are widely studied, thus providing data (mass loss rates, ame heights...) for comparison and validation, but also because they display a long steady phase which makes measurements and analyses easier. They were performed in square steel pans with edges 4 mm thick for the largest pans (70 cm or more) and 2 mm thick for the smaller ones. As explained in [START_REF] Parent | Spectral radiation emitted by kerosene pool res[END_REF], the fuel level was not kept constant.

The tests were performed inside two dierent hangars, suciently large to consider the res as well-ventilated while limiting the inuence of wind and possibly rain. The largest res (70 cm or more) were conducted in the rst one (Groupe ADP) measuring 300 × 50 × 17 m 3 (length × width × height). The second hangar (LEMTA, PROMETHEI facility, 20 × 15 × 7 m 3 ) was used for re widths between 30 and 70 cm.

Measurements

Flame radiative properties

Radiation from ames is due to two types of combustion products, namely gases (mainly CO 2 and H 2 O) and solid particles (soot) [12]. For intermediate and large re sizes, the latter become the main emitter [START_REF] Sibulkin | Estimates of the Eect of Flame Size on Radiation from Fires[END_REF][START_REF] Àgueda | Experimental study of the emissivity 378 of ames resulting from the combustion of forest fuels[END_REF], and it was thus chosen to focus on them in the work presented here. It was shown that ame radiation due to soot can be approximated by that of an equivalent medium which is isothermal, homogenous and non scattering [START_REF] Parent | Spectral radiation emitted by kerosene pool res[END_REF].

These assumptions lead to a simplied expression of the RTE given in Eq. 1, that is

I σ = (1 -exp [-κ a σ e]) I bb σ (T ).
(

) 2 
The two unknowns, κ a σ and T , were determined using two distinct measurements [START_REF] Parent | Spectral radiation emitted by kerosene pool res[END_REF]: a multispectral opacimetry setup (custom made) and an infrared spectrometer (Matrix model by Bruker).

Flame geometry

Several cameras operating in the visible range (Hikvision DS-2CD4032 FHWD-A or Lumenera Le165MP) were used to determine the ame shape through a Matlab post-processing (default parameters for release 2018a if not specied otherwise).

Images gathered with the Hikvision cameras were converted to grey scale (rgb2gray function), and then to binary (black and white) values by using a custom threshold which selected up to 8 % of the most intense pixels as part of the ame. Images coming from the Lumenera cameras were directly converted to binary (imbinarize function) because they already provided a satisfactory thresholding. Binary images were then used to extract the ame contour (bwboundaries function) and calibration was performed, when possible, by Direct Linear Transformation (DLT, see e.g. [START_REF] Pastor | 389 Computing the rate of spread of linear ame fronts by thermal image processing[END_REF]). Only the images for the largest kerosene res could not be corrected in such way (no adequate calibration target), and the image coordinates were simply converted to real-world coordinates by using two reference points.

The contours were used to determine the ame widths at discrete heights (every 1 or 10 cm depending on the ame size), which in turn provided a prole, used hereafter to represent the ame shape.

Heat uxes

Radiative heat uxes were measured at various locations around the pool res, using 6 vertical cooled (air or water) gauges at ADP (see Fig. 1a) and 8 uncooled ones at repeat to another (max. ±0.2 m), which explains some dierences in the graphs presented afterwards (Fig. 4 and5). Numerical heat uxes were computed over a range of positions in order to take into account such variations and allow for comparisons to the measured values, but also give a sense of the model sensitivity (see Sec. 5). 

Experimental results

Flame radiative properties

Results regarding the radiative properties of kerosene ames were reported elsewhere [START_REF] Parent | Spectral radiation emitted by kerosene pool res[END_REF],

and only a summary will be given here. The opacimetry setup allowed to measure transmittance levels at various wavenumbers, which were used to compute the absorption coecient κ a needed in Eq. 2 as

κ a σ = β σ = β 0 σ σ 0 α , (3) 
where κ a σ = β σ because scattering in the ame is neglected [START_REF] Parent | Spectral radiation emitted by kerosene pool res[END_REF], β 0 is the extinction coecient at a reference wavenumber σ 0 (arbitrarily set to 4000 cm =1 , in the center of the spectral range considered here), and α is a fuel-dependent exponent [START_REF] Modest | Radiative Properties of Particulate Media[END_REF]. Once the absorption coecient is determined using Eq. 3, the radiation intensities measured using the spectrometer were tted with Eq. 2 to determine the remaining unknown, the equivalent temperature T [START_REF] Parent | Spectral radiation emitted by kerosene pool res[END_REF]. The ame emission was thus described by three parameters, α, β 0 , and T . This procedure was applied to all repeats, and the resulting values showed to be only weakly dependent on re size [START_REF] Parent | Spectral radiation emitted by kerosene pool res[END_REF], which is an interesting information regarding the upscaling of radiative data. Average values were thus calculated, yielding α = 1.07,

β 0 = 1.44 m -1
, and T = 1243 K.

These results are meant to give a spectrally resolved description of soot radiation for kerosene res of various sizes, at a reduced computational cost as Eq. 2 can be solved analytically using Eq. 3. They can also be used to determine an eective absorption coecient κ a e [cm =1 ], which further simplies computations. However it should be noted that this implies that the medium is considered grey, and this simplication is only relevant if the targets are also grey bodies. Here, the numerical results will be compared to measured radiative heat uxes, which are not resolved spectrally: an eective absorption coecient is thus a reasonable approximation. It was computed by integrating Eq. 2 over all wavenumbers, and tting the results with a function of the path line through the ame e, namely I = C [1 -exp(-κ a e e)] (C is a constant, not relevant here). This is illustrated in Fig. 2, with κ a e = 1.09.

Flame geometry

Flame proles were extracted from visible images of one representative test per re size, as described in Section 2.2.2, and averaged over the steady phase. The resulting points were tted using common simple geometries and observations during the experiments.

Each prole, made of N points x exp [m], was tted with a conical and a cylindrical shape (coordinates x t ). The agreement of each t was evaluated based on the Root-mean-square error (RMSE) and the results are shown in Fig. 3a. Overall, the cone geometry provides the best ts for all re sizes, as indicated by smaller RMSE: this shape will thus be used to model ame radiation, with the parameters given in Fig. 3b (diameter d co and height h co insucient: more data are available and have to be analysed in order to determine clear trends for ame geometry. For the models presented here, the cone shapes will thus be set according to the individual values presented in Fig. 3b.

Models

The experimental data gathered regarding the ame geometry and radiation emission were used to compute heat uxes at several positions, which were then compared to the measured values (see Sec. 5). Four modelling approaches will be presented, in order to evaluate the underlying assumptions and assess how well they can predict radiation from kerosene res of various sizes. All the models will focus on the ame, thus considering the surrounding atmosphere as transparent/non-participating (no emission, absorption or scattering).

Emitting-absorbing ame

The most complete approach presented here is based on the equivalent medium described in Sec. 2.2.1 and 3.1, which models soot radiation as that of a homogenous, isothermal and non scattering medium. This means that radiation is emitted but also absorbed within the 

I = [1 -exp(κ a e e)] σ SB T 4 π , (4) 
where

σ SB is the Stefan-Boltzmann constant [W • m =2 • K =4 ].
The distance travelled inside the ame, e, is based on the ame geometry and target position. The computations were performed using a Monte-Carlo Method (MMC): quanta are randomly shot from or towards the radiation emitter, and followed through the domain in order to determine the variations in energy and direction for each one of them. When a sucient number of rays/quanta is used, this technique allows to predict almost exactly the radiative heat uxes q [W] received by targets, for example here the heat ux meters.

Thin ame approximation

Considering the ame as an optically thin medium means that no absorption takes place:

all radiation emitted from the ame volume can reach external targets. The heat uxes are given by

q = F V P V with P V = 4 V κ a e σ SB T 4 , (5) 
where P V is the emissive power [W] of the ame volume V [m 3 ]. The values for V , κ a e and T are taken from the experiments (Sec. 3). The view factor F V [] was determined numerically with a ray-tracing method, that is a MMC where only the direction of the quanta is monitored.

Thick ame approximation

On the contrary, if the ame is considered as optically thick its absorption is so high that all radiation from within the ame is absorbed before reaching its surface, and thus external targets are only aected by radiation emitted by the ame envelope, that is q = F S P S with P S = S σ SB T 4 ,

where P S is the emissive power of the ame surface S [m 2 ], and its emissivity []. The latter is given by = 1 -exp(-κ a e e) (see e.g. [START_REF] Àgueda | Experimental study of the emissivity 378 of ames resulting from the combustion of forest fuels[END_REF]). Experimental values were used to describe the geometry and the radiation emission (see Sec. 3). The view factor F S can be determined analytically for some congurations [START_REF] Howell | Radiative transfer conguration factor catalog: A 397 listing of relations for common geometries[END_REF], but here it was computed numerically (ray-tracing) as it was more convenient and did not add any computational cost.

Black ame approximation

This last assumption is the simplest, and is an extension of the optically thick case (Eq. 6)

where the surface is considered to be a blackbody, thus implying = 1.

Comparisons of numerical and experimental results

Experimental heat uxes are given in Fig. 4 The optically thick and emitting-absorbing ame models also give the best description of medium to large ames (70 to 250 cm, Fig. 4e and f and Fig. 5), while the optically thin approximation now largely overestimates the measured values, as does the black ame.

Discussions

Overall, the largest dierences between numerical and experimental heat uxes are found close to the ame. This is likely due to the fact that, at these locations, the computations are more sensitive to the ame shape, which is one of the approximations made in this work.

As seen on Fig. 4 and5, the emitting-absorbing and optically thick models give good results for all re sizes, as already concluded from a more theoretical point of view by [START_REF] Collin | Evaluation of simple models of ame radiation in the frame of re propagation[END_REF].

The dierences with the experimental values could be explained by the fact that only soot radiation was modelled (Eq. 4). This could be the reason why heat uxes were under-predicted for the 30 cm test (Fig. 4a and4b), as the contribution of hot combustion gases (H 2 O and CO 2 ) was not taken into account, when in fact it could represent a signicant part of the radiation of such small ames. Similarly, the slight over-prediction for larger res could be due to the fact that absorption by cold atmospheric gases was neglected, although it could have had an impact on the measured values, especially for re tests of width 70 cm and above for which the instruments were located far away from the ame (approx. 20 m).

It can also be noted that the optically thick approximation tends towards the emitting-absorbing model as the re size increases. This could be expected because as the ame width, and thus its optical thickness, increase, the optically thick assumption becomes more and more valid.

As mentioned earlier, the black ame model overestimates the experimental values for all the re sizes investigated here. This suggests that even the biggest ames (2.5 m wide kerosene pool res, Fig. 5e and5f) do not emit like blackbodies, and this assumption should thus be used with care, unless conservative results are wanted. This is in agreement with data from the literature, for which ame thicknesses of approximately 3 m are required to reach blackbody radiation [START_REF] Steinhaus | Large-scale pool res[END_REF]. The overestimation by the black ame approximation appears to be caused by the emissivity value ( = 1), because a model considering emission by the ame envelope can yield good results provided that it uses a more reasonable description of the emission, as shown by the optically thick approximation.

The optically thin ame model gives good results for small res (30 and 50 cm, Fig. 4a to d), but not larger ones because it does not take self-absorption into account, which becomes increasingly important with the re size. This is also why this approximation produces higher values than the black ame model for large ames (175 and 250 cm, Fig. 5c to f), even if the latter could have been thought as an upper limit for thermal radiation modelling (a blackbody is a perfect emitter). As noted in [START_REF] Collin | Evaluation of simple models of ame radiation in the frame of re propagation[END_REF], the thin ame approximation should be used with caution, and shows severe limitations for re applications because it is only valid for small ames (here for widths below approx. 50 cm, but this value is fuel-dependent).

It has been made clear that the relevance of each model depends on the re size, and more precisely on the optical thickness of the ame. To illustrate this, the inuence of the absorption coecient on each model is given in Fig. 6 

Conclusions

Part of the data gathered during an extensive experimental campaign was analysed to characterise radiation from kerosene res. The ame shape and radiative properties were extracted for a wide range of re sizes (30 to 250 cm wide). A simple cone shape was chosen to represent the average visible ame, and its parameters were determined for all re sizes. It is worth noting that the best shape was independent of re size. The measurements relative to the ame emission (opacimetry and spectrometry) provided detailed and novel data, especially for large scale res. The results showed almost no dependence on the re size, thus suggesting that an upscaling approach is possible. More details for kerosene can be found in [START_REF] Parent | Spectral radiation emitted by kerosene pool res[END_REF].

Regarding the modelling work, the emitting-absorbing ame model shows encouraging results, even with simplied input data (e.g. ame shape) and several assumptions (e.g. homogenous isothermal medium, gases contribution ignored). This suggests that the key phenomena of ame radiation were captured and modelled to a good degree. Although not highlighted in the application presented here, it should be noted that this approach provides spectrally resolved results at reduced computational cost (Eq. 4 is solved analytically).

The optically thick approximation also shows a good agreement with the experimental data, especially for large re sizes. The two other models (optically thin and black ame)

do not provide satisfactory results, as they under/overestimate the measured values depending on the re size, and are thus too limited in terms of applicability. More specically, the optically thin approximation appears to be suited only for small ames, and thus limited to the very beginning of a re or to specic fuels, while the black ame model overestimates emission even for the largest ames investigated here.

The perspectives of this work include additional data processing, as the same tests were also conducted for heptane, diesel, polyurethane foam, and wood res, but also an improvement of the models, for example by including absorption and emission by H 2 O and CO 2 . The ame shape could also be rened, as cameras were located at several viewing angles for most of the tests. It is hoped that this will further contribute to the understanding of ame radiation and how it can be accounted for.
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 1 Fig. 1. Radiative heat ux meters layout at ADP and PROMETHEI test sites (not to scale).
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 2 Fig. 2. Integrated radiation intensity I as a function of ame width e (solid line), and tted function I = C [1 -exp(-1.09 e)] (dashed line; C is a constant, not relevant here).

ame, as described by Eq. 2 .Fig. 3 .

 23 Fig. 3. Root-mean-square error of the ts of simple shapes (cone or cylinder) on the experimental ame proles for kerosene (Fig. a), and values of the parameters for the selected conical shape (Fig. b). One representative test per re size.

  and 5 as functions of height (xed distance of approx. 1 m) or distance (xed heights of approx. 1 or 2 m), relative to the top edge of the pan. Measurements were averaged over the steady phase of three tests for every re size except 175 and 250 cm (repeated twice and once resp.). The smallest, mean and largest values of these heat uxes are provided (cross and vertical error bar), along with the variations in height or distance from one repeat to another (horizontal error bar). A good repeatability was observed, except for the closest heat ux of the 250 cm wide re (Fig.5e, just below 2 m) because the ame was tilted. Time variations over the steady phase were negligible, and the uncertainty on the heat ux meters was estimated to be 4 %, which is smaller than the spread caused by changes in position shown here (vertical bars). Numerical values were computed over a range of positions encompassing the locations of the experimental measurements (max. ±0.2 m). An average is presented (line), as well as the minimum and maximum values (edges of the shaded area). It can be seen that the impact of changes in location gets smaller with increasing distance or height as well as increasing re size. Comparison of experimental and numerical heat uxes shows that for small res (30 and 50 cm, Fig.4a to d), the black ame model clearly overestimates the measured values, both for the horizontal and vertical orientations. The other models are closer to the experimental values and show similar trends.
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 4 Fig. 4. Heat uxes for kerosene res of various widths. Average experimental values (+), with min. and max. values for position and heat ux. Numerical results computed for a range of positions (see subcaptions). Models: emitting-absorbing ( ), optically thin ( ), optically thick ( ) and black ame ( ). Positions relative to pan top edge.
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 5 Fig. 5. Heat uxes for kerosene res of various widths. Average experimental values (+), with min. and max. values for position and heat ux. Numerical results computed for a range of positions (see subcaptions). Models: emitting-absorbing ( ), optically thin ( ), optically thick ( ) and black ame ( ). Vertical targets. Positions relative to pan top edge.
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 6 Fig.6. Inuence of the extinction coecient κ a on the heat ux q , depending on the model used to compute it. Arbitrary horizontal target at (1;0) m (distance;height).
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  for a 250 cm re (target at an arbitrary location, see caption). It can be seen that for low values of κ a (equivalent here of low optical thicknesses), the emitting-absorbing ame model gives the same results as the optically thin approximation. For high values of κ a , the emitting-absorbing ame model tends towards the black ame model. The optically thin and black ame models could thus be regarded as limiting cases, but Fig.6shows that for intermediate absorption coecients they both yield heat uxes greater than the emitting-absorbing ame model. The two simple approximations (thin and black ames) are thus only relevant for extreme κ a values, and only the emitting-absorbing ame model seems to describe the ame emission accurately for all situations. The optically thick approximation also gives decent results for intermediate to high values of κ a , but it seems less accurate for lower ones.