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Characterization of supercooled droplets in an icing wind tunnel using laser-induced fluorescence
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Introduction

During their flight, aircrafts may encounter icing conditions that may lead to sever hazards. Icing conditions are characterized by the presence of supercooled water responsible to ice accretion on the surfaces aircraft, reducing therefore their flight performances [START_REF] Ranaudo | The measurement of aircraft performance and stability and control after flight through natural icing conditions[END_REF][START_REF] Cebeci | Aircraft icing[END_REF][START_REF] Cebeci | Aircraft icing[END_REF][START_REF] Ratvasky | Current methods modeling and simulating icing effects on aircraft performance, stability, control[END_REF][START_REF] Hann | Workshop on research, education and development of unmanned aerial systems (RED-UAS)[END_REF]. In order to comply with certification regulation rules, airframers have to demonstrate safe aircraft operations according to the Appendix C of European (CS) and American (FAR) regulations for which the maximum particle size distribution does not exceed 100 µm. In order to certify an aircraft to different icing conditions, experiments in icing wind tunnels (IWT) remain necessary. However, recent aircraft accidents have highlighted the existence of supercooled droplets far greater than 100 µm. These new icing conditions referenced in the regulation involve icing conditions where droplets, called supercooled large droplets (SLD), are involved. SLD icing conditions can be subdivided into icing conditions with maximum droplet diameter between 100 µm and 500 µm nominally called freezing drizzle environment (FZDZ) and icing conditions with diameter greater than 500 µm called freezing rain environment (FZRA). In order to certify the aircraft, the development of new capabilities to generate SLD droplets in icing wind tunnels was undergone [START_REF] Hervy | New SLD icing capabilities at DGA aero-engine testing[END_REF][START_REF] Mingione | EXTICE: EXTreme icing environement[END_REF][START_REF] Ferschitz | Development of SLD Capabilities in the RTA Icing Wind Tunnel[END_REF]). Nevertheless, even if these facilities are now operational, it is not fully certain that the reproduced conditions are well representative of the aeronautical icing conditions. Indeed, due to the large sizes of the droplets and their limited residence time in the cold air stream, the droplets may be not at the thermal equilibrium with the airflow in the IWT. In addition, the freezing process when the droplets impinge on a surface, and thus the final shape of the ice layer, heavily depend on the droplet state, namely if the incident droplets are made of supercooled liquid or partially solidified. Therefore, for investigating ice accretion on solid surfaces, it is necessary to know the droplets properties generated in an IWT such as their temperature fraction of ice content.

To successfully characterize flowing supercooled droplets, only non-intrusive optical methods can be used. Raman spectroscopy appeared well suited for characterizing the phase change of supercooled water under static conditions [START_REF] Durickovic | Water-ice phase transition probed by Raman spectroscopy[END_REF]. Generally, experimental setups imply solid surfaces in contact with the liquid, resulting in solidifications onset by heterogeneous nucleation which totally differs from the homogeneous nucleation occurring in under levitation. Homogeneous nucleation was observed in the case of a levitated droplet cooled down up to -35 °C [START_REF] Suzuki | Raman spectroscopy of optically levitated supercooled water droplet Raman spectroscopy of optically levitated supercooled water droplet[END_REF]. Magnetic resonance imaging (MRI) was also applied to describe the freezing and to provide a quantitative evaluation of the ice fraction in a droplet suspended to a needle [START_REF] Hindmarsh | Experimental and numerical analysis of the temperature transition of a suspended freezing water droplet[END_REF][START_REF] Hindmarsh | Imaging droplet freezing using MRI[END_REF](Hindmarsh et al. , 2005a(Hindmarsh et al. , 2005b)). More recently, supercooled droplets flowing in a cold environment was investigated by interferometric laser imaging for droplet sizing (ILIDS). The method proved its ability to discriminate liquid supercooled droplets from a partially solidified droplet, while providing information about the size of the ice crystals [START_REF] Brunel | Interferometric out-of-focus imaging of ice particles with overlapping images[END_REF][START_REF] Brunel | Instrumentation for ice crystal characterization in laboratory using interferometric out-of-focus imaging[END_REF][START_REF] Brunel | Interferometric out-of-focus imaging of freezing droplets[END_REF][START_REF] Jacquot | Simultaneous interferometric in-focus and out-offocus imaging of ice crystals[END_REF][START_REF] Talbi | Interferometric particle sizing with overlapping images despite Moiré[END_REF][START_REF] Talbi | Self-generated off-axis holography in interferometric out-of-focus imaging of ice particles[END_REF]. Temperature of supercooled water droplets was measured for the first time in an IWT by using global rainbow technique (GRT) [START_REF] Saengkaew | Global rainbow technique : temperature evolution measurements of super-cold droplets[END_REF].

The present paper aims at providing a new optical diagnostic based on the laser-induced fluorescence (LIF) to characterize supercooled droplets generated in an IWT. The fluorescence emission of a liquid seeded by a fluorescent dye is known to be dependent on environmental parameters, such as temperature, phase, composition, pH or viscosity. For temperature measurements, as the fluorescence intensity depends on several others parameters, generally unknown or hard to control (probe volume, dye concentration, local laser power density), the use of ratiometric methods is now well established. The fluorescence intensity is simultaneously collected on two different spectral bands having different temperature sensitivities. A first version of the technique, referred to as 2c/1dLIF for two-color one-dye LIF, consists in using a single fluorescent dye. It was mainly applied for droplets in combustion or in strong evaporation conditions [START_REF] Castanet | Heat and mass transfer of combusting monodisperse droplets in a linear stream[END_REF][START_REF] Depredurand | Heat and mass transfer in evaporating droplets in interaction: influence of the fuel[END_REF][START_REF] Castanet | Evaporation of closely-spaced interacting droplets arranged in a single row[END_REF]) and in interaction with hot solid surfaces [START_REF] Labergue | Combined three-color LIF-PDA measurements and infrared thermography applied to the study of the spray impingement on a heated surface above the Leidenfrost regime[END_REF][START_REF] Chaze | Heat flux reconstruction by inversion of experimental infrared temperature measurements: application to the impact of a droplet in the film boiling regime[END_REF]. The use of two dyes (2c/2dLIF method) can increase the temperature sensitivity of the method [START_REF] Chaze | The saturation of the fluorescence and its consequences for laser-induced fluorescence thermometry in liquid flows[END_REF]) compared to the 2c/1dLIF method. In the 2c/2dLIF method, the fluorescent intensity is collected on two spectral bands centered on both dye emission spectra. The 2c/2dLIF method was applied for the first time to droplets by for investigating the heating of droplets impinging onto a very hot surface. More recently, applications of the 2c/2dLIF method were extended to the case of supercooled droplets [START_REF] Stiti | Temperature measurement and state determination of supercooled droplets using laser-induced fluorescence[END_REF]. In this latter study, it was demonstrated that measuring the temperature remains still possible even for supercooled water. In addition, the technique was able to discriminate without any ambiguity pure liquid droplets (i.e., supercooled) from partially solidified droplets and to provide an estimate of the ice fraction present within the droplets, after a proper calibration.

In the paper of [START_REF] Stiti | Temperature measurement and state determination of supercooled droplets using laser-induced fluorescence[END_REF], preliminary studies were conducted on flying droplets in laboratory conditions, with the use of several monodisperse droplet chains for droplet diameters ranging between 100 and 400 µm and for velocities on the order of exceeding 10 m/s. Therefore, the objective of the present work is to go a step forward by implementing LIF in a wind tunnel under icing conditions in order to provide an estimate of the temperature and ice fraction in a droplet cloud. Furthermore, the effect of the dye on properties of the droplet and phase change will be carefully analyzed: surface tension, viscosity and freezing point.

Laser-induced fluorescence applied to supercooled droplets characterization

This section is devoted to a brief reminder of the two-color laser two-dye-induced fluorescence (2c/2dLIF) features for droplet temperature measurements and its extension to the case of supercooled droplets.

Principle of the two-color/two-dye laser-induced fluorescence thermometry (2c/2dLIF)

Basically, LIF thermometry consists in deducing the temperature of a liquid by analyzing the fluorescence emission of a fluorescent dye previously seeded at a very low concentration in a liquid. Generally, the fluorescence is induced by a laser radiation, which wavelength is tuned on the absorption spectrum of the dye molecule. Using a continuous-wave laser (the influence of which is well below the saturation limit of the fluorescence excitation), the fluorescence signal I i collected in a spectral band i, can be written as follows [START_REF] Chaze | The saturation of the fluorescence and its consequences for laser-induced fluorescence thermometry in liquid flows[END_REF]):

with I 0 the local laser excitation intensity, V c the volume of fluorescence collection, T the temperature of the liquid, C the concentration the dye and K i a parameter taking into account both spectroscopic properties of the dye, the optical chain of fluorescence collection. s i is the temperature sensitivity of the dye expressed in %/°C. Equation (1) implicitly assumes that there is no emission of one dye in the detection band of the other dye and vice versa. Otherwise, this can lead to a reduction in the temperature sensitivity depending on the concentration ratio of the dyes. Such a spectral conflict is very limited in the present study (less than 1% in the band 1 for an optical path length of 400 m ). As both param- eters I 0 and V c are generally difficult to know or control, the use of an intensity ratio is almost unavoidable. Selecting two dyes having emission spectra sufficiently shifted from one to the other and contrasted temperature sensitivities, the fluorescence intensity can be collected on two spectral bands (1 and 2) to derive the following fluorescence ratio:

where C 1 and C 2 are the concentration the two fluorescence dyes. By using a reference R 120 at a known temperature T 0 ,

(1)

I i = K i CV c I 0 e s i T , (2) R 12 = I 1 I 2 = C 1 C 2 K 1 K 2 e (s1-s2)T ,
a normalized ratio can be obtained, for the same dye concentration ratio C 1 /C 2 :

In this equation, the term s 1 -s 2 is determined by means of a calibration conducted under conditions well controlled in temperature. As a result, the temperature can be deduced from Eq. ( 3) by a simple measurement of a fluorescence ratio.

Extension for supercooled droplets: thermometry and phase change characterization

In a recent study [START_REF] Stiti | Temperature measurement and state determination of supercooled droplets using laser-induced fluorescence[END_REF] 615 nm]) selected in the emission domain of each dye and allowing a maximization of the temperature sensitivity of the ratio (Fig. 1). Special care was taken for selecting these bands in order to avoid spectral conflicts. A temperature calibration, carried out on a droplet suspended at a tip of a needle in a temperature-controlled atmosphere, leads to a temperature sensitivity s 1 -s 2 = 2.56%/°C [START_REF] Stiti | Temperature measurement and state determination of supercooled droplets using laser-induced fluorescence[END_REF].

When water solidification occurs, it appears that the fluorescence intensity of Rh560 strongly collapses (Fig. 2). On the contrary, the KR spectral shape remains unchanged in terms of shape, despite a strong decrease of the collected fluorescence intensity that may be explained by the presence of many bubbles in the ice that scattered the light. All the wavelengths are concerned by this phenomenon. However, the lengthening of the optical paths associated with light scattering comes with a strong reabsorption of the fluorescence for the wavelengths in the green-yellow region. Rh560 and KR have their maximum of absorption around 500 nm and 570 nm, respectively. Above 610 nm, reabsorption can be almost neglected.

Then, the collapse of RH560 was exploited in order to detect the phase change of supercooled water. Thereby, a third spectral band of detection was added (Band 3 [540;560 nm] displayed in Fig. 1) and combined with the Band 1 in order to obtain a second fluorescence ratio R 31 . This third band was carefully chosen in such a way that R 31 is almost independent on temperature but mainly sensitive to the solidified fraction in the ice/water mixture. This second fluorescence ratio R 31 can be written as:

where δ is the optical path of the fluorescence signal within the droplet, ε 1,s and ε 2,s are the specific extinction coefficients (4)

R 31 = K 3 K 1 C KR,s C Rh560,s e -( 3,s C KR,s -1,s C Rh560,s) ,
in the solid phase (ice) of the fluorescence emitted on bands 1 and 3, respectively, and χ is the volumic fraction of iced water [START_REF] Stiti | Temperature measurement and state determination of supercooled droplets using laser-induced fluorescence[END_REF]). Thus, a value of χ equal to 1 corresponds to a fully solid droplet, whereas a pure liquid droplet is defined by χ equal to 0. C KR,s and C Rh560,s are the dye's concentrations in the ice. In the following, due to the high solubility of the dyes in water, thermophoresis and diffusiophoresis [START_REF] Marcellini | Time-lapse, in situ imaging of ice crystal growth using confocal microscopy[END_REF]) phenomena of the dyes due to phase change are neglected, meaning that C KR,s = C KR and C Rh560,s = C Rh560 .

If a reference is taken in purely liquid water (χ = 0) denoted by R 31,ref , then the fluorescence ratio, normalized by the reference, becomes: Under similar cooling conditions, one may assume that the freezing leads to similar ice structure and topology and thus the same light extinction, meaning that the expression 3,s C KR,s -1,s C Rh560,s can be also considered as a constant denoted α. Consequently, Eq. ( 5) can be reformulated as: which means practically that ln R 31 R 31,ref is as a linear function of the ice fraction. For instance, the linearity of Eq. ( 6) was verified in the case of water contained in a cell, i.e., for a given value of α. Even if the new 3c/2dLIF technique is able to distinguish a liquid droplet from a solid one, it is primordial to mention that the technique is able to provide measurements of the temperature only for liquid droplets.

Optical setup

Figure 3 shows the 3c/2dLIF optical setup. It includes a LDA emission probe (Dantec Dynamic®, focal length of 500 mm and beam spacing of 60 mm) used to generate the excitation volume having the shape of an ellipsoidal volume with a length of 2800 µm (horizontal direction) and a diameter of 170 µm (vertical direction). The fluorescence is collected at a right angle to the excitation volume by a probe composed by an achromatic doublet, with a front lens (focal length of 200 mm), and connected to an optical fiber having a core diameter of 70 µm. For such an optical configuration, the LIF probe volume, being the projection of the optical fiber onto the laser excitation volume, is reduced to a cylinder perpendicular to the excitation volume with a length of 170 µm and a diameter of 140 µm (top right corner of Fig. 3). Therefore, the size of the fluorescence collection volume V c , which is the intersection of the droplet with the LIF probe volume, depends both on the droplet size compared to the LIF probe 

(5) R 31 R 31,ref = e -( 3,s C KR,s -1,s C Rh560,s) . (6) ln R 31 R 31,ref = - ,

Temperature measurement in sprays

The main purpose of the present work is to apply the 3c/2dLIF technique in an IWT. In such a device, the droplets are polydispersed in size. However, the use of a ratiometric approach in polydisperse sprays may present some biases. Previous works have shown that changing the spray granulometry leads to a significant influence on the fluorescence ratio [START_REF] Labergue | New insight into two-color LIF thermometry applied to temperature measurements of droplets[END_REF]. Although the physical interpretation of this phenomenon was not totally elucidated, an empirical correction was proposed in order to alleviate this adverse effect for the temperature measurement. Thereby, the reliability of the developed 3c/2dLIF technique has to be assessed when droplets of different sizes are sprayed. For that purpose, the first fluorescence ratio R 12 was measured in a spray similar to that used in [START_REF] Labergue | New insight into two-color LIF thermometry applied to temperature measurements of droplets[END_REF]. It consists in a pressure swirled atomizer where an increase of the injection pressure P inj , from 2 bars up to around 6.5 bars, leads to a decrease of the statistical droplet diameter D 10 from about 40 µm to 20 µm. Figure 4 shows measurements of R 12 obtained along the centerline of the spray, 10 mm from the nozzle outlet and for several pressures ranging from 2 to 6 bars. The ratios displayed in this figure were calculated over 10,000 droplets using the method Comparison with the case of a ratiometric technique using only one dye (KR) as performed in [START_REF] Labergue | New insight into two-color LIF thermometry applied to temperature measurements of droplets[END_REF] described by [START_REF] Labergue | New insight into two-color LIF thermometry applied to temperature measurements of droplets[END_REF]. The experiment was conducted for the two dyes mixture described in Sect. 2 and also with only KR by using the 2c/1dLIF method. In these latter measurements, the fluorescence is collected on the spectral bands 2 and 3 displayed in Fig. 1, which were those chosen by [START_REF] Labergue | New insight into two-color LIF thermometry applied to temperature measurements of droplets[END_REF]. Consequently, the resulting fluorescence ratios, denoted by R 23(1d) in Fig. 4, allow a proper comparison with the present study and the results obtained by [START_REF] Labergue | New insight into two-color LIF thermometry applied to temperature measurements of droplets[END_REF]. The subscript (1d), as for one dye, is used to distinguish it from the first ratio R 12 of the two-dye method. The corresponding results are reported in Fig. 4 where all ratios are normalized with a reference taken in a cell. It appears clearly that the current Rh560/KR mixture is weakly affected by the change in the mean droplet diameter caused by the increase of the injection pressure. Indeed, a maximum variation of the normalized ratio of about 3.5% is noticed when the injection pressure is increased from 2 to 6 bars, which corresponds roughly to a measurement bias of less than 1.5 °C, considering the temperature sensitivity of the dye mixture. On the contrary, for the droplets seeded with KR only and processed with the one-dye technique, a variation of R 23(1d) on the order of 17% is observed which would give rise to a potential error of about 16 °C, considering that the temperature sensitivity is about 0.9%/°C for the ratio R 23(1d) . Furthermore, the variation of the fluorescence ratio R 31 , which will be used for determining the ice fraction within a droplet population, is shown in Fig. 4. This ratio appears also to vary very weakly with the droplet size and the injection pressure.

This difference of behavior between 2c/2dLIF (two-dye mixture) and 2c/1dLIF (KR only) can be explained by the careful analysis of the fluorescence spectra recorded in the spray as a function the injection pressure (Figs. 5, 6 and7). All spectra are normalized by the signal integrated on a spectral band that is unaffected by the reabsorption (see captions for the value of the bands). The emission spectra of KR are observed in Fig. 5a for the spectral band of detection 3 [540; 560 nm] and Fig. 5b for band 2 [595; 615 nm]. It demonstrates that mainly band 3 is affected by a spectral blue shift when pressure is increased (D 10 is decreasing), while band 2 remains fairly unchanged. Same experiments performed with the spray seeded with rhodamine 560 alone show that the fluorescence emission is unaffected by the pressure variation in bands 2 and 3 (Fig. 6). Finally, the emission spectrum of the dye mixture (with the already mentioned concentrations) shows that the signal coming from the fluorescence of KR on band 3 is negligible compared to that coming from Rh560 (Fig. 7). As a result, the fluorescence spectra measured in the spray seeded by the current Rh560/KR mixture remain fairly insensitive to the injection pressure. This mixture is therefore suitable for temperature measurements in polydispersed sprays with no need of a correction. The reliability of the measurements performed on supercooled droplets remains subject to the lack of a significant influence of the dye added to water, at low concentration. This section aims at verifying this fundamental point.

Effect on physical properties

Before analyzing the influence of the dye on the supercooling degree, it is also of interest to estimate the modification of water thermophysical properties potentially induced by the addition of fluorescent dye. More precisely, the surface tension, the density and the dynamic viscosity were evaluated successively for pure water and for water seeded with the mixture Rh560/KR at the concentrations given in Sect. 2.2. These parameters are measured by means of:

• the Wilhelmy ring method (Tensiometer K9 ®KRUSS) for the surface tension, • a densimeter tube for the density, • a rheometer (TA instruments®, DHR-3 model) for the viscosity.

The measurement for each of the parameters and each of the liquids (pure water and seeded water) is repeated four times, allowing the determination of a standard deviation.

The corresponding results are reported in Table 1. It appears that both water density and viscosity remain unaffected by the presence of the dyes. On the contrary, the surface tension in the case of water seeded with the dye mixture exhibits a significant decrease of about 25% compared to pure water. This may be important when calculating a Weber number in the case of droplets impinging onto cold surface and can change the droplet spreading parameters.

Effect on the solidification of supercooled droplets

The objective is now to investigate the effect of the fluorescent dye added in water on the supercooling degree of a droplet. A statistical study of the freezing probability was carried out, for water droplets seeded with the dye mixture or pure water droplets. A basic experimental setup was designed to perform this statistical study. The setup, depicted in Fig. 8a (5.34 ± 0.17) × 10 1 999.9 ± 1 (9.18 ± 0.01) × 10 -4 depositing the droplets of individual liquid volume of 10 μL.

The droplets are deposited before cooling of the surface.

As this operation requires almost 3 min, it was previously verified that the volume change due to the evaporation of the droplets deposited in first remains negligible. In order to avoid the formation of frost on the surface during the cooling of the plate, due to the ambient humidity, the cooled slab is inserted within a controlled atmosphere chamber, equipped with transparent walls. Nitrogen sweep was applied on the surface in order to dry the atmosphere close to the cooled slab surface. The cooling of the surface is performed by applying a cooling rate of 2 °C per minute. The surface temperature T s is obtained by using two thermocouples welded on the surface at two opposite edges of the surface. A lighting device made of a LED panel and a diffusive screen is used to visualize the droplets. All the droplets deposited on the cooled surface are imaged with the help of a camera (JAI®, sampling frequency of 1 Hz, sensor of 1920 × 1080 pixels) according to a top view as depicted in Fig. 8a. The recording of the images is synchronized with the acquisition of the surface temperature. Before starting an experiment, nature of the droplets in a row is previously identified according to the nature of the liquid, dye water or pure water.

The experiment is stopped when all the deposited droplets are solidified. Therefore, the post-processing of the images consists in identifying and cumulating the number of the droplets that progressively solidifies for both liquid categories, as a function of time. Figure 8b displays an instantaneous image of the cooled plate at a given surface temperature under 0 °C. It can be clearly observed that a solidified droplet appears in white, whereas liquid ones remain translucent.

The experiments, namely the cooling of the surface up to the solidification of all the deposited droplets, are repeated ten times, which corresponds to a total number of around 1000 droplets of each of the categories (dyed and undyed). For the case of droplets seeded with dye, the dye concentrations are those given in Sect. 2.2. The evolution of the ratio N sol /N 0 (N sol and N 0 being, respectively, the number of solidified droplets and the number of initially deposited droplets) is plotted as a function of the slab temperature T s in Fig. 9 for droplets composed of pure water and for droplets composed of water doped with the mixture of fluorescent dyes. Half of the droplets are frozen at a temperature of -14 °C, and all are frozen at roughly -20 °C. It is observed that, regardless of the droplet composition, both plots are almost superimposed, which tends to prove that dyes molecules do not affect significantly the water solidification process. Other results conducted with only with KR show that minor effects begin to appear for concentrations higher than 10 -4 mol.L -1 .

order to test the robustness of our experimental protocol, water droplets having 5% in mass of sodium chloride were tested, since it is well known that salt shifts water solidification toward lower temperature. Therefore, it can be observed that for a similar surface temperature, the number of remaining liquid droplets containing sodium chloride is shifted toward lower temperatures compared to pure water.

Application on droplets in icing conditions

This section is devoted to the application of the 3c/2dLIF technique in the case of in-flight droplets in a cold environment. In a first step, the technique was tested under laboratory-scale conditions in order to the possibility to estimate the ice fraction contained in a population of monosized droplets, when maximum droplet velocities are about 10 m/s. In a second step, the experiment was carried out in an IWT that mimics aeronautical conditions, with droplet velocities up to 150 m/s.

Measurements at laboratory scale

Experimental setup

In the present work, the objective is to investigate the fraction of liquid, or solidified water contained in a given population of monosized droplets by using the fluorescence ratio R 31 . The same experimental setup as in [START_REF] Stiti | Temperature measurement and state determination of supercooled droplets using laser-induced fluorescence[END_REF] was used (Fig. 10). It is mainly composed of a column in which the ambient air T air is cooled down up to -60 °C thanks to a coolant circulating within the double envelop of the wall of the column cooled by means the same previous chiller (Sect. 4.2). The droplets, injected from the top of the column, are generated by means of a piezoelectric injector which allows obtaining periodical monosized droplets stream with a linear trajectory. Droplet diameter at the injection can be modified by changing the diameter of a hole drilled (diameter D m ) in a removable membrane located at the exit of the injector. According to the Rayleigh-Plateau instability theory, monodisperse droplets can be obtained with a diameter D ≈1.9 D m . The droplet temperature at the injection T inj is controlled with the help of a heat exchanger connected to a chiller located at the injector head. Two windows made of BK7 make it possible LIF measurements to be performed at a distance of 770 mm from the injector. The first window is for the laser beams path and the second one for detecting LIF signal (Fig. 3). After a fall of 770 mm in the cold air of the column, the history of the cooling for each droplet may be different, meaning that the detected droplets can be purely liquid, solid or partially solidified (mixed). The droplet injector was used with three membranes in the present experiment (D m = 50, 150 and 200 µm) giving rise to respective droplet diameters around D ~ 95 µm, 285 and 380 µm and for each case three ambient air temperatures (T air = -25 °C, -34 °C and -45 °C) were tested.

An estimate of the aerodynamic Weber number ( We = a U 2 D∕ l with a the air density, U the droplet veloc- ity, D the droplet diameter and l the surface tension of the water) can be calculated, for each droplet diameter studies and for a maximum velocity of 10 m/s, to check whether secondary atomization is likely to occurs during the fall (Table 2). For each of the droplet diameters, the value of We is lower than one which tends to prove that secondary atomization will not be observed and therefore that the droplets will remain monodisperse even at the end the column.

Fluorescence signal post-processing

The main objective is to use the second fluorescence ratio R 31 in order estimate the ice fraction contained within a given droplet population injected in the cooled air of the column. In a first step, fluorescence signal processing to derive R 31 will be described. For the smallest droplets encountered in this study (D ~ 95 µm) flowing with a typical velocity of about 10 m/s and taking into account the acquisition card sampling frequency of 5 MHz, a droplet crossing the LIF probe volume is characterized by a signal composed of about 100 samples. In this study, a detected droplet is considered valid if the resulting signal is described by at least ten consecutive samples having an intensity value at least equal to ten times the background noise. Thus, for a valid droplet j, represented by N j samples, the average values of the fluorescence intensity j on bands 1 and 3 are: where i is the sampling index and BG the average value of the background noise. In the following, two kinds of processing will be used to derive the fluorescence ratio: i. Calculation of individual fluorescence ratio of a single droplet j (process 1):

(7)

I 1j = ∑N j i=1 I 1i N j -N j BG and I 3j = ∑N j i=1 I 3i N j -N j BG,
ii. Calculation of the average fluorescence ratio for a sample of N d droplets (process 2):

In the latter, the number of droplets N d taken into account in the average is fixed in order to achieve statistical convergence. Process 1 will be implemented to determine whether each detected droplets is totally liquid or totally solidified, as process 2 will be implemented for the specific case where droplets present a mixed phase (both liquid and solid). The reference of the fluorescence ratio R 31,ref is taken close to the droplet generator exit where the water is still liquid with a temperature close to inside of the injector.

The number of droplets to be processed is a critical issue on the one hand to have a representative population of droplets and on the other hand to reach the statistical convergence of the fluorescence signal. As far as the fluorescence ratio R 31 of individual droplets (i.e., referring to process 1) is considered, their distribution was analyzed over 4000 droplets injected under isothermal conditions at room temperature. Figure 11a displays the distribution of the individual normalized ratios R 31 /R 31,ref . The distribution is fitted with a normal law where a standard deviation of 0.1 is found, which means that the individual fluorescence ratio of a single droplet is known with an error of 0.2. By plotting the normalized moving average of the ratio R 31 for the 4000 investigated droplets, it can be observed that R 31 is converged before 1000 droplets (Fig. 8b), within less than 0.5%.

(8) R 31j = I 3j I 1j . (9) R 31 = ∑ N d j=1 I 3j ∑ N d j=1 I 1j
. 

Estimation of the ice fraction

In this paragraph, the analysis used to derive the ice fraction is now exposed. The aim is to estimate the volumic fraction of ice contained within a of droplets which can be individually solid, liquid or composed by a mixed phase. Nevertheless, the following analysis is based on two assumptions. First of all, for a same droplet diameter and same cooling conditions, it is assumed that the parameter α in Eq. ( 6), depending on the ice structure, is identical for each fully or partially solidified droplet. Secondly, special care has been taken during the measurements so that the droplet stream remains roughly in the LIF probe volume. As a result, the same volume of each droplets contributes to the fluorescence signal and thus the parameter δ is also assumed the same for each droplets, which allows applying process 2 (Eq. 9) to derive the average fluorescence ratio. Therefore, according to Eq. ( 6), ln(R 31 /R 31,ref ) is linear with the volume ice fraction χ.

The estimation of the total ice fraction of the droplet population is conducted in three steps. In a first step, fully liquid and solid droplets are identified and separated. The remaining droplets are considered as mixed droplets, i.e., droplets which are partially solidified. Thus, the second steps aims at extracting the part of ice contained in these droplets. In the final step, the total ice fraction is obtained by summing both previously ice fractions resulting from the two first steps. The tricky process for both steps is to determine the thresholds of the function ln(R 31 /R 31,ref ) allowing to discriminate, among the droplet population, the fully solid and fully liquid droplets, respectively. It means that value of ln(R 31 /R 31,ref ) between these thresholds corresponds to the mixed droplets.

Determination of liquid and solidified droplets

To identify the N l liquid droplets from the N d total number of detected droplets, process 1 is applied. Liquid droplets theoretically verify R 31 /R 31,ref = 1. But as the instantaneous ratio R 31 is known with an accuracy of ± 20% (Fig. 11a), a threshold value of R 31 /R 31,ref = 1.2 is chosen. The value of 1.2 is also congruent with Fig. 11b by taking into account that all the liquid droplet are comprised of 95% of the integral of the PDF. Therefore, the liquid threshold Th l for ln(R 31 /R 31,ref ) is ln(1.2) ~ 0.18, meaning that value of ln(R 31 / R 31,ref ) lower than 0.18 will be considered as liquid, while values over 0.18 will correspond to either mixed droplets neither solidified droplets.

The determination of the number N s of the droplets that are completely solidified is also based on process 1. To fix the threshold for R 31 /R 31,ref , the distribution of R 31 /R 31,ref is used for droplets having the highest probability to be solidified. For that purpose, measurements with the lowest air temperature are considered (T air = -45 °C). The corresponding PDF of the fluorescence ratios of non-purely liquid droplet is presented in Fig. 12 for each of the membranes (D m = 50, 150 and 200 µm). These distributions can be properly fitted by a log-normal law of parameters μ s as a mean value and σ s as a standard deviation. Thus, a solid threshold value Th s is chosen as being s + s 2 . It means that individual droplet verifying ln

R 31 R 31,ref > 𝜇 s + 𝜎 s
2 will be considered as completely solidified. The parameters of the log-normal law for the three membranes are given in Table 3. The threshold for D m = 150 µm and D m = 200 µm is very similar, because the resulting droplet diameters (D ~ 285 and 380 µm, respectively) are larger than the LIF probe volume (see Sect. 2.3). The threshold Th s is then limited by the intersection zone between the droplet and the laser excitation volume. As a result, for each membrane, a number of solidified droplets N s are found, which makes it possible to obtain the ice fraction that to completely solidified droplets χ s = N s /N d .

Determination of the ice fraction in the mixed droplets

The number of the mixed droplets, containing an overall ice fraction χ m , is defined by

N m = N d -N s -N l .
For these droplets, an average fluorescence ratio R 31 is determined by applying process 2. The value of ln This calculation remains subject to the hypothesis that all the mixed droplets have statistically the same ice fraction m . Therefore, the overall estimate of the ice fraction χ on the N d detected droplets, under the preceding assumptions, is given by: The data processing is summarized in Fig. 13. The fraction of purely liquid droplets, solidified droplets and mixed droplets over the 1000 acquired droplets are presented in Fig. 14 (a-100% liquid, b-100% solid, c-mixed droplets), for each membrane diameters and the three environmental temperatures T air = -45 °C, -34 °C and -25 °C.

As expected, the smallest droplets remain mainly liquid for T air = -25 °C, and when the air temperature is The resulting values of volumic ice fraction χ for the three membranes and air temperatures are presented in Fig. 15. The observed trends are congruent to the expectations: The ice fraction is all the more important when the droplets are small and the air temperature is low, except for T air = -25 °C at which the huge majority of the droplets remains in a supercooled state. Furthermore, the estimated ice fraction appears fairly close for D m = 150 µm and D m = 200 µm, regardless of the air temperature. This is probably due to the particularly high droplet diameters resulting in a limited heat transfer from the ambient air to the liquid.

(10) m = 1 Th s ln R 31 R 31,ref . (11) = N s + m N m N d .

Measurements in an icing wind tunnel (IWT)

The potentialities of the new LIF technique were evaluated in an IWT from the French center DGA-Essais Propulseurs. Figure 16a describes an overview of the testing facility, which consists of a closed-loop wind tunnel. The testing area has a length of 1000 mm, and cross section is 250 × 250 mm 2 (Fig. 16b), where the maximum air speed V air and mass flow rate ṁ are 220 m/s and 10 kg/s, respectively. The cloud of droplets is generated by two interchangeable systems composed of several injection nozzles. These injectors are located 800 mm upstream of the contraction section in order to accelerate the droplets up to the entry of the test section. The principle of the injectors consists of a rotating pressure atomizer. The liquid is expelled at the periphery of a wheel in a direction perpendicular to the airflow, and the liquid atomization into droplets is controlled by the pressure. The supply of water is ensured by means of tank located close to the wind tunnel, at ambient temperature. The liquid arriving to the injectors is not temperature controlled but the injection temperature T inj is measured by means of thermocouples inserted in the injectors. The liquid flow rate can be controlled, allowing varying the liquid water content (LWC) from 0.15 up to 3 g/cm 3 . The median volume diameters (MVD) for the different injection conditions have been previously measured by the DGA using laser diffraction method (Malvern Spraytech system®) at the exit of the contraction section but in the absence of the test section, in an open wind tunnel configuration and at a maximum air speed of 80 m/s. According to the rotation speed of the wheel and the liquid flow rate, the theoretical MVD varies from 15 µm to 200 µm. According to the selected experimental conditions (i.e., the value of V air , LWC and MVD), the resulting minimum static air temperature is T s = -40 °C. The relative humidity HR of the airflow can be also precisely controlled. The previous LIF system, as presented in Fig. 3, is implemented just in front of the test section as described in Fig. 17, so as the LIF probe volume can be adjusted in the middle of the test section and therefore of the air flow. However, in order to perform measurements in the center of the test section, the focal length of front lens of the LIF collection probe was changed into a 300-mm one. The resulting probe volume has now a diameter of 210 µm and a length of 170 µm. Nonetheless, droplet velocities flowing in the IWT are roughly ten times higher than those encountered in the previous laboratory experiments. Hence, a new acquisition card running with a sampling frequency up to 80 MHz was implemented in order to keep a minimum of 80 samples per detected droplets, taking into account that the droplet mean diameter is approximately 100 µm, which is also significantly smaller than in the previous setup and their maximum velocity.

In the present study, all LIF measurements are conducted only at the center of the test section at a distance of 2.9 m from the droplet's injector ramps (Fig. 16b). It is important to mention that the trajectories of the droplets from the injectors up to the measurement volume are completely unknown. In addition, both droplet velocities and diameters have been not measured during the experiments, but in a previous measurement phase as mentioned for an air speed of 80 m/s. However, in the present experiment, the air velocity is higher than 100 m/s. At this velocity, the aerodynamic Weber number is higher than 18 in the case of 100-µm-diameter droplets. The high Weber number during part of the acceleration phase of the airflow in the convergent section of the wind tunnel will result in droplet secondary atomization [START_REF] Jain | Secondary breakup of a drop at moderate Weber numbers[END_REF]. As a result, the droplet size distributions in the test section are likely to be shifted toward smaller diameters than those characterized by the DGA. Moreover, the dynamic response time of a droplet is also of interest to help us in the understanding of the droplet cooling. More precisely, the characteristic time can be calculated by with L the liquid specific density, D the droplet diameter, g the air dynamic viscosity, Re the Reynolds number calculated with the droplet diameter and C D the drag coefficient calculated [START_REF] Tanaka | New approximate equation of drag coefficient for spherical particles[END_REF]. By taking a diameter of 200 µm and an air speed of 100 m/s as majorant, a dynamic response time on the order of 6 × 10 -3 s is found. Practically, its means that at 100 m/s, a droplet of 200 µm diameter has reached the velocity of the carrier flow at approximately 0.6 m from the injection zone. Thus, it can be safely assumed that the droplets crossing the test section are entrained by the airflow that any slip velocity has disappeared.

As a result, it can be concluded that the cooling of the droplets, between the injection ramp and the measurement volume, is mainly due to heat diffusion from the cold airflow to the droplet and to forced convection in the beginning of acceleration phase, where a slip velocity between the carrier flow and the droplets axis.

Measurement of the droplet's average temperature

To measure an average droplet temperature of the droplets crossing the probe volume, process 2 was applied to calculate the fluorescence ratio R 12 . The average value of the fluorescence ratio was obtained by averaging the ratios R 12 obtained on N d = 10,000 droplets, allowing then to achieve an excellent statistical convergence, leading to less than 1% error on the average value of the ratio. The reference value R 120 was taken in a cuvette of liquid at a known temperature T 0 placed in the wind tunnel at the measurement point. According to Eq. ( 3), the droplet average temperature was inferred by:

The physical interpretation of T d would be the volume- averaged temperature on the population of droplets crossing the probe volume. Figure 18 presents the evolution of the droplet temperature T d as a function of the static temperature T s of the airflow and for two airflow velocities. Since there is no slip velocity between the droplets and the airflow carrier, the static temperature is the relevant temperature. The blue dash line represents the case where droplets would be at the thermal equilibrium with the airflow. It can be noticed that LIF-based temperature measurements show clearly that (12)

t dyn = L D 2 18 g 24 C D Re , ( 13 
) T d = 1 s 1 -s 2 ln 1 N d ∑ N d j=1 R 12j R 12 R 120 + T 0 .
Fig. 17 Cross view of the test section showing the arrangement of optical device for LIF measurements droplets are hotter than the airflow carrier for all the investigated static temperatures and velocities. Moreover, this disequilibrium is all the more significant than the air static temperature is low. Even if the effect of the airflow velocity appears rather moderate, it can be noticed that higher droplet cooling is achieved for a lower airflow velocity. This may be attributed to longer residence time in the cold airflow for the droplets having lower velocities. However, information about the droplets trajectories and local velocities is missing to assert clearly this assumption. The influence of the relative humidity on the droplet temperature is presented in Fig. 19 for two droplets initial MVD. On the one hand, for both MVD, a higher droplet cooling can be observed when the relative humidity is the lowest, which is consistent with what can be expected. On the other hand, the effect of the MVD on the temperature is not consistent. Indeed, cooler droplets for the lowest MVD value were expected, but the opposite trend was observed. The explanation is probably linked to the dynamic response time of the droplets. Indeed, in the convergent section the slip velocity between the droplet and the carrier gas may be higher than small one. Therefore, heat exchange for the biggest droplets during the acceleration phase in the convergent section may be also higher than small

Phase and ice fraction estimation

In this section, the technique was tested to investigate phase change and ice crystals formation in the droplets during an icing phase using the analysis of the fluorescence ratio R 31 . For that purpose, the working point of the IWT was changed by sharply increasing the liquid injection pressure within the atomizer. In this condition, supercooled droplets are freezing because the increase of the injection pressure leads to enhancing the atomization and thus causes a drastic reduction of the droplet MVD. As the fluorescence signal is dependent on the droplet volume, i.e., the cubic droplet diameter and due to the reduction of the diameter of the droplets, it was required to increase the dye concentrations by a factor 4 in order to detect enough fluorescence signal. Obviously, the reabsorption of the fluorescence signal may become more significant, but this phenomenon is mitigated by the reduction of the droplet diameter, reducing then the optical path. The injection pressure increase is kept until the icing phase and then reduced after. derived from N d =100 consecutive detected droplets and using process 2 (Eq.9). The reference R 31,ref is taken for liquid droplets before the icing phase. The icing phase begins at t ~ 25 s when a sharp increase of R 31 can be observed. From t ~ 50 s up to ~ 100 s, the fluorescence signal remains globally stable, meaning that the detected droplets are mostly solidified. This phase change, which is well captured by the LIF technique, was also detected in the conditions by global rainbow technique during a previous work conducted in the same IWT and under similar testing conditions [START_REF] Saengkaew | Global rainbow technique : temperature evolution measurements of super-cold droplets[END_REF]. The maximum value of ln

R 31 R 31,ref during this experiment is ~ 2.2
and corresponds to solidified droplets. This threshold is widely higher compared to the values given in Table 3, where it was roughly equal to 1. Indeed, the dye concentrations are no longer the same and the ice structure is certainly different, changing the extinction coefficients in Eq. ( 6).

In this experiment, the size polydispersion causes a more complex interpretation of the volumic ice fraction results. The physical significance would be the volume fraction of ice in an equivalent (and unknown) volume of water (containing liquid and ice) crossing the probe volume. This equivalent volume of water depends on the droplet size distribution, because the largest droplets contribute at a higher rate than the smallest due to the volumic dependence of LIF signal. Thus, the following processing will assume that the same "virtual" liquid volume crosses the probe volume of each batch of 100 droplets. During this icing phase between t ~ 25 s and ~ 160 s, using a criterion of ln R 31 R 31,ref ≥ 2.25 for solidified droplets, the fraction of the fully solidified droplets is estimated at 55%. The remaining fraction of the droplets are therefore mixed droplets. Finally, an estimate of the mean solidified water fraction s can be provided during the icing phase. This estimate can be evaluated by using the same way as it was done in the laboratory-scale experiment (Sect. 5.1.3). By using the fact that ln R 31 R 31,ref is linear with the ice fraction (Eq. 6) and that the value for fully solidified droplets is known, it is possible to calculate an estimate of the mean ice fraction s = 83% . The instantaneous mean ice fraction s is shown in Fig. 20 (right axis), during the icing phase: s is equal to zero before and after the icing phase as the droplets are in a supercooled state. The variations of s during the icing phase are attributed to troubleshooting in the control process of the conditions in the wind tunnel, namely air temperature and relative humidity, certainly due to energy release caused by the liquid-solid phase change.

As a preliminary conclusion, it is highlighted the difficulties of obtaining representative icing conditions encountered in the atmosphere in the case of SLD, i.e., at thermal and thermodynamic equilibrium with the carrier phase.

Temperature measurements demonstrate clearly that the story of the droplets is dramatically different in the atmosphere and in the IWT. In addition, it was possible to determine the instantaneous ice fraction created during an icing phase in the IWT which is particularly useful for the characterization of ambient conditions and to highlight the IWT control troubleshooting due energy release by the droplets' phase change.

Conclusions

This paper has in first demonstrated the ability of LIF-based techniques to investigate supercooled water droplets and characterization of the freezing process for in-flight droplets. The use of two fluorescent dyes and three spectral bands of detection makes it possible to characterize, with the use of two distinct fluorescence ratios, the droplet temperature of supercooled droplets and the ice fraction within a mixed phase (i.e., a mixture of liquid and ice). Nevertheless, as the technique requires adding fluorescent dye in the water, it was secondly verified that the supercooled degree of the droplet was not affected. It was proven for extreme dye concentrations, compared to what is usually used in LIF techniques, as high as 10 -4 mol.L -1 . In so far, only the surface tension of the droplets was significantly affected by the addition of dyes, which should be carefully taken into account when dealing with droplet-wall interaction. Beyond the measurement of the temperature of supercooled droplets, the application of the LIF technique in the case of supercooled droplets mainly aims at estimating the fraction of solid water contained in a given population of droplets. First results have been obtained at laboratory-scale conditions (for moderate droplet velocities, up to 10 m/s, and monosized droplets injected at some kHz frequencies) injected in a cooled quiescent atmosphere. It was necessary to establish a set of criteria to discriminate, whether the droplets are liquid, solid or mixed according to the value of one the two fluorescence ratios. As expected, the ice fraction increases when both the ambient air temperature (minimum of -45 °C) and droplet diameter decreases. Finally, the technique was tested in an icing wind tunnel under conditions that are close to flying aircrafts conditions, with maximum droplet velocities on the order of 200 m/s. Two main results were obtained: (1) The measurement of the mean droplet temperature obtained with the use of the first fluorescence ratio demonstrates clearly that the droplet generated within the IWT is not at the thermal equilibrium with the cold air flow and (2) 3c2dLIF technique was used to detect the phase change of the droplets and to provide an estimate of the ice fraction for a given droplet population. Even if the icing sequence implemented in the IWT has been also well observed with the global rainbow technique [START_REF] Saengkaew | Global rainbow technique : temperature evolution measurements of super-cold droplets[END_REF], the simultaneous use of GRT or hot-wire probe with the LIF technique could be a suitable way in order to confirm the LIF technique abilities. Similarly, in order to gain in the understanding of the droplet behavior in the IWT, measurements of the droplet temperature need to be coupled with simultaneous determination of droplet size and velocity to get correlations between these parameters. This can be achieved with the use of combined PDA and LIF measurements as in [START_REF] Labergue | Study of the thermal mixing between two non-isothermal sprays using combined threecolor LIF thermometry and phase Doppler analyzer[END_REF].

  , a new 3c/2dLIF (three colors/two dyes) technique was tested as an extension of 2c/2dLIF for the characterization of supercooled droplet. The technique used three spectral bands of detection and two dyes, namely ulforhodamine B (commonly referred as Kiton Red, KR) and rhodamine 560 (Rh560), at concentrations of C Rh560 = 0.5 × 10 -5 mol.L -1 and C KR = 0.5 × 10 -6 mol. L -1 , respectively. Fluorescence is induced by the green line of a doubled-frequency continuous-wave (CW) Nd-Yag laser (wavelength λ b = 532 nm; Ventus LaserQuantum®). Typical spectra of the mixture recorded at three temperatures are displayed in Fig. 1. Fluorescence spectra for the mixture KR/ RH560 were recorded at different temperatures in the liquid phase and representation of the selected spectral bands of detection. For temperature measurements, a first fluorescence ratio R f,12 is obtained by collecting the fluorescence signal on (3) R 12 R 120 = e (s1-s2)(T-T0) .

Fig. 1

 1 Fig. 1 Fluorescence spectra for the mixture KR/RH560 recorded at different temperatures in the liquid phase and representation of the selected spectral bands of detection. Spectra are normalized with the maximum fluorescence signal from the lowest temperature

Fig. 2

 2 Fig.2Fluorescence spectra of rhodamine 560 and Kiton Red mixture obtained for liquid water and for ice. Reprinted from[START_REF] Stiti | Temperature measurement and state determination of supercooled droplets using laser-induced fluorescence[END_REF] 

Fig. 3 Fig. 4

 34 Fig. 3 LIF optical setup and chain of detection

Fig. 5

 5 Fig. 5 Fluorescence spectra of KR recorded in the spray for different injection pressures normalized by the signal integrated on a non-reabsorbed spectral band ([640; 690 nm]): a zoom of the spectral band [540;, 560 nm] and b zoom of the spectral band [595; 615 nm]

Fig. 8 Fig. 9

 89 Fig. 8 Setup to investigate the effect of the fluorescent dye on the droplet's solidification a and typical top view image of the cooled slab with some frozen droplets b

Fig. 10

 10 Fig.10Experimental setup used to generate supercooled droplets injected at velocities on the order of 10 m/s. Reprinted from[START_REF] Stiti | Temperature measurement and state determination of supercooled droplets using laser-induced fluorescence[END_REF] 

Fig. 11

 11 Fig. 11 Distribution of the normalized fluorescence ratios R 31 / R 31,ref obtained in isothermal conditions fitted by a normal Gaussian law a and evolution of the moving average as a function of the treated droplet number N j b

Fig. 12

 12 Fig. 12 PDF of the normalized second fluorescent ratios for each membrane with an air temperature of -45 °C. Each distribution is fitted by a log-normal law

  averaged ice fraction in the interval [1;Th s ], χ m can be determined by:

Fig. 13 Fig. 14 a

 1314 Fig. 13 Different steps in the processing of the fluorescence signal data allowing the estimation of the ice fraction in a set of droplets produced by a monodisperse droplet injector

Fig. 15

 15 Fig. 15 Estimation of the volumic ice fraction on a population of 1000 detected droplets for each membrane and air temperature

Figure

  Figure 20 presents the evolution of ln R 31 R 31,ref as function of time where each point corresponds to a mean value of R 31

  

Table 1

 1 Physical properties of pure water and of water seeded with the mixture of fluorescent dyes (Rh560 and KR) taken at an ambient tem-

	, consists in a duralumin square slab (length of
	65 mm and thickness of 15 mm). The slab has a double
	envelop in which a coolant (Thermal Oil HL80) circulates
	controlled in temperature with the help of a chiller device
	(Julabo Presto® 750 W). Preliminary tests have shown that
	the surface temperature T s monitored by thermocouples
	remains fairly uniform. At the top surface of the block, 125
	spherically shaped cavities are drilled in order to deposit
	properly water droplets. Alternate rows of pure water drop-
	lets and rows of water droplets seeded with the dyes mix-
	ture are deposited. A 70-mL pipette (Finnpipette®) allows

Fig. 7 Fluorescence spectra of dyes mixture Rh560/KR dissolved in water recorded in the sprays. Spectra are normalized by the integral between [640; 690 nm]: a zoom of the spectral band [540; 560 nm] and b zoom of the spectral band [590; 615 nm]

Table 2

 2 

	Aerodynamic Weber number for the different droplet	D m [ m]	D[ m]	We[-]
	diameter of interest	50	95	0.17
		150	285	0.5
		200	380	0.67

Table 3

 3 Parameters of the log-normal law for the three membrane diameters, for T air

			D m	µ s	s	Th s
	= -45	°C	50 µm 150 µm	0.74 0.82	0.42 0.52	0.95 1.09
			200 µm	0.82	0.57	1.11
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