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Digital in-line holography and 'inverse problems' approach for Lagrangian measurements of droplets evaporation

Digital in-line holography is used to perform a Lagrangian tracking of Diethyl Ether droplets vaporizing in air, in a quazi free falling configuration. Hologram reconstruction is based on an 'inverse problems' approach together with a weighted mask method to account for the modification of the droplet holograms by evaporation and resulting refractive index gradients in the surrounding air/vapor mixture. Vaporizing droplets are tracked and their diameter measured until the end of evaporation. Measured diameters then reach a plateau with remaining droplets only composed of water, originating from the condensation of humid air at the droplet surface. This fact is supported by droplets' refractive index estimations deduced from scattered light measurements at rainbow angle and by comparing experimental results to those of a simple evaporation/condensation model.

Introduction

The evaporation of droplets is a research area that concerns many practical situations: spray dryers, fuel injection in combustion chambers, atmospheric dispersion, physics of clouds... In a wide majority of cases, droplets vaporize in turbulent flow and a key question is whether or not turbulence influences evaporation.

As turbulence contributes to disperse the droplets, it is expected that their vaporizing rate is conditioned by the trajectory they follow and the regions of the flow where they accumulate. At the same time, the size evolution caused by the phase-change modifies the forces acting on particles, hence their trajectories, in a complex two-way coupling. Understanding this coupling belongs to the challenging and still open questions in fluid mechanics. The best approach to investigate this coupling is to measure the phase-change of the droplet by following it along its trajectory, making a so-called ``Lagrangian tracking''.

It has been shown recently that Digital In-line Holography with an 'inverse problems' approach is well suited to such measurements [START_REF] Chareyron | Testing an in-line digital holography "inverse method" for the Lagrangian tracking of evaporating droplets in homogeneous nearly isotropic turbulence[END_REF]. These first results were obtained by injecting Freon droplets in a homogeneous quasi isotropic turbulence generated by synthetic jets. Droplets size evolutions were measured along their 3D trajectories from digital holograms recorded with a high speed camera (3 kHz). The ``inverse problems'' approach selected to process the holograms has been found to provide accurates estimates of position and diameters that are required for this type of studies. It has also been pointed out that the thermal and/or vapor gradients produced at the droplets interfaces by the evaporation of Freon modify the central part of the droplet fringe pattern and generate a visible wake image on the holograms (Fig. 1).

However, some difficulties in injecting the Freon did not permit to keep droplets in the turbulence enough time to measure significant rates of vaporization with the present method and so, to provide a complete study of droplet evaporation in a rather simple configuration (free falling droplets), until the end of evaporation and taking into account the holograms disturbances created by the evaporation. Experiment is conducted on a jet of mono-dispersed Diethyl Ether droplets falling in air. This fluid has been chosen because it is easier to inject than Freon and because it evaporates very fast in ambient conditions, so that the whole vaporizing process can be investigated. The falling velocity of the droplets being weak, the holograms disturbances created by the vapor surrounding the droplets interface are almost spherical and can be analyzed using Generalized Lorenz-Mie Theory for multi-layered sphere [START_REF] Méès | Evaporating droplet hologram simulation for digital in-line holography setup with divergent beam[END_REF]. 

Experiment set-up

The falling droplets are generated with a piezoelectric MJT-AT-01 MicroFab Technologies jetting device operating in a 'droplet-on-demand' mode. It delivers mono-dispersed droplets that have a diameter of about 60 µm and an initial velocity u0 in the range 0.5-1.1 ms -1 . The fluid injected is Diethyl Ether manufactured by Sigma-Aldrich and containing less than 0.1% residual water. Droplets are released at ambiant temperature and pressure. Their initial diameter and velocity are measured before each run by Phase Doppler Anemometry (PDA), very close to the injector exit, together with air temperature and relative humidity in the room. At the end of vaporization, droplets are so small that they can respond to small air disturbances and doing so, deviate from their vertical trajectory. To avoid it, the end of the droplets jet is slightly sucked through a convergent, as depicted in Fig. 2. The suction velocity usuc is lower than 0.1 ms -1 . The holograms have been recorded by using the same in line (Gabor) setup as in [START_REF] Chareyron | Testing an in-line digital holography "inverse method" for the Lagrangian tracking of evaporating droplets in homogeneous nearly isotropic turbulence[END_REF]. The droplets are illuminated by a laser beam (wavelength λ= 532 nm) produced by a Nd:YVO4 solid laser Millenia IIs Spectra Physics. The beam is focused onto a spatial filter and expanded by a 100 mm focal length lens (see Fig. 2), chosen so as to image the entire jet of droplets. The holograms of droplets are recorded at a frequency of 6.2 kHz on the 800 x 1280 pixels CMOS sensor of a Phantom V611 camera (pixel size 20 µm, fill-factor 0.56). The sensor is positioned at a distance z0 = 462.5 mm from the plane where the droplets are injected. The distance zs between the point source S (beam waist) and the CMOS sensor is about 1460 mm. The parameters of the setup have been chosen to capture the whole droplet jet. The use of a divergent beam introduces a magnification of the holograms [START_REF] Vikram | Some salient features of in-line Fraunhofer holography with divergent beams[END_REF], [START_REF] Lebrun | Size measurement of bubbles in a cavitation tunnel by digital in-line holography[END_REF]) for both object size and reconstruction distance, with a magnification ratio which is a function of the distance z (close to z0) between the object and the sensor. A spherical droplet with coordinates xn, yn, zn and diameter dn is therefore reconstructed as an object located at
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The magnification factor is deduced from calibration by using a linear scale glass reticle (Edmunds Optics, sharp 62-252) at various distance z from the sensor.

Holograms reconstruction

The image processing applied to the holograms is based on an 'inverse problems' approach as proposed by Soulez et al (2007a) and Soulez et al (2007b). This hologram processing amounts to a pattern recognition.

The synthetic hologram (pattern) formed in the far-field by a spherical droplet with given diameter dk and location xk, yk, zk depends only on these four parameters [START_REF] Tyler | Fraunhofer holography applied to particle size analysis a reassessment[END_REF] and has a closed-form expression (direct problem), considering the spherical droplet as an opaque circular disk. The 'inverse problems' approach consists in finding iteratively (i.e. particle per particle) within a 4D search space, the set of parameters xk, yk, zk, dk producing the synthetic hologram that best matches each individual droplet hologram on the image. Once the set of parameters matching an individual droplet hologram is found, the corresponding synthetic hologram is subtracted from the image (cleaning step) and the next droplet is searched. In contrast to the classical approaches, these computed holograms intrinsically take into account truncation and low spatial resolution of the sensor which are significant sources of error and low accuracy measurements. As shown in [START_REF] Chareyron | Testing an in-line digital holography "inverse method" for the Lagrangian tracking of evaporating droplets in homogeneous nearly isotropic turbulence[END_REF] and Soulez et al (2007b), the inverse approach allows higher accuracy measurements of both sizes and (transverse and depth) positions of droplets, and can significantly expand the field of view outside of the sensor area. The processing of each hologram gives the positions and diameter of droplets at various successive instant of the film. The 3D trajectory and the diameter evolution along each droplet trajectory is then deduced via a tracking method. The distance between droplets over their diameter L/d being greater than 100, tracking has been achieved by using a simple 3D nearest-neighbor criterion. supported by the fact that the wake image is aligned with the relative motion of the air around the droplet. In In fig. 3, the wake image is vertical, opposed to the falling velocity of the droplets, while for Freon droplets it was aligned with the Lagrangian turbulent relative velocity seen by each droplet. The proof that index gradient are at the origin of the brightness excess have been recently provided by rigorous electromagnetic scattering calculations in the framework of Generalized Lorenz-Mie Theory [START_REF] Méès | Evaporating droplet hologram simulation for digital in-line holography setup with divergent beam[END_REF]. As the falling velocity of Diethyl Ether droplet is weak, the thermal-concentration layers around the droplet can be considered as almost spherical and the droplet can be modeled by a multilayered sphere with a liquid core and numerous layers of refractive index decaying exponentially, in agreement with the measurements of [START_REF] Toker | Holographic study of suspended vaporizing volatile liquid droplets in still air[END_REF] and [START_REF] Toker | Study of suspended vaporizing volatile liquid droplets by an enhanced sensitivity holographic technique: additional results[END_REF]. The simulations presented in [START_REF] Méès | Evaporating droplet hologram simulation for digital in-line holography setup with divergent beam[END_REF] well reproduce the brightness excess observed in the center of experimental droplet holograms (see Fig3 (b)). This unusual central fringe brightness is the most problematic for the 'inverse problems' approach, because it is not described by the simple hologram formation model used in previous works for homogeneous spherical droplets (Fresnel diffraction by an opaque disk). To get rid of this problem, a weighted mask method has been used in [START_REF] Chareyron | Testing an in-line digital holography "inverse method" for the Lagrangian tracking of evaporating droplets in homogeneous nearly isotropic turbulence[END_REF] to exclude the central part of the hologram from the reconstruction process. The efficiency of the masking method has been clearly demonstrated [START_REF] Seifi | Accurate 3D tracking and size measurement of evaporating droplets using an in-line digital holography and "inverse problems" reconstruction approach[END_REF]. As shown in [START_REF] Méès | Evaporating droplet hologram simulation for digital in-line holography setup with divergent beam[END_REF], the refractive index gradient affects only the first three central fringes of the holograms.

The effect of evaporation on droplets holograms

The size of the mask is then chosen in consequence and the modified algorithm ('inverse problems' algorithm together with weighted mask) is used to obtain the data presented in the following. 

Results

The reconstruction algorithm described above is used to track Ether droplet from the nozzle exit to the end of their evaporation. As an example, Fig. 4 (a) shows the Lagrangian time evolution of the diameter square of two Diethyl Ether droplets (initial diameters d0=52.5µm and 55.5µm) at different ambient temperatures and relative humidities. 500 to 600 holograms are processed to describe the whole trajectory of each droplet.

Whatever the room conditions, the Diethyl Ether evaporates within a very short time. This means that Diethyl Ether is a good candidate to replace the Freon for experiments in turbulent flows. From 10 ms, the square of droplet diameter d 2 decreases almost linearly with time, following the d 2 law which characterizes a quasi-steady evaporation [START_REF] Law | Recent advances in droplet vaporization and combustion[END_REF]. This linear decrease is accompanied by ± 0.5-0.6 µm oscillations of the diameter whose origin is still unknown. They may arise either from the algorithm used to process the hologram or from unsuspected physical phenomena linked to evaporation or droplet dynamics. Past 70 ms, the droplet diameter reaches systematically a plateau, meaning that evaporation has stopped. This plateau could be explained by assuming that all the Diethyl Ether has evaporated and that the remaining droplet is only composed of residual water which evaporates much more slowly. However, the Diethyl Ether used here contains less than 0.1% of water (provided by manufacturer and checked experimentally), while the volume ratio, deduced from the initial droplet diameter and the diameter at plateau leads to an amount of about 4%.

Another explanation for this difference is that the fast evaporation of the Diethyl Ether cools the humid air around the droplet and causes its condensation at the surface, leading to an increase of the water contents all along the evaporation process and a greater final diameter at plateau. The existence of condensation has been reported by [START_REF] Law | Alcohol droplet vaporization in humid air[END_REF] for Alcohol droplet vaporizing in humid air. They showed that the water vapour condensed at the surface of the droplet and that the condensation heat release enhanced the vaporization of Alcohol. As the Diethyl Ether is much more volatile, the same process is likely to take place. The fact that the diameter dw of the plateau is increasing with the relative humidity of the air (d w=15µm for Rh=0.36, dw=19µm for Rh=0.70) is consistent with this scenario that will be further evidenced in the following, by estimating experimentally the droplet refractive index and by comparing experimental results to a simple evaporation/condensation model. The Lagrangian fall velocities of the two droplets are displayed in Fig. 4 (b). In both cases, the velocity tends asymptotically to a constant value which corresponds to the suction velocity of the convergent used to stabilize the jet of droplets. The suction velocities are lower than 0.1 m/s, so that droplets are in quasi free falling conditions. recording the rainbow pattern, two spherical lenses are used to realize an out of focus image of the droplet using the same principle as for Interferometric Laser Imaging Droplet Sizing (ILIDS) [START_REF] Ragucci | Drop sizing by laser light scattering exploiting intensity angular oscillation in the mie regime[END_REF][START_REF] Glover | Interferometric laser imaging for droplet sizing: a method for droplet-size measurement in sparse spray systems[END_REF], also known as Interferometric Particle Imaging (IPI), but at rainbow angle. The main advantage of this out-of-focus configuration is to better control the location of the droplets as any displacement lead to a modification of the scattering angle that strongly affect the refractive index estimation. The out of focus droplet image is a circular pattern containing the rainbow fringes as shown in 

Evaporation model

To fully evidence the presence of water condensation together with Ether evaporation, an alternative way is to compare experimental results to those provided by an evaporation/condensation model. A simple model for droplet evaporation has been build following [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF] and [START_REF] Guella | Evaporation d'une gouttelette en chute libre dans l'air[END_REF] by solving the coupled system constituted by the equations of motion, heat, and mass transfer for the droplet. Input data are the initial droplet diameter and injection velocity, both measured by digital holography, the initial droplet temperature (assumed to be equal to the room temperature), the room pressure and the room temperature. In Fig. 4 (a), the evaporation model without condensation (dashed line) underestimates the evaporation rate and evaporation totally ends at t=90 ms, against t=70 ms in experimental data. The plateau in the model account the observed oscillations whose origin is not identified yet. The presence of condensation exhibited by holography has also been validated by estimating the diameter and refractive index evolution of droplets from light scattering measurements at rainbow angle.

These results are helpful to prepare the next experiments that we plan to do in turbulent flow condition. They attest that the Diethyl Ether is a good candidate for these experiments because it evaporates very fast and it is easier to inject than Freon. They also show that humid air condensation at droplet surface has a nonnegligible effect on the diameter evolution and must be taken into account in future works. In particular, a good control of the relative humidity of air and room temperature is essential.
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 1 Fig. 1 Evaporating freon droplet hologram from the experiment described in Chareyron et al (2012).

Fig. 2

 2 Fig. 2 Optical set-up. (a) digital holography and (b) scattered light at rainbow angle.

Fig. 3

 3 Fig. 3(a) shows an hologram of the droplet jet after background removal, as described in Seifi et al (2013). It confirms the trends observed in the case of Freon droplets in Chareyron et al (2012). When evaporation takes place (upper part of the figure), the droplet holograms are modified. The central fringe of the holograms is abnormally bright compared to what is expected with a non-evaporating droplet (spherical object) hologram recorded at large distance. In addition, a wake image is visible behind the hologram patterns. Both modifications are attributed to the deflection of the light by the refractive index gradient in the thermalvapor concentration boundary layers and wakes developing around the droplets. This assumption is

Fig. 3

 3 Fig. 3 Digital hologram (a) of evaporating ether droplets. Radial profile (b) of an experimental hologram compared to synthetic holograms simulated by GLMT, with and without surrounding refractive index gradient (Méès et al, 2013).

Fig 4

 4 Fig 4 (a) Diameter square versus time. (Δ) measurement and (--) simulation for T ∞ =25°C, R h =0.36, d 0 =52.5µm, u 0 =0.47 ms -1 , u suc =0.060 ms -1 ; (…) simulation for the same parameters but for R h =0; measurement (○) and simulation (-) for T ∞ =21.5°C, R h =0.70, d 0 =55.5 µm, u 0 =1.13 ms -1 , u suc = 0.075$ ms -1 . Horizontal line on bottom: plateau corresponding to the 0.1% water initially contained in the droplet. (b) Fall velocity versus time, same legend notations

Fig. 5 .

 5 Fig. 5. Any displacement of the jet parallel to the sensor leads to a displacement of the circular pattern on the image and any displacement perpendicular to the sensor leads to a reduction or an enlargement of the circle diameter. Circular patterns which are not centered on the image or showing larger or smaller diameter are thus excluded, ensuring measurements at a nearly constant angle θ (the tolerance is set to 40 pixels in both circle position and diameter, corresponding to angle variation lower than 0.25 degree). In addition, the out of focus distance (distance between the sensor and the second lens) can be adjusted to increase the resolution (larger image size) or increase the recorded intensity (smaller image size).

Fig 5 Fig. 6

 56 Fig 5 Interferometric droplet image at rainbow angle. The rainbow pattern is extracted and plot versus pixel number by adopting the reference axis in white

Fig. 6

 6 Fig. 6 Droplet diameter and refractive index estimation from light scattering measurement at rainbow angle.
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The droplet refractive index is estimated from the rainbow pattern after a calibration process based on Lorenz-Mie calculation and measurements on water droplets (refractive index nw=1.333) injected with the same device and whose diameter is controlled using Phase Doppler Anemometry. A best fit procedure between experimental rainbow pattern and Lorenz-Mie calculation leads to an estimation of both droplet diameter and refractive index. Fig. 6 show two examples of best fit between experimental and calculated rainbow patterns. For the large droplet example provided by Fig. 6 (a), the main bow is completely recorded.

Its angular location essentially depends on refractive index, the bows width and the high frequency oscillations essentially depend on its diameter. For the smallest droplet considered in Fig. 6 (b), the main bow is shifted toward smaller angle θ showing a smaller refractive index. Note also that only a part of the main bow is recorded in this case, possibly leading to lower accuracy or error in refractive index estimation.

Applying this best fit procedure, the droplet diameter and refractive index are estimated as a function of the distance from the nozzle as shown in Fig. 7. The diameter estimation essentially agrees with the diameter measured by digital holography and displayed as a function of the distance to the nozzle with solid line in the figure.

Results interpretation is not straightforward for the refractive index estimation. At short distances from nozzle, during evaporation, the estimation is clearly larger than the Ether refractive index (nEther=1.349). This over-estimation is not surprising, as in presence of refractive index gradients inside the droplets (that is more than likely in the present case), estimations based on a homogeneous droplet assumption are bias. This effect is clearly reported in [START_REF] Saengkaew | Rainbow refractrometry on particles with radial refractive index gradients[END_REF]. Past 15 mm, when the droplet diameter has reached the plateau, the refractive index estimation clearly decreases to fall, in average, around the water refractive index value. These results are consistent with the assumption of remaining droplets only composed of water although they do not provide indisputable evidence of the water condensation assumption. Moreover, at large distance from the nozzle, refractive index estimations are more scattered. The droplets are small when they reach the plateau and the refractive index estimation is clearly affected. At intermediary distances, the refractive index estimations have no meaning, probably resulting from a complex internal refractive index evolution due to both temperature and composition gradients. One can conclude that refractive index estimation from rainbow pattern are limited in the present case by difficulties in fitting partial rainbow pattern for the smallest droplets and by the presence of refractive index gradients inside the droplets during evaporation.

corresponds to the residual water initially contained in the Diethyl Ether (≈0.1\%) and so, is much lower than the experimental one.

Water condensation from the humid air at the droplet surface is then added in the model [START_REF] Marié | Lagrangian measurements of the fast evaporation of falling Diethyl Ether droplets using in-line digital holography and a high-speed camera[END_REF], by including the condensation rate of water in the mass transfer equation and the corresponding heat production in the heat transfer equation. The relative humidity Rh in the room is measured to complete input data and the new system is solved to obtain the diameter evolution shown in Fig. 4(a) for the two different room conditions (temperatures and relative humidities). Model and experiments now perfectly agree, excepted for the weak (in the order 0.5 µm) and regular oscillations observed in experimental data during evaporation. The evaporation rate is retrieved in average and the droplet diameter is well estimated in both cases.

Conclusion

The in-line digital holography and 'inverse problems' reconstruction approach tested in [START_REF] Chareyron | Testing an in-line digital holography "inverse method" for the Lagrangian tracking of evaporating droplets in homogeneous nearly isotropic turbulence[END_REF] to track evaporating Freon droplets in a turbulence, has been used to measure the evaporation of Diethyl Ether droplets falling in air, from a Lagrangian point of view. The motivation of this new experiment is to complete the validation of the technique in a test case where evaporation is much higher and the absence of turbulence makes comparisons of the experimental data with simple evaporation/condensation model possible.

The holograms of Diethyl Ether droplets recorded in nearly free falling conditions confirm that the hologram formation is modified when evaporation takes place. The central fringe of the holograms is abnormally bright compared to what is expected with a non-evaporating droplet and a wake image is visible behind the holograms. These disturbances, already noted with Freon, are more accurately visualized here, because the falling velocity of droplets is weak and hence, the layer of vapor around the droplets that creates the disturbance is almost spherical. These new droplet holograms fully justify the use of the weighted mask method proposed in [START_REF] Chareyron | Testing an in-line digital holography "inverse method" for the Lagrangian tracking of evaporating droplets in homogeneous nearly isotropic turbulence[END_REF] and [START_REF] Seifi | Accurate 3D tracking and size measurement of evaporating droplets using an in-line digital holography and "inverse problems" reconstruction approach[END_REF] to exclude the central part of the holograms from the 'inverse problems' reconstruction process.

The Lagrangian time evolution of the droplets diameter and velocity along their whole trajectory, from injection to the end of evaporation, has been obtained for the first time. It shows that the 'inverse problems' hologram reconstruction, can be used to track the droplets till they fully evaporate and accurately determine evaporation rates and the residual water amount due to water condensation for different room conditions.

The evaporation rates, the falling velocity and the residual water amount thus measured have been validated by comparing the results with a simple evaporation/condensation model. A good agreement has been found between experiments and calculation. In particular, the diameter square decreases following the same d 2 laws than those predicted by the model. Diameter measurement accuracy is in the order of 0.5 µm, taking into