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Introduction

Spray systems are used as emergency devices for the mitigation of effects of explosions involving deflagration waves. Such systems are installed, for example, inside industrial buildings or on offshore facilities. Spray nozzles are also present inside some nuclear reactor buildings, and they are designed for preserving the containment integrity in case of a severe accident [START_REF] Foissac | Droplet size and velocity measurements at the outlet of a hollow cone spray nozzle[END_REF][START_REF] Joseph-Augustea | On the use of spray systems: An example of R&D work in hydrogen safety for nuclear applications[END_REF]. In case of an explosion, for a spray system to act successfully upon unwanted premixed-flame propagation, an understanding of, (i), the dynamics of the water spray exposed to the explosion-induced flow field, and, (ii), the ability of the spray to mitigate the explosion, is needed.

The droplets generated by industrial water-spray systems have a Sauter mean diameter of the order of 100 µm. For example, the spray systems usually installed on offshore platforms generate droplets of Sauter mean diameters in the range 200-700 µm [START_REF] Wingerden | The influence of water sprays on gas explosions. Part 2: mitigation[END_REF] while those installed inside reactor buildings produce droplets of a Sauter mean diameter in the range 280-340 µm [START_REF] Foissac | Droplet size and velocity measurements at the outlet of a hollow cone spray nozzle[END_REF]. Numerous investigations have demonstrated [START_REF] Pilch | Use of breakup time data and velocity history data to predict the maximum size of stable fragments for acceleration-induced breakup of a liquid drop[END_REF][START_REF] Chou | Temperal properties of drop breakup in the shear breakup regime[END_REF][START_REF] Meng | Numerical simulation of the aerobreakup of a water droplet[END_REF] that, if certain conditions are met, large droplets might break up and cascade down into a large number of small droplets, i.e., droplets of a volume mean diameter of approximately 10 µm. These small droplets have the capability to evaporate fully, or almost fully, inside a laminar flame thus modifying the flame structure. Experimental results devoted to the interaction of a laminar flame with small water droplets are scarce. Laboratory-scale tests reported in [START_REF] Sapko | Quenching methane-air ignitions with water sprays[END_REF] showed that water droplets with diameters of the order of 10 µm have a similar influence on the structure of inert methane-air mixtures as water vapor. Early small scale experiments [START_REF] Zalosh | Water fog inerting of hydrogen-air mixtures[END_REF] as well as recent small and medium scale experiments using hydrogen [START_REF] Boech | Influence of water mist on flame acceleration, DDT and detonation in H 2 -air mixtures[END_REF], [START_REF] Holborn | Modelling the effect of water fog on the upper flammability limit of hydrogen-oxygen-nitrogen mixtures[END_REF] have revealed that sprays containing small-size droplets can be effective against premixed combustion. The experiments performed in [START_REF] Ingram | Suppression of hydrogen-oxygen-nitrogen explosions by fine water mist: part 1, burning velocity[END_REF] were devoted to hydrogen-air laminar flame velocity measurements in the presence of water mist.

In the context of spray-decelerated or spray-retarded deflagration waves that have originated from explosions, laminar-flame velocity -occasionally also termed "laminar flame speed" -is an important physical quantity. In particular, most of the combustion models used for simulation of large-scale, turbulent premixed combustionsee, e.g., [START_REF] Gai | Modeling of pressure loads during a premixed hydrogen combustion in the presence of water spray[END_REF][START_REF]User's Manual[END_REF][START_REF] Keenan | RayleigheTaylor instability: modelling and effect on coherent deflagrations[END_REF][START_REF] Bauwens | Vented explosion overpressures from combustion of hydrogen and hydrocarbon mixtures[END_REF][START_REF] Velikorodny | Combustion modeling in large scale volumes using EUROPLEXUS code[END_REF] -contain the laminar-flame velocity as input parameter which has to be procured by some means such as suitable numerical simulation or suitable experiments. In the literature several correlations exist [START_REF] Dahoe | Laminar burning velocities of hydrogen-air mixtures from closed vessel gas explosions[END_REF][START_REF] Konnov | Remaining uncertainties in the kinetic mechanism of hydrogen combustion[END_REF] Nomenclature A 0 area of the burner mouth, m characterizing the flame speed of purely gaseous laminar hydrogen/air flames as a function of the mixture equivalence ratio. However, the small water droplets of a water spray modify the internal structure of the laminar flame and hence reduce its velocity. Thus a model is needed which takes into account the effect of water spray on flame structure and burning velocity. In this paper, a "Laminar Flame Velocity under Droplet Evaporation Model" -abbreviated LVDEMfor hydrogen/air mixtures is proposed. This model has been constructed using the idea of Ballal and Lefebvre [START_REF] Ballal | Flame propagation in heterogeneous mixtures on fuel droplets, fuel vapor and air[END_REF] who considered the energy balance inside the flame zone. The most crucial step is the model validation. For this purpose, the results obtained with the dedicated code Cosilab [START_REF]V 4.1) Software. User manual two-phase flames[END_REF] and the experimental results of [START_REF] Ingram | Suppression of hydrogen-oxygen-nitrogen explosions by fine water mist: part 1, burning velocity[END_REF] are used. The results obtained using the LVDEM model generally agree well with the experimental and numerical data.

Phenomenology of Computed Flame Structures

In this section, a description of the main phenomena related to the interaction of laminar hydrogen/air premixed, freely propagating flames with small droplets of a liquid water spray is given. The "small droplets" means droplets typically having a volume mean diameter of the order of 10 µm or smaller. For the numerical simulations, the Cosilab code [START_REF]V 4.1) Software. User manual two-phase flames[END_REF] has been our main tool. This code can compute the internal structure of a laminar steady flame, with or without the presence of a liquid-water spray [START_REF] Neophytou | Simulations of laminar flame propagation in droplet mists[END_REF][START_REF] Grosseuvres | Combustion properties of H 2 /N 2 /O 2 /steam mixtures[END_REF][START_REF] Satija | Vibrational CARS thermometry and one-dimensional simulations in laminar H 2 /air counter-flow diffusion flames[END_REF]. For completeness, the algorithm used in the code is shortly summarized in Appendix A. The main idea in using the code is to identify the mechanisms responsible for flame-droplets interactions, which will subsequently be used in our LVDEM model construction.

Specifically, two cases of hydrogen-air combustion are considered, i.e., cases without and cases with water spray. The purely gaseous cases, i.e., the cases without water spray serve as a reference for the two-phase cases with water spray.

In the numerical simulations with Cosilab, detailed chemistry, thermodynamics and molecular transport were taken into account. Specifically, the hydrogen/air system considered in the simulations comprised 10 chemical species which participate in 21 homogeneous reactions. For details of the reaction mechanism and the associated data, [START_REF] Connaire | A comprehensive modeling study of hydrogen oxidation[END_REF] should be consulted.

The governing equations for a one-dimensional, flat, spray flame propagating at low Mach number can be found, e.g., in [START_REF] Williams | Combustion Theory[END_REF], Chaps. 1, 5 and 11. In particular, the dependent variables are discussed in [START_REF] Williams | Combustion Theory[END_REF] as well as the so-called cold and hot boundaries at either end of the computational domain together with the suitable boundary conditions to be applied there. In addition, a detailed description of the so-called burning rate-eigenvalue can be found, in [START_REF] Williams | Combustion Theory[END_REF], Chap. 5, and how from that quantity in general the gaseous flow velocity throughout the flame is recovered and, especially, how the burning rate or flame speed is derived from it. Numerical solution methods for the problem are discussed, e.g., in [START_REF] Kee | Chemically Reacting Flow: Theory, Modeling, and Simulation[END_REF] and [START_REF] Neophytou | Simulations of laminar flame propagation in droplet mists[END_REF]. Therefore, the governing equations and their solutions are not further discussed here.

At the cold flame boundary -which from the subsequent figures can be seen to be located at the left boundary of the computational domain -the gaseous composition of pure hydrogen and air is given in terms of the fuel-air equivalence ratio, φ, and the temperature, T 0 , is prescribed. Since the deflagration waves considered propagate in an open system at low Mach numbers, we adopt the low-Mach-number approximation [START_REF] Williams | Combustion Theory[END_REF] and take the pressure, P 0 , as spatially uniform and constant. For the cases with water spray, the spray is added at the cold boundary and is taken as mono-disperse with given droplet diameter D and given liquid volume-fraction α. At the cold boundary, zero slip-velocity between gas and liquid phase is assumed. Furthermore, liquid-load or volume fraction in this work are such that the case of a socalled thin spray is considered, that is effects of droplet break-up and agglomeration are neglected.

Interaction of the gaseous and the liquid flame principally occurs throughout the computational domain that, theoretically, extends from minus to plus infinity. Naturally, the computer-realized extension of the computational domain is finite, and its finite size has been chosen such that the boundary conditions are cleanly satisfied -for details see [START_REF] Williams | Combustion Theory[END_REF] -so that the flame speed or burning rate calculated is virtually independent of the size of the computational domain. As will be seen from the following figures, at the cold boundary the interaction of spray and gas consists essentially in spray evaporation. Some bit downstream, in the preheat zone where chemical reaction is negligible yet computed, the gas begins to accelerate due to the heat gained from the reaction zone by conduction against flow direction. In the reaction zone primarily the conduction and the reaction phenomena balance each other, while in the downstream recombination zone the dominating phenomena are the convection and the recombination reactions [START_REF] Williams | Combustion Theory[END_REF].

In this work, droplets are assumed to be totally evaporated when the ratio of local to initial droplet size has fallen below the computational roundoff-error -in the graphs below, the droplet diameter or radius is then virtually zero. For the flame structures to be presented in Figs. 1 to 5, the numerical values used for the conditions just described are summarized in Table 1. The following comparison of the purely gaseous reference case, i.e., the case without water spray, and the two-phase case with water spray exposes details of the flame structures and also clearly shows the influence of the droplets on the overall flame structure. At this stage it is important to note that in Figs. 1 to 5 only a small portion of the actual computational domain is shown, namely that portion that is essential to visually capture the flame structures. In the computations the domain was substantially increased towards both the cold and the hot boundary to ensure that the boundary conditions were cleanly satisfied at either boundary to avoid the prediction of inaccurate flame structures and hence burning velocities, e.g., due to artificial heat losses to the cold boundary.

In the Figs. 1 to 5 subsequently presented and discussed, the results for the purely gaseous reference case without water spray are shown as dashed lines whereas the results for the two-phase case with water spray are represented by solid lines.

Gasphase Temperature

Shown in Fig. 1 are the profiles of temperature and volumetric heat release. A series of computations with differently sized domains of total length of up to 6 mm was carried out in order to satisfy cleanly both the upstream and downstream boundary conditions. The results shown here were obtained on a non-uniform, self-adaptive computational mesh with a mean cell size of ∆y = 12 µm. The mesh is substantially denser (∆y min = 1.1841 µm) within the thin reaction zone and expands towards the cold and the hot boundary (∆y max = 41.84 µm), respectively.

From Fig. 1 it is seen that the temperature in the reaction zone and further downstream is drastically reduced as a consequence of the droplets evaporating in the flame -e.g., at y = 2 mm the temperature is reduced from approximately 2100 K to approximately 1700 K. Accordingly, the rate of temperature increase is reduced inside the flame as can be inferred from the difference of the heat-release-rate profiles. The cooling effect due to the presence of droplets is particularly important in both the preheat zone and the reaction zone -this is where evaporation is strongest as will also seen below when considering the variation of droplet diameter though the flame.

At this stage is appropriate to define the "flame thickness" δ. Throughout this section, the flame thickness will be taken as the width of the preheat zone (in Fig. 1 for the spray flame ranging approximately from 0.1 mm to 0.4 mm, thus δ ≈ 0.3 mm). Formally this definition of flame thickness can be expressed as the width of that ) and heat release rate (

). Parameters are given in Table 1.

spatial zone cut out by the intersection of the tangent to the temperature profile at that location in the flame where the temperature gradient is steepest with, (i), the spatially constant profile at cold boundary temperature, (ii), the straight line with constant slope approximating the slightly rising temperature profile in the post-flame region. It is noted that this definition of flame thickness is popular but, of course, not unique. In summary, one notes that in the presence of liquid water droplets the cooling effect through convective heat losses of the gasphase to the droplets and through evaporation reduce the maximal rate of heat release, thus leading to a lower gas temperature and hence burning velocity.

Species Concentrations

Shown in Fig. 2 are profiles of selected species mole fractions through the flame. The variation of the mole fraction of molecular nitrogen, N 2 , indicates that the total number of gas moles decreases during combustion accompanied by spray evaporation. Also, in the two-phase case, the increase of water steam through the flame is not only due to homogeneous chemical reaction but also to evaporation of liquid drops. The mole fraction of the hydrogen radical, H, increases, reaches its maximum at y = 0.4 mm, and then decreases further downstream.

It can be noted that the evaporation rate increases when the reaction rates and hence gasphase temperature reach high levels. Beyond that, further downstream, the increase of the mole fraction of gaseous water, or water steam, is relatively slow. ). Parameters are given in Table 1. ). Dashed lines: reference case without spray for the temperature (

). Parameters are given in Table 1.

Droplet Diameter

Figure 3 shows the variation of the droplet diameter through the flame together with the gasphase temperature profile. From the figure it can seen that the droplets are not evaporating completely inside the preheat zone. Downstream of the preheat zone evaporation of the droplets continues, i.e., in the reaction zone and even in the post-flame region evaporation of droplets still has a certain influence on the flame propagation and hence burning velocity. Thus, when constructing the LVDEM model below, it will be necessary to estimate the amount of water evaporating inside the preheat zone (whose thickness corresponds to the flame thickness), which has a direct effect on the flame velocity.

One notices that the droplets rapid evaporation in the zone 0.2 mm < y < 0.5 mm is accompanied by considerable temperature reduction, compared to the reference case without spray. The droplet diameter decreases to approximately 3 µm at y =0.8 mm, but are considered totally evaporated only at y =1.3 mm. ). Dashed lines: reference case without spray for the gas density (

) and mass flux ( ). Parameters are given in Table 1.

Shown in Fig. 4 are the mass density and mass flux variation of the gas mixture during the combustion. For both the purely gaseous reference case and the two-phase case with water spray the gas gasphase mass density profiles are as expected on physical grounds: they simply express the gas expansion due to the heat released in the homogeneous chemical reactions. The gas mass flux profile of the reference case is uniformly constant as enforced by overall mass conservation. On the other hand, the gasphase mass-flux profile of the two-phase case increases in flow direction due the continuously gained water steam stemming from liquid-drop evaporation. It can be noted that, of course, the overall mass of liquid and gas is conserved throughout the flame. The mass flux in the two-phase case is lower than the pure gas combustion case, since the laminar flame velocity is reduced by the evaporation of the droplets.

Gasphase and Droplet Velocity

Finally, Fig. 5 shows the profiles of the velocities of gas and liquid through the flame. For the purely gaseous reference case the velocity profile is as expected, namely proportional to the reciprocal of mass density and ). Dashed lines: reference case without spray for the gas velocity (

). Parameters are given in Table 1.

roughly proportional to temperature. Also the two velocity profiles of the two-phase case show the expected behavior. In accordance with the model of a freely propagating one-dimensional flame, there is no slip between the phases at the cold boundary. Downstream of the cold boundary, the gasphase velocity then quickly increases due to the expansion of the gas. The droplets are dragged by the accelerating gas and hence are also accelerated, but due to their inertia they lag behind the gaseous fluid. This leads to the observed slip between the phases. Further downstream, when the droplets have become very small or have even vanished -see Fig. 3 -, the slip decreases, and at approximately y = 1.2 mm the liquid velocity catches up with the gasphase velocity. The droplets become easier to accelerate due to the evaporation. After y = 1.25 mm, the droplets are totally evaporated. In the spray case, overall the gasphase velocity remains substantially lower than in the purely gaseous reference case because of the energy losses due to the droplets evaporation and the addition of steam. The comparison of the two cases shows that the spray droplets effectively damp, or mitigate, the flame velocity. Specifically, in the cases of Fig. 5, the velocity of the burnt gas is reduced from approximately 18 m/s to approximately 14 m/s.

Burning Velocity

Flame structures and hence laminar burning velocities for both the purely gaseous reference case and the twophase case with water spray were computed for a wide range of conditions. The respective results will be presented and discussed below in the context of the LVDEM model.

Conclusions from the Numerical Results

First, from the numerical results presented so far, it can be concluded that droplets of small diameter greatly affect the internal flame structure in terms of temperature, species distribution and gas velocity profiles. Second, the following observation has been made relating to the importance of the amount of water evaporating inside the flame zone: in the present case (D = 6 µm), the droplets do not evaporate completely inside the flame preheat zone which has a thickness of the order of the flame thickness; hence it would be a mistake to assume in a model complete droplet evaporation in that zone. Rather, evaporation takes place in a zone somewhat longer than the preheat zone, i.e., it extends over a region that is wider than the flame thickness.

LVDEM model for S L under droplets evaporation

In this section, the LVDEM numerical model of laminar flame velocity based on the energy balance is described. The comparison between the LVDEM model and the results of the Cosilab code is presented. Experimental results are used to validate the two methods.

Laminar Flame Velocity under Droplet Evaporation

Model The aim is to construct a model in which several phenomena can affect the laminar flame propagation: 1) the evaporation of the droplets will absorb energy released from the chemical reaction; 2) the steam evaporated from the droplets will mix with the remaining gas and change its thermal properties. Ballal [START_REF] Ballal | Flame propagation in heterogeneous mixtures on fuel droplets, fuel vapor and air[END_REF] has proposed a method to estimate the laminar flame velocity for the evaporation and combustion of fuel droplets using the energy balance inside the flame. The similar idea can be used for the estimation of the laminar flame velocity in this study. The main assumption of the model is that the quench time of the reaction zone is equal to the chemical reaction time, i.e.

t q = t c , (1) 
The quench time can be obtained as the ratio of the excess enthalpy of the reaction zone to the rate of heat loss by conduction to the fresh mixture.

t q = c p,g ρ g ∆T ad δA -l ṁt c n vol δA λ g (∆T red /δ)A , (2) 
where the ∆T ad = T AIBC -T 0 , ∆T red is the temperature reduction due to the evaporation of droplets; δ is the thickness of the flame and A is the area of a considered surface; t c is chemical reaction time, n vol is the number density of the droplets in the mixture; l is the latent heat of the evaporation; c p,g is the gas heat capacity under constant pressure, λ g is the gas heat conductivity.

Hence

t q = (c p,g ρ g ∆T ad -l ṁt c n vol )δ 2 λ g ∆T red . (3) 
Here the flame thickness can be estimated with the laminar flame velocity without spray effects S L,0 :

δ L = α g S L,0 , (4) 
with α g being the thermal diffusivity of burnt gas mixture, the chemical reaction time of a premixed mixture is given by:

t c = δ L S L,0 = α g S 2 L,0 , (5) 
The simulation results of the Cosilab code [START_REF]V 4.1) Software. User manual two-phase flames[END_REF] can be used for the estimation of S L,0 . The correlation given by Konnov [START_REF] Konnov | Remaining uncertainties in the kinetic mechanism of hydrogen combustion[END_REF] has also been consulted for the variation of S L,0 [m/s] as a function of X H 2 [vol.%]:

S L,0 = -1.55236 × 10 -9 X 6 H 2 + 3.49519 × 10 -7 X 5 H 2 -2.82975 × 10 -5 X 4 H 2 +9.35480 × 10 -4 X 3 H 2 -9.97510 × 10 -3 X 2 H 2 +5.00120 × 10 -2 X H 2 -8.32830 × 10 -2 . (6) 
The comparison between these two models is given in Fig. 6, where the correlation of Dahoe [START_REF] Dahoe | Laminar burning velocities of hydrogen-air mixtures from closed vessel gas explosions[END_REF] is also given for comparison. Since mixtures diluted by steam have lower burnt gas temperatures than undiluted ones, Koroll has proposed a correlation that takes into account the change of thermal diffusivity due to dilution [START_REF] Koroll | Burning velocities of hydrogen-air mixtures[END_REF]:

S L,w = S L,0 • α dil α pure 1 - X dil X dil, f lame , (7) 
where α dil is the thermal diffusivity of the diluted mixture, α pure is the thermal diffusivity of undiluted mixture, X dil stands for the molar fraction of the water steam, and X dil, f lame is the maximal molar fraction of steam under which the flame can propagate. This limit water loads can be approximated by the correlation:

X dil, f lame (η) = 0.507 -0.2443 • ln(η) -0.185 • [ln(η)] 2 for 0.1 ≤ η ≤ 3, (8) 
where η = X H 2 /X air is the hydrogen-air mole ratio. The validation of this correlation can be referred to [START_REF] Koroll | Burning velocities of hydrogen-air mixtures[END_REF]. The effect of presence of water steam on the hydrogen air combustion has also been discussed in a more recent work of [START_REF] Szabó | Parameterization of laminar burning velocity dependence on pressure and temperature in hydrogen/air/steam mixtures[END_REF], which presents another correlation for S L,w .

Substituting the equation ( 3) and ( 5) into the equation (1) gives:

δ =        λ g ∆T red c p,g ρ g ∆T ad -l ṁn vol (α g /S 2 L,0 ) α g S 2 L,0        0.5 , (9) 
and by applying equation ( 4), one can have:

S L = α g        λ g ∆T red c p,g ρ g ∆T ad -l ṁn vol (α g /S 2 L,0 ) α g S 2 L,0        -0.5 . (10) 
The equation ( 10) is deduced from the energy balance, by taking into consideration of the evaporation process.

Combining the equations ( 7) and ( 10), the laminar flame velocity can be approximated by:

S L = α g α dil α pure 1 - X dil X dil, f lame (11) 
       λ g ∆T red c p,g ρ g ∆T ad -l ṁn vol (α g /S 2 L,0 ) α g S 2 L,0        -0.5
.

The mass evaporation rate for a droplet ṁ can be computed by using the works of [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF][START_REF] Sirignano | Fluid dynamics and transport of droplets and sprays[END_REF] as discussed in the above section.

Since the model of [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF] gives the mass evaporation rate of one droplet as a function of time at a given temperature, one has to estimate the evaporated mass of water droplets during the combustion within the flame thickness. As discussed before, the evaporation rate depends on the droplet diameter and the ambient temperature. Thus, its value changes all along the droplet evolution inside the hot gas mixture. The way to estimate the average mass evaporation rate is presented in the next subsection (point 5).

Solution Algorithm

Consider now the step-by-step procedure to determine the laminar flame velocity S L under the influence of water droplets. Assume that the initial temperature T ini and pressure P ini are known. The free propagating flame assumption is kept in this section.

1. Calculate the initial molar fraction X 0,H 2 , X 0,O 2 , X 0,N 2 and X 0,H 2 O ; 2. Calculate the temperature corresponding to AIBC 1 combustion T ad without water spray effects; 3. Calculate the laminar flame velocity without water spray effects S L,0 using the equation ( 6) as a reference flame velocity. This flame velocity can be replaced by the reference value given by the Cosilab code; 4. Calculate the average physical properties cp,g , λg in the gas-liquid interaction film, using the "1/3 rule" [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF]:

T = T s + 1 3 (T ∞ -T s ), (12) 
Ȳ = Y s + 1 3 (Y ∞ -Y s ), (13) 
where the subscript s denotes the surface properties of the droplet and ∞ stands for the properties of the gasphase (for example, the AIBC temperature); 5. Calculate the mean evaporation rate ṁ, as well as the latent heat l. According to the model of [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF], the evaporation rate is calculated by assuming a constant ambient temperature. This is not the case inside the flame thickness. By definition, the gas temperature varies from the unburnt gas to the burnt gas. Moreover, the evaporation can affect the temperature variation within the flame thickness. Thus, one can calculate the evaporation rate under two AICC 2 temperatures, T AICC and 1 2 T AICC , and then take the average of ṁT AICC and ṁ 1 2 T AICC . This step is crucial in the algorithm, and these temperature values have been chosen by trial and error, in order to minimize the difference between the present results and the experimental results. Fig. 7 shows the variation of evaporation rate evolution for different ambient temperatures. Note that the temperatures corresponding to AIBC (1547 K) and AICC (1885 K) combustion are taken into consideration, as well as two temperatures (900 K and 1200 K) for comparison. It can be seen that the evaporation rate strongly depends on the ambient temperature of the gasphase. One can also estimate that the mean evaporation rate of one single droplet during the combustion process is of the order of magnitude of O(10 -8 ) kg/s for droplet diameter D = 350 µm as presented in Fig. 7. The evaporation rate of the spray is calculated by multiplying the single droplet evaporation rate with the number density of droplets n vol . The effect of the spray evaporation is considered to be a superposition of all the single droplets. 6. Calculate the thermal diffusivity within the flame thickness:

α g = λ u c p,u ρ u ρ u ρ b = λ u c p,u ρ b , (14) 
where λ u , ρ u and c p,u are respectively the thermal conductivity, density and heat capacity of the fresh gas inside the flame thickness, ρ b is the density of the burnt gas. Inspired by [START_REF] Poinsot | Theoretical and numerical combustion[END_REF], the correction factor ρ u /ρ b is introduced in order to better esitmate α g . 7. Estimate the flame thickness and the chemical reaction time

δ L = α g S L,0 , t c = α g S 2 L,0 , (15) 
which is used to quantify the mass of water evaporated inside the flame thickness:

α w = t c • ṁn vol ρ w , (16) 
where ρ w is the density of water droplets, n vol is the number of droplets in unit under liquid volume fraction α and droplet diameter D:

n vol = 6α πD 3 , (17) 
Here, an estimation for the flame thickness is taken and thus the real mass evaporated within the flame thickness, can be characterized by α w ; 8. Calculate the reduced gas temperature T red after combustion in the presence of the water droplets of volumetric fraction α w evaporated using a lumpedparameter subroutine; 9. Calculate the thermal diffusivity of the pure gas mixture under initial temperature T ini , α pure (X 0,H 2 , X 0,O 2 , X 0,N 2 , X 0,H 2 O ), as well the thermal diffusivity after dilution α dil (X a,H 2 , X a,O 2 , X a,N 2 , X a,H 2 O ); calculate the limit molar fraction of steam for the propagation of flame X dil, f lame ; 10. Calculate temperature differences

∆T ad = T ad -T ini , (18) 
∆T red = T red -T ini , (19) 
11. Calculate the laminar flame velocity S L taking into account the dilution effect of the water steam generated via droplet evaporation [START_REF] Koroll | Burning velocities of hydrogen-air mixtures[END_REF]:

S L = α g α dil α pure 1 - X dil X dil, f lame        λ u ∆T red c p,u ρ b ∆T ad -l ṁn vol (α g /S 2 L,0 ) α g S 2 L,0        -0.5 . ( 20 
)

Model Validation

The LVDEM model is validated using a) the results of the Cosilab code (see Appendix A) and b) the experimental results of [START_REF] Ingram | Suppression of hydrogen-oxygen-nitrogen explosions by fine water mist: part 1, burning velocity[END_REF]. Here, a briefly description of the experimental facility and related results of [START_REF] Ingram | Suppression of hydrogen-oxygen-nitrogen explosions by fine water mist: part 1, burning velocity[END_REF] is given for completeness.

Experimental Results [START_REF] Ingram | Suppression of hydrogen-oxygen-nitrogen explosions by fine water mist: part 1, burning velocity[END_REF] A work program has been undertaken to investigate the effects of fine water mists on the laminar flame velocity of the hydrogen-air explosion. The objective is to provide more specific experimental results on the mitigation effects of small water droplets on hydrogen-air explosions.

The experimental apparatus which is shown in the Fig. 8 contains a converging nozzle burner and a mist generation system. With a flow-straightener, the authors pay special attention to the flow rates of the gas and fog mixture in order to have a straight-side cone of flame at the burner nozzle. A large vent has been used to mitigate the effects of the blowbacks and a small mixing fan was used to homogenize the distribution of the water mists. To minimize the flame stretch, the authors have set conditions so that flame heights were between one and three times the nozzle diameter. The laminar flame velocity is calculated from the schlieren image by using the formula Figure 8: The burner and mist generation system scanned from [START_REF] Ingram | Suppression of hydrogen-oxygen-nitrogen explosions by fine water mist: part 1, burning velocity[END_REF]. [START_REF] Gaydon | Flames: their structure, radiation and temperature[END_REF]:

S L = A 0 A f • v 0 . ( 21 
)
where A 0 is the area of burner mouth, A f is the area of the flame front and v 0 is average flow velocity in the burner mouth. The conmmercial ultrasonic units are used to produce the water mist, which are positioned beneath a column of water, below the surface. The high frequency vibration of the piezolectric discs generates at the water surface a "fountain" comprised of water droplets of various sizes.

The authors have performed a series of experiments for different equivalence ratios, taken between 0.6 and 3, with water mist volume fraction varying from 0 to 2.50 × 10 -4 . The droplets of water mists considered in these experiments are of volume mean diameter 6 µm. From the Fig. 9(b), it can be seen that the presence of fine water mists can greatly reduce the burning velocity over a wide range of equivalence ratio for the hydrogenair mixtures. The schlieren image shows that the flame cone becomes thicker as the droplets number density increases which indicates an increasing flame instability. These experimental results are used in this study for the validation of the LVDEM models for laminar flame velocity.

It has to be mentioned that the authors noticed a poor quality of the flame "cone", particularly at higher mist concentrations and for lean mixtures (0.6 < φ < 0.9), as shown in the Fig. 9(a). This makes it difficult to estimate the flame surface A f , meaning that there is an uncertainty corresponding to lean mixture (φ < 1). This uncertainty, unfortunately, has not been estimated during the experiments [START_REF] Ingram | [END_REF].

Effect of the Mass Density of Water Droplets

The evaporation of the water droplets within the flame thickness has a mitigation effect on the flame propagation, especially for small droplets. By neglecting the turbulence generated by the big droplets, the mitigation effect increases with the density of water droplets. The results of the model can be compared to the calculation of the Cosilab code [START_REF]V 4.1) Software. User manual two-phase flames[END_REF]. To reduce errors, the reference values of S L,0 in the Cosilab code has been used in the LVDEM model. The comparison between the results of the LVDEM model with the results given by the Cosilab code is given for different liquid volume fractions from α = 1 × 10 -5 to α = 1 × 10 -4 . The Fig. 10 shows the laminar velocities calculated by the LVDEM model for volume fraction from α = 1×10 -5 to α = 8 × 10 -5 . The results for the same combustion using the Cosilab code are given. It can be seen that both methods show a reduction of the laminar flame velocity under spray effects with respect to the pure combustion case. The flame velocity calculated by the model compares well with the results of the Cosilab code for a wide range of equivalence ratios. For α = 1 × 10 -5 , the maximal relative error is 1.0%.

However, one can notice a rising difference between the two methods with the increase of droplets number density. Especially for the rich compositions, the LV-DEM model gives higher burning velocities than the Cosilab code, especially for φ > 2.

To explain the difference between the two methods, one uses the experimental results of [START_REF] Ingram | Suppression of hydrogen-oxygen-nitrogen explosions by fine water mist: part 1, burning velocity[END_REF] for the validation of the LVDEM model. The authors have investigated the effect of different volume fractions of the liquid phase (1.0 × 10 -4 , 1.5 × 10 -4 and 2.0 × 10 -4 etc.) with mean droplets diameter D = 6 µm on the hydrogen-air combustion. The reference values for the laminar flame velocity without spray effect are presented as well. A comparison between the simulation of the Cosilab code and the LVDEM model is given in Fig. 11. ), the calculation results of the Cosilab code with spray of 1.0 × 10 -4 ( ), 1.5 × 10 -4 ( ); the results of laminar velocity model of spray 1.0 × 10 -4 ( ), 1.5 × 10 -4 ( ) and 2.0 × 10 -4 ( ); the experimental results are given in points: spray density 1.0 × 10 -4 ( ), 1.5 × 10 -4 ( ) and 2.0 × 10 -4 ( ).

It can be noted that the water spray has an important mitigation effect on the laminar flame velocity as the quantity of spray increases. Under spray density of 2.0 × 10 -4 , the laminar flame velocity can be decreased from 3.0 m/s to 1.7 m/s for the equivalence ratio φ = 1.7.

Both the results of the Cosilab code and those of the LVDEM model can not perfectly fit the experimental results. For the lean mixture (φ < 1), the LVDEM model as well as the the Cosilab code provides lower values for the laminar flame velocity. In [START_REF] Ingram | Suppression of hydrogen-oxygen-nitrogen explosions by fine water mist: part 1, burning velocity[END_REF] the authors emphasize high uncertainty for this part of the measurement.

Comparing the results given by the LVDEM model and that of the Cosilab code, similar behaviors for the equivalence ratios φ < 1.5 can be noticed. For higher equivalence ratios, no sufficient number of data corresponding to the Cosilab code are availbe due to numerical instabilities of the calculations. Nevertheless, the burning velocity evolution tendency shows that the Cosilab code has underestimated the burning velocity for (φ > 2.0). In contrast, all the estimations for the laminar flame velocity of the LVDEM model are in the vicinity of the experimental results. The most possible reason for this difference comes from the modeling of the evaporation rate. It can be noted that the flammability limits are larger in the LVDEM model. In the Cosilab code for water volume fraction 1.0 × 10 -4 , the calculation can not converge for the initial gas mixture of equivalence ratio φ > 2. With the LVDEM model, one can calculate the laminar velocity for equivalence ratio up to φ = 3.4. The combustion limits are important parameters in study of ignition and quenching of the premixed flames. The problem of flammability limits of a combustible gaseous mixture is discussed thoroughly by [START_REF] Luangdilok | Fog inerting effects on hydrogen combustion in a PWR ice condenser containment[END_REF]. The simplified theory [START_REF] Williams | Combustion Theory[END_REF] states that the flame propagation will not be sustained, or the mixture is not flammable, if:

T f < T ad RT ad E a + 1 -1 . ( 22 
)
where T f is the burnt gas temperature in the presence of heat loss, T ad is the adiabatic burnt gas temperature, R is the universal gas constant and E a is the global activation energy of the reaction. The Fig. 12 shows the combustion limit temperatures, see Equation [START_REF] Grosseuvres | Combustion properties of H 2 /N 2 /O 2 /steam mixtures[END_REF], for two different global activation energies. The temperature evolution inside the flame thickness for hydrogen-air mix-tures in the presence of the water mists is given in solid lines (water volume fractions 1.0 × 10 -4 , 1.5 × 10 -4 and 2.0 × 10 -4 ). According to the equation ( 22), the mixture is flammable if the temperature is higher than the dashed line.

The global activation energy E a varies for different H 2 -air compositions [START_REF] Travis | A heat, mass, and momentum transport model for hydrogen diffusion flames in nuclear reactor containments[END_REF][START_REF] Gavrikov | Extraction of basic flame properties from laminar flame speed calculations[END_REF]. The values of E a suggested by a recent work of [START_REF] Yanez | An analysis of flame instabilities for hydrogen-air mixtures based on Sivashinsky equation[END_REF] have been used in Equation [START_REF] Grosseuvres | Combustion properties of H 2 /N 2 /O 2 /steam mixtures[END_REF]. One can see that the combustion limits obtained using the LVDEM model are close to the theoretical combustion limits. Moreover, the experiments of [START_REF] Cheikhravat | Etude expérimentale de la combustion de l'hydrogène dans une atmosphère inflammable en présence de gouttes d[END_REF] provide combustion limits for hydrogen/air/steam mixtures with X H 2 O = 12% and 0.1 < X H 2 < 0.65. The flammable range estimated by LVDEM is narrower since, in our case, not only the presence of steam but also the evaporation process plays an important role on the flame propagation.

Flame Thickness

Flame thickness is related to the combustion intensity and the flame propagation velocity. According to [START_REF] Poinsot | Theoretical and numerical combustion[END_REF], the most accurate measurement of the flame thickness can be obtained by using the temperature profile. Unfortunately, one can not estimate the flame thickness before knowing the temperature profile of the flame propagation for the hydrogen-air mixtures in the presence of water droplets. From the Fig. 13 and Fig. 14, it can be seen that the flame thickness obtained by the LVDEM model behaves like a parabolic function with respect to the equivalence ratio. The minimum of the flame thickness corresponds to the maximal value of the flame velocity. It can be noted that the flame thickness increases with the density of the water spray. Moreover, the Fig. 14 shows that the large water density has bigger influence on the lean and rich hydrogen-air mixture. This is due to the fact that the larger thickness of these compositions leads to a more evaporation time and thus a more important influence on the combustion process. The comparison between the LVDEM model and the results of the Cosilab code, obtained for D = 6 µm using temperature profiles, shows that the flame thickness estimation has the same order of magnitude. The low combustion limits given by LVDEM model increases with higher droplets volume fraction α. This is due to the increase evaporation rate of the droplets of high volume fraction, which takes in the energy necessary to maintain the combustion for lean mixtures. The effects of variation of droplets diameter on the flame thickness are given in Fig. 15. It can be seen that the increase of the droplets diameter while keeping α constant leads to the decrease of the flame thickness. In the other words, it can be deduced that the smaller droplets have more important effects on the flame behavior as the droplets surface area increases. The evolution of flame thickness does not vary for droplets of diameter bigger than 20 µm; the two curves corresponding to 20 µm and 40 µm are very similar.

Evaporation Rate

During the flame propagation, the presence of droplets can affect the flame thickness and thus flame velocity mainly due to the evaporation within the flame thickness. The evaporation can absorb energy released from the chemical thus leading to a lower burnt gas temperature. However, the evaporation rate depends on the temperature inside the flame thickness. As a consequence, these two phenomena are coupled. Determination of the evaporation rate is very important for the estimation of the laminar flame velocity. First, the evaporation during the combustion of one single droplet is investigated using the LVDEM model. The Fig. 16 shows the mass evaporation rate of a single droplet as a function of equivalence ratio. In the LV-DEM model, a maximal evaporation rate corresponding to the stoichiometric mixture, φ = 1. Away from the stoichiometry, the evaporation rate decreases as a result of the decrease of combustion temperature. It can be noted that the evaporation rate increases with the droplet diameter for a fixed volume fraction α, since a bigger droplet has a larger surface for mass and energy exchange with the gasphase. The Fig. 17 shows the overall evaporation rate of a droplet cloud during the combustion process. In order to highlight the effect of diameter variation, the volume fraction of the liquid phase is fixed as α = 1 × 10 -4 for these calculations. It can be noted that the effect of diameter variation on the overall evaporation rate is inverse compared to the single droplet evaporation rate. More precisely, the overall evaporation rate decreases with the increase of the droplet diameter for the same liquid volume fraction. This is due to the fact that, for a fixed volume fraction the liquid-gas interface diminishes with increasing droplet diameter. Thus, it can also be noted from the Fig. 18 that the flame velocity increases with bigger droplet diameters.

Effect of Droplet Diameter

During the combustion process, droplet diameter is one of the most important parameters affecting the evaporation rate. It has been noted that small droplets are easier to evaporate under high temperature, while for the large droplets, it takes more time to evaporate the whole liquid phase, thus leading to a lower evaporation rate. Under the same volumetric fraction of the liquid phase, the droplet diameter has an important influence on the flame velocity. From the Fig. 16, one can see that the bigger droplet has a higher mass evaporation rate. However, the overall evaporation rate is higher for smaller droplets under a fixed volumetric fraction of spray. This can also be seen from the Fig. 18, where the droplets of volume mean diameter 20 µm and 40 µm does not diminish significantly the flame velocity compared to the case without spray. A critical droplet diameter can be chosen, above which the droplets do not affect the flame velocity. For example, one can take D c,1 = 35 µm as the critical diameter, since the flame velocity is reduced only by less than 1.2% for all considered equivalence ratios. For smaller droplets, the flame velocity decreases with the decrease of droplet diameters. In Fig. 18, the volumetric fraction of spray is α = 1 × 10 -4 . The comparison between the LVDEM model and the Cosilab code is presented as well in the Fig. 18. Results of the model compare well with those of the Cosilab code, especially for the large droplets. This difference can be explained by the uncertainties of the evaporation model and the estimation of evaporation rate within the flame thickness. Moreover, the experimental results of [START_REF] Ingram | Suppression of hydrogen-oxygen-nitrogen explosions by fine water mist: part 1, burning velocity[END_REF] are well matched by the LVDEM model.

It is noticed in the results of the LVDEM model, for most values of equivalence ratio φ, the droplets of diameter 6 µm can not totally evaporate within the flame thickness. Thus, the droplets can penetrate the flame and continue to evaporate in the burnt gas. This is not the case for the very lean or very rich compositions. Another critical diameter can be chosen D c,2 = 3.9 µm, below which, the droplets can be totally evaporated for all the equivalence ratio values.

Conclusions

In this paper, a "Laminar Flame Velocity under Droplet Evaporation Model" (LVDEM) for hydrogen/air mixtures has been developed and validated using the results of the Cosilab code [START_REF]V 4.1) Software. User manual two-phase flames[END_REF] and the experimental results of [START_REF] Ingram | Suppression of hydrogen-oxygen-nitrogen explosions by fine water mist: part 1, burning velocity[END_REF]. Initially, the hydrogen-air mixture is sup-posed to be at normal ambient conditions and the water droplet diameter of the order of O(10) µm.

A key ingredient of the LVDEM-model is the droplet evaporation model of [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF]. Application of the latter model is necessary in order to determine the amount of liquid water evaporating in the flame zone. Two critical droplet diameters have been considered: (i), D c,1 = 35 µm above which the droplets do not affect the laminar flame velocity for the specific droplet volume fraction α = 10 -4 and, (ii), D c,2 = 3.9 µm, below which the droplets totally evaporate for all equivalence ratios and for droplet volume fractions in the range 0 ≤ α ≤ 2 × 10 -4 .

In general, for all considered droplet diameters, the laminar-flame velocity diminishes with increasing watervolume fraction. The laminar flame thickness obtained by the LVDEM-model has the same order of magnitude as that computed with the Cosilab code. In the basis of the presented model, further developments can be envisaged which would take into account the non-ambient initial mixture conditions in terms of pressure, temperature and gas compositions.

where Z(η, τ) = (T d (r, t) -T 0 )/T 0 is the non-dimensional drop temperature, ψ(τ) = r s (t)/r 0 the instantaneous non-dimensional drop radius, τ = α L t/r 2 0 the nondimensional time, η = r/r s (t) the non-dimensional radial coordinate, α L the liquid thermal diffusivity, and β is proportional to the regression rate of the droplet surfaces, which can be estimated by

β = - 1 4πα L ρ L r s ṁ + 1 ρ L C p,L Q L . (A.16)
It is important to note that Eq. (A.15) is solved simultaneously with the ordinary differential equations that describe the evolution of the liquid phase in terms of the primary liquid-phase dependent variables D(t), v liq (t) and T s (t)) discussed above. In particular, at any time t one has T s (t) = T 0 (1 + Z(1, α L t/r 2 0 )) where r 0 = D(0)/2. Further details of the Lagrangian equations governing D(t), v liq (t) and T s (t)) are straightforward and can be found in Abramzon and Sirignano [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF].
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 31 Figure 1: Profiles of temperature () and heat release rate ( ). Dashed lines: reference case without spray for temperature () and heat release rate (). Parameters are given in Table1.
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 2 Figure 2: Profiles of the mole fractions of H 2 ( ) O 2 ( ), H2O ( ), H ( ), and N 2 ( ). Dashed lines: reference case without spray for H 2 ( ), O 2 ( ), H2O ( ), H ( ) and N 2 (). Parameters are given in Table1.
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 3 Figure 3: Spatial variation of droplet diameter () and gasphase temperature (). Dashed lines: reference case without spray for the temperature (). Parameters are given in Table1.
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 424 Figure 4: Spatial variation of gas density ( ) and gas mass flux (). Dashed lines: reference case without spray for the gas density () and mass flux ( ). Parameters are given in Table1.

Figure 5 :

 5 Figure 5: Spatial variation of gasphase velocity () and liquidphase velocity (). Dashed lines: reference case without spray for the gas velocity (). Parameters are given in Table1.
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 6 Figure 6: Laminar flame velocity evolution for different hydrogen composition, comparison between three models: Dahoe ( ), the Cosilab code ( ) and Konnov ( ).
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 7 Figure 7: Influence of ambient temperature on the mass evaporation rate: 900 K ( ), 1200 K ( ), T AIBC = 1547 K ( ) and T AICC = 1885 K ( ), droplet diameter D = 350 µm.
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 9 Figure 9: (a) images of hydrogen flame "cones" (A) for typical stable rich mixture and (B) for φ = 0.6, with 1.43 × 10 -4 of water mist; (b) Variation of burning velocity with equivalence ratio, hydrogen-air mixture [11].

  φ [-] Burning velocity [m/s]

Figure 10 :

 10 Figure 10: Laminar flame velocity for liquid volume fraction α = 1 × 10 -5 as a function of equivalence ratio. The no spray reference case in the Cosilab code ( ), the calculation results of the Cosilab code with spray for volumic fraction α = 1 × 10 -5 ( ), α = 5 × 10 -5 ( ), α = 8 × 10 -5 ( ) and the results of LVDEM model for respectively α = 1 × 10 -5 ( ), α = 5 × 10 -5 ( ), α = 8 × 10 -5 ( ); D = 6 µm.
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Figure 11 :

 11 Figure 11: Laminar flame velocity as a function of equivalence ratio. The no spray reference case in the Cosilab code (), the calculation results of the Cosilab code with spray of 1.0 × 10 -4 ( ), 1.5 × 10 -4 ( ); the results of laminar velocity model of spray 1.0 × 10 -4 ( ), 1.5 × 10 -4 ( ) and 2.0 × 10 -4 ( ); the experimental results are given in points: spray density 1.0 × 10 -4 ( ), 1.5 × 10 -4 ( ) and 2.0 × 10 -4 ( ).
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 12 Figure 12: Combustion limits for different H 2 -air compositions (); the temperature evolutions given by the laminar flame model are given for spray volume fractions: 1.0 × 10 -4 ( ), 1.5 × 10 -4 ( ) and 2.0 × 10 -4 ( ).

Figure 13 :

 13 Figure 13: Flame thickness evolution as a function of equivalence ratio for different water fraction volumetric: = 1 × 10 -5 ( ), α = 5 × 10 -5 () and α = 8 × 10 -5 ( ).

Figure 14 :

 14 Figure 14: Flame thickness evolution as a function of equivalence ratio for different water density on fraction volumetric: α = 1×10 -4 ( ), α = 1.5 × 10 -4 () and α = 2 × 10 -4 ( ); the results of Cosilab ( ) for α = 1 × 10 -4 is given for comparison.

Figure 15 :

 15 Figure 15: Flame thickness evolution as a function of equivalence ratio for different droplet diameters: 6 µm ( ), 10 µm ( ), 20 µm ( ), 40 µm ( ), α = 1 × 10 -4 .
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Figure 16 :

 16 Figure 16: Evaporation rate of a single droplet as a function of equivalence ratio for different droplet diameters: 10 µm ( ), 20 µm ( ), 40 µm ( ), α = 1 × 10 -4 .

Figure 17 :

 17 Figure 17: Evaporation rate of all droplets as a function of equivalence ratio for different droplet diameters: 10 µm ( ), 20 µm ( ), 40 µm ( ), α = 1 × 10 -4 .

Figure 18 :

 18 Figure 18: Evolution of laminar flame velocity as a function of equivalence ratio for different droplet diameters; comparison between the Cosilab code 6 µm ( ), 10 µm ( ), 20 µm ( ), 40 µm ( ) and the LVDEM model 6 µm ( ), 10 µm ( ), 20 µm ( ), 40 µm ( ); the experimental results for 6 µm are given in ( ), the reference without spray ( ), α = 1 × 10 -4 .

Table 1 :

 1 Parameters used with Cosilab to obtain the results shown in Figs. 1 to 5.

	case	φ	T 0 [K] P 0 [bar] D [µm]	α
	gaseous	1.6	300	1.013	-	-
	gas/spray 1.6	300	1.013	6	10 -4
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Appendix A. The Cosilab Code Algorithm

In the Cosilab code [START_REF]V 4.1) Software. User manual two-phase flames[END_REF], the coupling mechanism of the gaseous and liquid phase is similar to the one presented in [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF][START_REF] Sirignano | Fluid dynamics and transport of droplets and sprays[END_REF]. One-dimensional governing equations are solved to obtain a steady solution of a freely propagating, premixed spray flame. Specifically, the gasphase equations are the Eulerian conservation equations of overall mass, species mass, momentum, and energy. The liquid-phase is computed by tracking a stream of droplets in a Lagrangian manner monitoring droplet mass in terms of droplet size, droplet momentum or velocity, respectively, and droplet temperature. To relate droplet number density and droplet velocity, the analytical solution of a suitable conservation equation is used [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF]. The gasphase and liquid-phase governing equations include phase-exchange terms for liquid and gaseous mass, momentum and energy. In the present computations, ideal gas and ideal liquid behavior has been assumed. Due to the assumption of low-Machnumber flow, the pressure could be taken as thermochemically constant and hence the gasphase momentum equation could be dropped. The exchange of droplets with the surrounding gas is based on the so-called "stagnant-film theory", which incorporates the effect of Stefan flow on the thickness of the droplet-surrounding gaseous boundary layer or film. To describe the heat transfer from the gasphase to a liquid drop moving relative to it, radial symmetry is assumed for the drop but, in the Lagrangian sense, an instationary, non-uniform temperature profile inside the drop is considered. The liquid phase is taken as a thin, mono-disperse, single-component spray.

The overall numerical two-phase solution to a spray flame is obtained by coupling the numerical evolution of the two phases. Specifically, the gasphase and liquidphase governing equations are solved iteratively "in tandem" until the numerical solution in either phase has converged.

At a certain iteration step of the overall two-phase tandem solution procedure, based on a solution of the Eulerian gasphase governing equations, the subsequent solution of the Lagrangian liquid-phase governing equations is obtained as follows. The vector of primary unknowns is (D(t), v liq (t), T s (t)), where t is the time, and D, v liq , and T s denote the instantaneous diameter, velocity and surface temperature, respectively, of the tracked drop.

In the following, the methodology to obtain the droplet surface temperature T s (t) is summarized. The remaining details of the Lagrangien equations and their solution for D(t) and v liq (t), respectively, are straightforward and hence for them the reader is referred to Abramzon and Sirignano [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF].

To obtain T s at a particular instant of time,

(1) the molar and mass fluid vapor fractions in the surface film of the tracked drop,

are calculated. Here P F s denotes the fluid vapor saturated pressure which is evaluated using appropriate correlations

(2) the instantaneous average gas-phase properties

in the gas film are calculated -for a definition see the table of contents -using the reference conditions given by the so-called one-third rule, viz.,

(3) the instantaneous Reynolds number, Re = 2ρ ∞ |U -U ∞ |r s /µ g , and the instantaneous Nusselt and Sherwood numbers for a non-vaporizing droplet are calculated, viz.,

where f (Re) = 1 at Re ≤ 1 and f (Re) = Re 0.077 at Re ≤ 400.

(4) the instantaneous Spalding mass transfer number, B M , the corresponding diffusional film correction factor, F M , the modified Sherwood number, S h * , and the mass vaporization rate, ṁ, are calculated, viz.,

)

(5) the correction factor for the thermal film thickness, F T = F(B T ), is calculated using the value of the heat transfer number, B old T , from the previous iteration or time step. [START_REF] Meng | Numerical simulation of the aerobreakup of a water droplet[END_REF] the modified Nusselt number, Nu * , the parameter ζ and the corrected value of the heat transfer number, B T , are calculated, viz.,

Le , (A.12)

the heat transferred from the gaseous to the liquid phase,

is calculated. Here T gas denotes the gasphase temperature at the position at which the tracked drop is instantaneously located.

At any discrete time, or time-step, in the Lagrangian solution procedure of the liquid-phase governing equations, the non-dimensional energy equation for the "effective thermal conductivity model" is solved [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF], viz., (ψ)