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Liquid droplet vaporization in a high-pressure, high-temperature environment is of relevance to combustion science and technology, due to the need of developing high-pressure combustion devices such as liquid-propellant rockets, gas turbines and diesel engines. For a proper design of the combustor and for an increased combustion efficiency, it is fundamental to model and predict correctly the process of vaporization in dense fuel sprays. In this latter case, there are two competing factors, which strongly influence the vaporization process, namely: droplet interaction and high-pressure/temperature effects. Although their importance has not gone unrecognised in literature1-5, no conclusive evidence could be reached due to the lack of reliable experimental data. This paucity of experimental data is attributable to the difficulties of performing controlled experiments on free droplets of micrometer size in a high pressure/high temperature environment. A few experimental studies6-8 investigated the vaporization process of single suspended droplets in a high pressure/ temperature environment. In all cases, the analysis was conducted on droplets of roughly 2 mm in sizes and thus much larger than those typically found in fuel sprays. Droplet interaction effects, instead, have been studied solely at atmospheric conditions1-2 and it is not clear whether (and to what extent) the mechanism of interaction depends on the thermodynamic state in the combustor. As a first step in the solution of this challenging problem, the vaporization rate of droplet arrays of micrometer size under high pressure and temperature conditions is derived experimentally. Our objective is to provide a unified treatment of all factors influencing the overall behaviour of dense fuel sprays.
THE EXPERIMENTAL SETUP

A new test rig has been built, where a monodisperse droplet stream evaporates under well-defined conditions. The chamber, shown in Fig. 1a, can be pressurised till 80 bar and is thermally insulated to minimise heat losses. The cylindrical test section is 20 cm long and has an internal diameter of 32 mm. The chamber is also equipped with a droplet generator, which allows us to adjust the initial droplet size and spacing very accurately. The initial droplet temperature can be regulated by a heating device and is controlled by a thermocouple. As test gas, helium is used in order to exclude solubility effects and combustion processes. The droplets are falling vertically downwards on the centreline of the chamber (see Fig. 1b) and are embedded in a gas flow, in order to prevent condensation at the windows. The chamber is mounted on a x-y translator, so that the droplet size can be measured at different axial positions, through a set of two quartz windows 80 mm long. 

The evaporation rate of droplet arrays is determined by means of the low-angle elastic light scattering (LAELS) technique. This objective is achieved by measuring simultaneously both droplet size and spacing. Essentially, the droplet size is obtained by collecting the light scattered by an ensemble of particle at small angle; while the droplet speed is deduced by exploiting the interference fringe pattern, associated to the droplet stream, as a way to determine the droplet distance and hence indirectly the speed. A detailed description of the method, its accuracy and its suitability in studying complex interaction phenomena between vaporizing droplets has been already presented elsewhere9-10 and is not repeated here.
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Fig. 1. (a) Schematic view of the high-pressure chamber; (b) Shadowgraph image of the monosize droplet array; (c) Typical diffraction pattern produced by the droplet chain. 


RESULTS

In Fig. 3a-b, the evolution of the normalised squared droplet diameter (D/D0)² is plotted versus the normalised time (t/ D0²) for hexane droplets at different pressures and initial droplet temperature Td. At ambient temperature (Fig. 3a - Tgas = Td = 20.0 °C), vaporization rates decrease to reach a minimum value and increase again slightly when the pressure is above the critical pressure of 30.3 bar for hexane. This trend is in agreement with the experimental predictions of Morin et al.8 for an isolated suspended n-heptane droplet in nitrogen. If we increase the initial droplet temperature to Td = 40.0 °C, the vaporization rate still decreases monotonously with pressure. However, the quenching effect is considerably less for the heated droplets and no inversion in the pressure-dependence is observed at the critical pressure. 
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Fig. 3. Pressure dependence of the normalised squared droplet diameter (D/D0)² for hexane droplets in helium. (a) Tgas = Td = 20.0 °C;  (b) Tgas = 20.0 °C and Td = 40.0 °C

An interesting effect is observed with respect to the influence of interdroplet spacing on the vaporization process. At atmospheric pressure, the competing effects between neighbouring droplets may result in a substantial decrease in droplet vaporization rate when compared to the isolated droplet case. This result has been corroborated both experimentally and theoretically by several authors1-3,9 and depends solely on droplet spacing and not on fuel type, droplet size and ambient conditions. As an example, Fig. 4a shows our own experimental confirmation of such an effects: for a given droplet spacing, the evaporation rate remains constant independently of the initial droplet temperature, which is in clear contradiction with theoretical predictions for an isolated droplet. Figure 4b shows that the same conclusion does not hold if we increase the chamber pressure from atmospheric conditions to 30 bar. This seems to suggest that the mechanism of droplet interaction depends strongly on chamber pressure and the generalization of droplet interaction models, developed at atmospheric conditions, to conditions normally encountered in modern combustors is not so straightforward as initially proposed in the literature2.
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Fig. 4. Influence of chamber pressure on the mechanism of droplet interaction. (a) P = 3 bar;  (b) P = 30 bar.
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