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EXTENDED ABSTRACT

According to Dryer1 (1976) and, in a similar classification Law2 (1977) the potential benefits of adding water to the evaporation/combustion process can be classified as those arising from the chemical reactions kinetics and those arising from the so-called secondary-atomization effect or micro-explosion. Concerning chemical reactions kinetics the resulting effects of adding water range from the passive heat sink effect, which can significantly reduce pre-ignition and detonation problems in spark ignition engines, to more active contributions where water vapor acts as a catalyser on some intermediate reactions or affects the flame velocity. When water is introduced by means of an emulsified fuel (as opposed to separate steam or liquid water injection) sprayed inside the combustion chamber, the vaporization process occurs at a lower temperature with respect to anhydrous fuel droplets because the boiling point of water is lower than most practical fuels. Moreover, for emulsions based on multicomponent-oils with a wide range of boiling points droplets experience a higher water vapor concentration and a temperature reduction in the gas fuel-rich region1. This leads to a significant reduction of the gas phase soot formation process1,3 and  diminishes the chemical activities at the flame, which should reduce the production of NOx1. Also, the reduced temperature can be interpreted in terms of lost of heat supply for the cracking reactions that lead to the formation of carbonaceous residue4.
Secondary atomization is sometimes introduced at some costs in the design of modern combustion chambers, via turbulent shear for example because of its beneficial effects on the overall burning time and the more uniform charge it yields for combustion. For emulsified droplets it occurs naturally in the form of micro-explosion and encompasses all of those advantages. The micro-explosion occurs when the water micro-droplets embedded in the fuel parent droplet reach their superheating limit3. The onset of homogeneous nucleation leads to disruptive boiling and finally atomization of the parent droplet. Due to its origin it was expected2 and experimentally proven5,6 that only high-boiling point continuous phases would actually lead to micro-explosions. The benefits are a substantial increase in the surface of evaporation and, an enhanced mixing of fuel vapor with air. Consequently, although their initial evaporation rate is smaller than anhydrous fuel droplets, emulsified droplets experience an overall reduced life time. When heterogeneous combustion is significant it yields a reduced combustion time, and thus less time for the cracking reactions to proceed4. 
All the effects aforementioned can be considered beneficial only if their respective kinetics is well captured. In particular, for emulsified fuels some of those beneficial effects depend on the onset of micro-explosion. Therefore, the aim of the present article is to model the evaporation of water-in-multicomponent-oil emulsion droplets under moderate pressure (1-15 atm) using Continuous Thermodynamics7 (CT) in order to predict accurately the onset of micro-explosion. Because of their high boiling point, heavy oils or diesel fuels used in power plants are good candidates for emulsification. However, to the authors’ knowledge all previous emulsified droplet evaporation models involved single component fuels for the continuous phase. As shown previously8,9, fuel composition effects that cannot be captured by single component models can have a significant impact on droplet evaporation, and thus should be adequately modeled in order to capture all the kinetics. 
We extend the multicomponent-fuel droplet evaporation model8,9 at moderate pressures10 to emulsified droplet evaporation. The fuel compounds are assumed homologous and belong to the n-alkane family. The continuous phase composition (multicomponent-fuel) is described using a gamma Probability Distribution Function (PDF) of the molar mass. The dispersed phase (water) is taken into account by an additional Dirac function (see Figure 1a). A set of ordinary differential equations is integrated to follow in time the droplet size, the droplet temperature and, the droplet composition: mean and standard deviation of the continuous phase PDF, and water mass fraction.
Also, based on physical considerations concerning emulsions (non-miscible fluids) we introduce a new limit to the evaporation model, the ‘limited distillation’ limit, which compares more favorably with experimental data with respect to the classical ‘distillation’ and ‘frozen’ limits2,6 . In the ‘distillation’ limit the liquid composition evolves in time and the rapid mixing assumption leads to volatility-based vaporization. In the ‘frozen’ limit the composition remains constant during the droplet lifetime and the surface vapor pressure of the less volatile/abundant component is limited by its liquid-phase. In the ‘limited distillation’ limit we adopt a distillation-like evaporation model for the continuous phase (miscible liquids) under the assumption of rapid mixing and assume that the surface distribution of water micro-droplets is physically limited to its core concentration. Therefore, we assume that the distribution of water micro-droplets should remain uniform and that there cannot be accumulation of water at the droplet surface under the assumption of higher volatility. 
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Figure 1:  a) Initial composition of a 10% water-in-diesel emulsion: continuous gamma PDF for the Diesel and a Dirac function for the discrete aqueous species. b) Timewise evolution of the droplet temperature
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We compute the evaporation of a single water-in-diesel emulsion droplet with initial conditions as in Wang and Law11 (1985) (see Figure 1) who studied experimentally the influence of pressure on the onset of micro-explosion in water-in-alkane emulsions as well as in water-in-diesel emulsion droplets. They observed that the onset of micro-explosion for 10 % (by volume) water-in-diesel emulsion droplets at atmospheric pressure occurred for a relative droplet volume 
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equal to 0.26. We assume that the superheating temperature3,5 (520 K) corresponding to those conditions is a valid criteria defining the onset of secondary atomization. Based on this, we show that the relative droplet volumes given by computations based on our ‘limited distillation’ evaporation model for higher pressures and higher water ratios are in good agreement with experimental measurements. Following this validation test case, an analysis is performed regarding the influence of multicomponent-fuels (as opposed to pure components), pressure, and water ratio on the general behavior of water-in-fuel emulsion droplets. 
REFERENCES

1. Dryer, F. L., Water addition to practical combustion systems: concepts and applications, Proceedings of the Sixteenth (International) Symposium on Combustion, 279-295, 1976.

2. Law, C. K., A model for the combustion of oil/water emulsion droplets, Combust. Sci. 
Technol., 17, 279-295, 1977.
3. Jackson, G. S. and Avedisian C. T., Combustion of unsupported water-in-n-heptane emulsion droplets in a convection-free environment, Int. J. Heat Mass Transfer, 41, 2503-2515, 1998.

4. Jacques, M. T., Transient heating of an emulsified water-in-oil droplet, Combustion and Flame, 62, 180, 1977.
5. Lasheras, J. C., Fernandez-Pello, A. C. and, Dryer, F. L., Initial observations on the free droplet combustion characteristics of water-in-fuel emulsions, Combust. Sci. Technol., 21, 1-14, 1979.

6. Law, C. K., Lee, C. H. and Srinivasan, N., Combustion characteristics of water-in-oil emulsion droplets, Combustion and Flame, 37, 125-143, 1980.

7. Gal-Or, B., Cullinan, Jr., H. T. and Galli, R., New thermodynamic-transport theory for systems with continuous component density distribution, Chem. Eng. Sci., 30, 1085-1092, 1975.

8. Hallett, W. L. H., A simple model for the vaporization of droplets with large numbers of components, Combustion and Flame, 121, 334-344, 2000.

9. Le Clercq, P. C. and Bellan J., Direct numerical simulation of a transitional temporal mixing layer laden with multicomponent-fuel evaporating drops using continuous thermodynamics, Phys. Fluids, 16, 1884-1907, 2004.
10. Harstad, K. and Bellan, J., Modeling evaporation of Jet A, JP-7, and RP-1 drops at 1 to 15 bars, Combustion and Flame, 137, 163-177, 2004.
11. Wang, C. H. and Law, C. K., Micro-explosion of fuel droplets under high pressure Combustion and Flame, 59, 53-62, 1985.






_1161760763.unknown

_1173709798.unknown

_1173709857.unknown

_1173709752.unknown

_1161580586.unknown

_1161581868.unknown

