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ABSTRACT

The effect of finite thermal conductivity of droplets is taken into account through new solutions of the heat conduction equation inside a spherical droplet. The droplet is assumed to be heated by convection and radiation from the surrounding hot gas (typical situation for diesel engines). Droplet evaporation and the effect of a time dependent gas temperature and convection heat transfer coefficient are taken into account. Explicit formulae for the time dependent radial distribution of temperature inside the droplets are obtained for a constant and an almost constant convection heat transfer coefficient. In the case of an arbitrary convection heat transfer coefficient, the differential equation is reduced to the Volterra integral equation of the second kind1. The internal circulation inside the droplet is taken into account via the introduction of an effective thermal conductivity of the droplet keff2. Results of the numerical modelling of diesel fuel droplets heating and evaporation are compared with the predictions of the conventional numerical solution of this equation using fully implicit approach. It has been shown that the new approach - based on an assumption of constant convection heat transfer coefficient - is the most efficient for implementation into numerical codes both from the point of view of accuracy and computer efficiency. Also, the new approach has been compared with the one based on the assumption that the temperature distribution inside the droplet has a parabolic profile and the one based on the assumption of no temperature gradient inside the droplets3-4. The algorithm based on the analytical solution of heat conduction equation inside the droplet with constant convection heat transfer coefficient has been shown to be more accurate than the solution based on the parabolic temperature profile model. The relatively small contribution of thermal radiation to droplet heating and evaporation allows us to describe it using a simplified model, which takes into account droplets’ semi-transparency5, but does not consider the spatial variations of radiation absorption inside droplets. 

The main focus of the paper will be on the analytical solution of the heat conduction equation inside droplets with constant convection heat transfer coefficient. This model is implemented into a zero dimensional code in which all values of the gas parameters (velocity, temperature, fuel vapour concentration etc) are assumed to be homogeneous. This code takes into account the coupling between liquid and gas phases. It models the autoignition processes using the Shell model. The predictions of the code are validated against the available experimental data. Then the code is used to investigate the effects of temperature gradient inside droplets and thermal radiation on droplet evaporation time, break-up and the total ignition delay of fuel vapour / air mixture in a wide range of parameters. Initial gas temperatures were taken in the range from 700 K to 1200 K. Initial droplet diameters were taken as 5 (m, 10 (m and 50 (m. Initial gas pressures were taken in the range from 1 MPa to 5.5 MPa. Initial droplet velocities were taken in the range from 0 (stationary droplet) to 100 m/s, while the gas was assumed to be quiescent initially. External temperatures, which are responsible for radiation, were taken in the range from 880 K to 2500 K. 

The results show that the effect of thermal radiation on evaporation time and the total ignition delay is increased by increasing the external radiation temperature and the initial droplet diameter. Also, it is shown that taking into account the temperature gradient inside the droplet leads to a more rapid increase in the droplet surface temperature. This can be attributed to the fact that in the case of finite thermal conductivity, the heat reaching the droplet is consumed by heating thin layers adjacent to the droplet surface, while in the case of infinite thermal conductivity the heat is consumed by the whole droplet.

 In the absence of break-up, the effect of the temperature gradient inside the droplet on the evaporation time is relatively small (few percent) and can be ignored in most diesel engine applications. In the presence of the break-up process, the effect of the temperature gradient inside the droplets leads to a reduction in the evaporation time of more than 50%. This is related to the effect of the increase in droplet surface temperature predicted by the finite thermal conductivity model. This translates into a decrease in surface tension, and the threshold radii of the unstable droplets.  

The observed values of the total ignition delay times (physical + chemical ignition delays) for n-heptane6 versus initial gas temperature are shown in Fig.1. Also, this figure shows the predictions of the zero dimensional code based on the finite thermal conductivity model, and the conventional model that neglects the temperature gradient inside droplets. The autoignition was described by the Shell model with the kinetic parameter Af4 taken to be equal to 3x106. As follows from Fig. 1, the influence of the temperature gradient in droplets on the total ignition delay is noticeable (up to 20%). This is related to the fact that the chemical part of the total ignition delay is a strong non-linear function of gas temperature and it is strongly affected by the increase in the droplet surface temperature, due to temperature gradient effects. The discrepancy between predicted and observed total ignition delays for low gas temperatures could be due to the fact that neither of our models took into account the heat losses from the combustion chamber. In the case of short total ignition delays at higher gas temperatures, these heat loss effects can be ignored, but they have to be taken into account in the case of relatively long total ignition delays at low gas temperatures. 

As follows from our calculations, the effect of the temperature gradient inside the droplets on the total ignition delay times is further enhanced by the presence of break-up, leading to more than halving of the total ignition delay. 

The new model is implemented into KIVA2 CFD code to investigate the effect of the temperature gradient inside droplets in realistic diesel engine conditions. The predicted results are validated against experimental data of the liquid spray tip penetration measured by Beatrice et al7 and the computational in-cylinder pressure measured by Belardini et al8. The results show that the new model predicts a better fit with experimental data referring to spray penetration than the results predicted by the model neglecting the temperature gradient inside droplets. It is pointed out that taking into account the temperature gradient inside fuel droplets increases the accuracy of the numerical CFD calculations.
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Fig. 1 The values of total ignition delay time for  n-heptane droplets versus initial gas temperatures, as measured by Tanabe et al6, and the results of calculations based on the new and the conventional models. The Shell autoignition model was used for modelling the autoignition of the fuel-air mixture with fitting parameters providing the best fit for the predictions of the new model. 
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