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The measurement of mean diameter

The Malvern Instrument reports volume fraction of drops along the line-of-sight of the laser beam. The volume fraction is the ratio of the volume of drops, ΔQ i , within the class width, ΔD i , to the total volume of drops, Q Total , from all diameter classes (i = 1 to M) within the measure volume. The volume fraction distribution can be used to obtain different type of mean diameters. We are interested in the De Brouchkere mean or D 43 which is used commonly in combustion application [START_REF] Lefebvre | Atomization and Sprays, Hemisphere[END_REF]. This is defined in term of the measured volume fraction by

∑ = Δ = M i T i i Total Q Q D D 1 43 / , (1) 
where D i is the middle point of drop diameter of class i.

Dimensionless drop-size distribution

To reduce number of variables and to be independent of system of unit, the dimensionless diameter is used in this work.

The diameter D i of each class of the volume fraction distribution is nondimensionalized by the mean diameter, D 43 , of the distribution to obtain the dimensionless diameter, ξ i [START_REF] Williams | Combustion of Liquid Fuel Sprays[END_REF]. The width of the dimensionless diameter of class i can also be calculated as

43 i i D D Δ = ξ Δ . ( 2 
)
The volume fraction, on the other hand, is expressed in the form of mass fraction. This is of more meaningful when the evaporation or combustion of the group of drops is concerned. As far as the density of the liquid fuel is constant, the mass and the volume fraction distributions are equal. Therefore, the dimensionless mass frequency can be determined directly from the measured volume fraction by

⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ Δ Δ = ξ Δ Δ exp 43 i Total i i Total i D D Q Q w w . (3) 
The dimensionless mass frequency shown in the above equation is in turn used as the initial distribution for analysis of evaporation process.

Evaporation of hetero-size droplets

When a single fuel droplet evaporates under a quasi environment, either with or without combustion, its size against the evolution time is commonly expressed by the D 2 -law [START_REF] Kuo | Principle of Combustion[END_REF] 

t D D 2 0 2 λ - = , (4) 
where D 0 is initial diameter, λ is the evaporation constant and t is the evolution time.

The burn out time, t b , is arrived when the diameter of the droplet becomes zero. The D 2 -law can be written in dimensionless form [START_REF] Williams | Combustion of Liquid Fuel Sprays[END_REF], using the mean diameter, D 43 , and hence

( ) ( ) τ - ξ = ξ τ 2 0 , i 2 , i , (5) 
where τ (= λt/D 43 ) is the dimensionless time.
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The The concept shown schematically in Fig. 2 can be written in the form of equation as ΔN τ >0 = ΔN τ =0 . This can be transformed into the relation between the dimensionless mass frequency at any evolution time τ and at the initial time, with the help of Eq. ( 5). The time dependent dimensionless mass frequency can then be written by

( ) ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ Δ Δ - = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ Δ Δ 0 , 0 , 3 0 , 2 3 2 0 , 0 , , 0 0 i T i i i i T i w w w w ξ ξ τ ξ ξ τ . ( 6 
)
Note that the time evolution of the dimensionless mass frequency is the relative change of mass fraction to the change of dimensionless diameter at the initial time, Δξ i,0 [START_REF] Williams | Combustion of Liquid Fuel Sprays[END_REF]. The dimensionless burn out time, τ b , is arrived when the evaporated mass ratio (= 1-(Δw i,τ /w T0 )) is more than 99%.

RESULTS AND DISCUSSION 3.1 Volume fraction distribution

The measurement results of volume fraction distribution are shown in Fig. 3. It can be seen from the Fig. 3 that the distributions obtained are broader and the average diameters are smaller as the line of measurements get closer to the center of the spray. The mean diameters obtained from the different line-of-sight measurement are 46.8, 47.8, 52.6, 57.9, 63.9, 70.9 and 77.6 μm. 

Time evolution dimensionless mass frequency

Volume fraction distribution data at position y = 0 is changed into dimensionless mass frequency, using the relationship given by Eq. ( 3). The dimensionless mass frequency is plotted in Fig. 4 (the solid line). Since the diameter space is nondimensionalized by the mean diameter, D 43 , then the dimensionless mass frequency locates on the dimensionless diameter space of order one. Integration of the mass frequency results in the ratio of mass at the evolution dimensionless time to the mass at the initial time. Since the solid line represents initial dimensionless drop-size distribution, then the area under the curve of solid line (the mass ratio) is one. When combustion (or evaporation) occurs, the D 2 -law is applied to the dimensionless mass frequency and the curve becomes evolving with time. The dot, dash and center lines shown in Fig. 4 are the dimensionless mass frequency when the remaining mass ratio is at 50, 10 and 5% respectively. It can be seen from Fig. 4 that the small drops disappear first and large drops remain. It should be reminded here that the dimensionless mass frequency is plotted against the dimensionless diameter at the initial time.

Dimensionless

Evaporated mass ratio

The evaporated mass ratio against the evolution time of the above distribution (at the position y = 0) is calculated and plotted in Fig. 5. There are two time scales within the plot: the scale on the bottom x-axis is the dimensionless time scale and the scale on the top x-axis is the real time scale. Since at current state of the research, we do not know the value of the evaporation constant (λ) of the bio-diesel then the magnitude of the real time (t) is scaled by λ. It has been found that the broader the dimensionless mass frequency, the longer the dimensionless time takes to evaporate the drops within the distribution. The dimensionless evaporated time is shortest (with the value of 1) when the distribution is of a single size drop distribution. It can be seen that when the initial dimensionless mass distribution contains high proportion of small drops, it is prone to evaporate faster. In the case where the fuel and the combustion conditions are similar (λ is a constant and independent of drop-size), the real burn-out time depends only on the mean diameter: the smaller the mean diameter the faster the real evaporation time of the distribution.

Dimensionless

The real evaporation time for the line-of-sight measurement past the center core is shortest which means that the hetero size drops within the measurement volume contains ratio of smaller drops more than those distribution measured at the edge of the spray 4. CONCLUSION The classical D 2 -law for evaporation of a droplet can naturally be adapted to calculate the time evolution of distribution of the group of drops and their burn-out time. It can be seen that the dimensionless burn-out time delays for the case of heterogeneous sizes drop comparing with that of the single drop distribution. To calculate the real evaporation time from its dimensionless value, evaporation constant and mean diameter of the distribution are needed. The results of this paper are confined to the evaporation time obtained from line-of-sight measurement data; analysis of the local drop-size distribution within the spray is the subject for the future research.
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 1 Fig.1 Schematic diagram of drop-size distribution measurement
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 3 Fig. 3 Volume fraction distributions at different line-of-sight measurements
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 5 Fig. 5 Evaporated mass versus real and dimensionless time scales
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 66 Fig.6shows the comparison of the dimensionless mass frequency from different line-of-sight measurements at initial time. The distributions are broader as the line of measurements get closer to the centre of spray than those at the outer edge.
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 77 Fig.7shows the remaining mass ratio of different line-of-sight measurements at the same evolution time. The mass ratio at the centre (= 10%) remains less than that at the outer edge (= 36%)
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