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ABSTRACT

This work presents recent approaches to the modelling of heating and evaporation of automotive fuel droplets with
application to diesel-biodiesel fuel blends in conditions representative of internal combustion engines. The
evolutions of droplet radii and surface temperatures for diesel-biodiesel fuel blends have been predicted using the
Discrete Component model (DCM). These blends include up to 112 components (98 diesel hydrocarbons and up
to 14 biodiesel components of waste cooking oil and soybean methyl esters). The effects of ambient conditions
(ambient pressure and temperature, and radiative temperature) on multi-component fuel droplet heating and
evaporation are investigated. Ambient pressures and temperatures, and radiative temperatures in the ranges 20-
60 bar, 700-950 K, and 1000-2000Kk, respectively, are considered. Transient diffusion of 98 hydrocarbons and
up to 14 methyl esters, temperature gradient, and recirculation inside droplets, are accounted for using the DCM.
In contrast to previous studies, it is shown that droplet evaporation time and surface temperature predicted for
100% biodiesel (B100) are not always close to those predicted for pure diesel fuel (BO), but are dependent on the
biodiesel fuel type and ambient conditions. Finally, the impact of radiation on opaque droplet lifetimes is shown
to be significant, leading to about 19.4% and 23.3% faster evaporation for BO and B100, respectively, compared
to the case where radiation is ignored.
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1. INTRODUCTION

The importance of modelling the heating and evaporation processes of multi-component fuel droplets has been
highlighted in many studies (e.g. [1-4]). Understanding these processes is crucial to the design of internal
combustion engines and to ensuring their good performance [5,6].

The interest in bio-fossil diesel fuel blends has been stimulated by the depletion of fossil fuels and the need to
reduce carbon dioxide emissions that contribute towards climate change [7,8]. Also, compared to fossil fuels,
biodiesel fuel has several advantages: it produces lower carbon dioxide emissions, has a higher flash point,
higher lubricity, and is cost effective; in addition, blends of diesel-biodiesel fuels can be used in diesel engines
with minimal/no modification [9,10]. Several suggestions have been made for modelling these processes (see
[5,11]). The Discrete Component Model (DCM), suggested in [12] and validated against experimental data in
[13], has been used in our analysis. This model is based on the analytical solutions to the heat transfer and
species diffusion equations using the Effective Thermal Conductivity/Effective Diffusivity (ETC/ED) model
[1,5,14]. This model is important because it takes into account the recirculation, temperature gradients and
species diffusion inside droplets.
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Following [11,15-18], the analysis of droplet heating and evaporation processes is focused on blends of diesel-
biodiesel fuel, and the effects of ambient conditions (pressure, ambient gas and radiative temperatures) on
droplet lifetimes. Soybean Methyl Ester (SME) and Waste Cooking-Oil (WCO) are used to represent biodiesel
fuels. Six fractions of diesel-biodiesel blends are investigated for the analysis of droplet heating and
evaporation, using the DCM; these are B0 (100% diesel), B5 (5% biodiesel, 95% diesel), B20 (20% biodiesel,
80% diesel), B50 (50% biodiesel, 50% diesel), B80 (80% biodiesel, 20% diesel), and B100 (pure biodiesel)
fuels.

2. MODEL

As in [15,19,20], our analysis is based on the previously developed model, which in turn is based on the
analytical solutions to the heat transfer and species diffusion equations in droplets, assuming spherically
symmetric processes. The effects of recirculation due to droplet relative motion in air are taken into account
using the Effective Thermal Conductivity/Effective Diffusivity (ETC/ED) model. This approach has been
validated in [12,21] for individual bi-component fuel droplets. The thermal radiation flux from a blackbody
flame with an effective radiative temperature 7,4 is accounted for. The droplet is assumed to be an opaque
particle with emissivity equal to 1. The following boundary condition is applied at the surface of the droplet:
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where k¢ = yk; is the effective thermal conductivity, £; is the liquid thermal conductivity, y is the recirculation
coefficient, p is the liquid density, L is the latent heat of evaporation, %‘i is the rate of droplet radius change
due to evaporation, h is the convection heat transfer coefficient, 7, is the ambient temperature, and the Stefan-

Boltzmann constant is o =5.670310° W m?2 K™*. The radiation flux emitted by the droplet 673 is negligible,
compared with o T,% 4. The effect of radiation is taken into account by replacing the gas temperature with the

Ry
effective temperature 7¢ = Tg+pLTa + %
Our approach describes the upper limit of the radiation heat transfer rate to the droplet. This approach is based
on the estimation of the maximal possible, rather than actual, radiative absorption in droplets, which allows us
to use a simplified model of the process. A more rigorous approach to modelling the radiative heating of semi-
transparent droplets is described in [14]. The effect of radiative temperature on the heating and evaporation of
a semi-transparent droplet (for example, see [22-24]) is expected to be less than on that of an opaque droplet.
Similarly, semi-transparent droplet lifetimes are expected to be longer than those of opaque droplets. This is
due to the fact that radiative absorption in semi-transparent droplets is less than that in opaque droplets.

The latent heat of evaporation (L) and saturated vapour pressure are calculated at droplet surface
temperatures 7 ; all other liquid thermodynamic and transport properties are calculated at the average
temperature of the droplet. All gas properties in the vicinity of the droplet are calculated at the reference

temperature (7.r =§ T5+§ T,). The analysis presented in this paper is based on the 1D numerical discretisation

of the droplet volume into 300 concentric layers within the liquid phase. The time step is set to 107° seconds.
For a full description of the numerical algorithm, and droplet volume discretisation procedures see [25]. The
Effective Diffusivity (ED) model used in our analysis is described in [5].

3. RESULTS

The plots of droplet surface temperatures T, and radii R, versus time for various diesel-biodiesel fuel blends
(BO — B100), taking into account the contributions of up to 112 components in diesel-SME and diesel-WCO



fuels are shown in Figures 1 and 2, respectively. As in [17], the initial droplet radius is taken equal to R, =
12.66 um, its axial velocity in still air and initial temperature are assumed equal to U, = 10 ms™' (assumed
constant) and 7,;,,=360 K, respectively; ambient air pressure and temperature are assumed constant and equal

to pg:30 bar and 7, = 800 K, respectively.
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Fig. 2 Droplet surface temperature (7,) and radii (R,;) versus time for various diesel-WCO fuel blends.

In Figures 1 and 2, one can see that increasing the fraction of biodiesel fuel from B5 to B100 has a noticeable
effect on the evolution of T and R, for both SME and WCO fuels. The predicted droplet surface temperature
of B100 is higher than that of B5 during the initial heating period. This is attributed to a sudden increase in
biodiesel fuel density, compared with a relatively small increase in diesel fuel density. According to [15], the
increase in droplet surface temperature, due to the decrease in droplet surface tension, can enhance the droplet
break-up process. The droplet lifetimes of SME and WCO biodiesel fuels blended with BO fuel and their

deviations from those predicted for BO fuel (2.25ms) are presented in Table 1.

As can be seen from Table 1, the droplet lifetime for B100 (SME) fuel is 12% less than that for BO. This
reduction does not exceed 0.7% for the B5 fuel blend for the same fuel. Also, the droplet lifetime of the WCO
biodiesel fuel droplet is noticeably close to that of the BO droplet; it is 12% and 0.7% shorter for the B100 and
B5 blends, respectively. The deviation in droplet lifetimes for B100 of both SME and WCO cannot be ignored
in most engineering applications; for B5 it can be tolerated in some engineering applications.



The difference in thermodynamic and transport properties between hydrocarbons and methyl esters is the main
reason for the influence of biodiesel fuel fractions on the heating and evaporation of diesel fuel droplets. For
instance, when increasing the biodiesel fractions, the droplet surface temperature tends to reach a plateau
during the evaporation process, which is similar to the case predicted by the single component model (see
[13,20]). Also, the significance of such behaviour depends on the input parameters and ambient conditions.

Table 1 Estimation of the droplet lifetimes of diesel-biodiesel fuel blends and their differences compared with BO

droplet lifetime (2.25 ms), (Diffy = B0 TEieptend )
1tetimepg
Biodiesel Fuels
Blends SME WCO
Lifetime (ms) Diff (%) Lifetime (ms) Diff (%)
B5 2.236 0.62 2.237 0.57
B20 2.198 2.31 2.194 2.49
B50 2.127 5.47 2.121 5.73
B80 2.055 8.67 2.052 8.80
B100 1.981 11.96 2.002 11.02

In contrast to [15,16,20], where the radiative effects on the evaporation of droplets are shown to be negligible,
our analysis provides interesting updates to previous findings. In our model, the full composition of diesel-
biodiesel fuel is considered, but with a simplified radiation model. The results of investigations under a range
of diesel engine injection conditions, accounting for different radiation temperatures of BO — B100 fuel blends,
are presented in Figures 3 and 4, and Table 2.
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Fig. 3 The estimated droplet lifetimes versus radiation temperatures 7,4 for BO — B100 diesel-SME fuel
blends.
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Fig. 4 The estimated droplet lifetimes versus radiation temperatures 7,4 for BO — B100 diesel-WCO fuel
blends.

Table 2 The blended fuel droplet lifetimes under radiative effects and their estimated differences for the
case when radiation is ignored, (Diff% — lifetimeno rad- hfetlmerad).

lifetime, raq

Blends No radiation T,.q= 1000 K T,.q= 1500 K Taq = 2000 K
time (ms) | time(ms) Diff % | time (ms) Diff % | time (ms) Diff %
BO 2.250 2.218 1.42 2.097 6.80 1.814 19.38
B5 2.237 2.203 1.52 2.082 6.93 1.799 19.54
8 B20 2.198 2.162 1.64 2.039 7.23 1.758 20.02
= B50 2.127 2.091 1.70 1.963 7.71 1.683 20.87
B80 2.052 2.016 1.75 1.889 7.94 1.607 21.69
B100 2.002 1.964 1.89 1.834 8.40 1.542 22.97
BO 2.250 2.218 1.42 2.097 6.80 1.814 19.38
B5 2.236 2.204 1.43 2.083 6.84 1.800 19.50
w B20 2.198 2.166 1.46 2.043 7.05 1.761 19.88
(% B50 2.127 2.094 1.55 1.968 7.48 1.688 20.64
B80 2.055 2.021 1.65 1.893 7.88 1.612 21.56
B100 1.981 1.946 1.77 1.814 8.43 1.520 23.27

As follows from Figures 3 and 4, the impact of radiation becomes more significant at high radiation
temperatures. For instance, droplet lifetime is reduced by 19.4% and up to 23.3% for BO and B100, respectively,
when the radiation temperature is 2000 K. As follows from Table 2, the impact of radiative temperature on
droplet lifetimes increases as the biodiesel fraction increases.

The effect of in-cylinder pressures and temperatures on the estimated droplet lifetimes for BO — B100 fuel
blends is presented in Figures 5-8. As follows from Figures 5 and 6, increasing ambient pressure at ambient
temperature 800 K leads to a reduction in estimated droplet lifetimes with similar trends for all diesel-SME
and diesel-WCO fuel blends. This effect is attributed to the fact that higher ambient pressure leads to increased
gas density and a faster evaporation rate. Similar trends are observed for the impact of ambient temperatures
on droplet lifetimes at ambient pressure p, = 30 bar, as shown in Figures 7 and 8.
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Fig. 5 The impact of ambient pressures on droplet lifetimes for BO — B100 of diesel-SME fuel blends at 7,=800 K.
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Fig. 6 The impact of ambient pressures on droplet lifetimes for BO — B100 of diesel-WCO fuel blends at 7,=800 K.
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Fig. 7 The impact of ambient temperatures on droplet lifetimes for BO — B100 of diesel-SME fuel blends at pg=30 bar.



3 3 d N 0 ssasassss BO
- ==B5

~ ‘o -.= B20
£ 281 N\, — —B50
5 N
£ ‘Q‘ — .- B30
= N, —
2 23 4 NG B100
= NE
L SN ke
=3 N
‘D‘ an

1.8 [T

13 T T T T

700 750 T, (K) 850 900 950

Fig. 8 The impact of ambient temperatures on droplet lifetimes for BO — B100 of diesel-WCO fuel blends at
pg=30 bar.

As can be seen from Figures 7 and 8, ambient temperature has a noticeable impact on reducing droplet lifetimes
for all diesel-biodiesel fuel blends. Increasing the ambient temperature leads to a reduction in the liquid density
and an increase in the saturated pressure. Thus, the evaporation rate increases.

To summarise, increasing the radiative temperature, ambient pressure, or ambient temperature, leads to a faster
evaporation of diesel-biodiesel fuel droplets, regardless of their blending fractions. The differences in droplet
lifetimes for various diesel-biodiesel fractions are clearly observed for high ambient temperature and pressure.
This can be attributed to different responses of the thermodynamic and transport properties of these fuels under
these conditions.

4. CONCLUSIONS

The impact of ambient conditions, including pressures, temperatures, and radiative temperatures, and BO—B100
fuel blends on droplet heating and evaporation were investigated. The full compositions of diesel and biodiesel
fuels, transient diffusion of species, recirculation, and temperature gradient inside droplets were accounted for,
using the discrete component model. The analysis was focused on biodiesel (SME, WCO) and diesel fuel
blends, BO, B5, B20, B50, B80 and B100.

It was shown that the droplet lifetimes for SME fuel were the smallest, followed by those for WCO fuel. The
droplet lifetimes decreased with increasing biodiesel fractions, leading to a difference of 11.96% between BO
and B100 SME and 11.02% between B0 and B100 WCO results, under the same conditions. Also, the predicted
B100 SME and WCO droplet surface temperatures were shown to be up to 10.5% and 8.8%, respectively,
lower than those predicted for BO. It is concluded that increasing the radiative temperature, ambient pressure,
and ambient temperature always leads to a faster evaporation of diesel-biodiesel fuel droplets.

ACKNOWLEDGMENTS

The authors are grateful to the Centre for Mobility and Transport, Coventry University, for providing financial
support for this project. One of the authors (S.S. Sazhin) is grateful to EPSRC (grant EP/M002608/1) for their
financial support.



(1]
:
;
(6]
(7]
8]
(9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

[20]

[21]

[22]
[23]
[24]

[29]

REFERENCES

Sazhin, S. S., “Advanced Models of Fuel Droplet Heating and Evaporation,” Prog. Energy Combust. Sci., 32(2), pp. 162-214, (2006).
Sirignano, W. A., Fluid Dynamics and Transport of Droplets and Sprays, Cambridge, U.K: Cambridge University Press, (2010).
Sirignano, W. A., “Fuel Droplet Vaporization and Spray Combustion Theory,” Prog. Energy Combust. Sci., 9(4), pp. 291-322,
(1983).

Al Qubeissi, M., Heating and Evaporation of Multi-Component Fuel Droplets, Stuttgart, Germany: WiSa, (2015).

Sazhin, S. S., Droplets and Sprays, London: Springer, (2014).

Crua, C., de Sercey, G., Heikal, M. R., and Gold, M., 2012, “Dropsizing of Near-Nozzle Diesel and RME Sprays by Microscopic
Imaging,” Proc. of 12th Int. Liquid Atom. And Sp. Sys. Conf., ICLASS12, pp. 1-9, (2012).

Lapuerta, M., Rodriguez-Fernandez, J., and Armas, O., “Correlation for the Estimation of the Density of Fatty Acid Esters Fuels and
Its Implications. A Proposed Biodiesel Cetane Index,” Chem. Phys. Lipids, 163(7), pp. 720-727, (2010).

Meher, L. C., Vidya Sagar, D., and Naik, S. N., “Technical Aspects of Biodiesel Production by Transesterification—a Review,”
Renew. Sustain. Energy Rev., 10(3), pp. 248-268, (2006).

Pan, K.-L., Li, J.-W., Chen, C.-P., and Wang, C.-H., “On Droplet Combustion of Biodiesel Fuel Mixed with Diesel/Alkanes in
Microgravity Condition,” Combust. Flame, 156(10), pp. 1926-1936, (2009).

US Department of Energy: Energy Efficiency and Renewable Energy, Biodiesel Blends. Retrieved July 29, 2017, from
http://www.afdc.energy.gov/fuels/biodiesel_blends.html, (2015).

Al Qubeissi, M., “Predictions of Droplet Heating and Evaporation: An Application to Biodiesel, Diesel, Gasoline and Blended Fuels,”
Appl. Therm. Eng., 136(C), pp. 260-267, (2018).

Sazhin, S. S., Elwardany, A., Krutitskii, P. A., Castanet, G., Lemoine, F., Sazhina, E. M., and Heikal, M. R., “A Simplified Model
for Bi-Component Droplet Heating and Evaporation,” Int. J. Heat Mass Transf., 53(21-22), pp. 4495-4505, (2010).

Elwardany, A. E., Gusev, |. G., Castanet, G., Lemoine, F., and Sazhin, S. S., “Mono- and Multi-Component Droplet Cooling/Heating
and Evaporation: Comparative Analysis of Numerical Models,” Atom. Sprays, 21(11), pp. 907-931, (2011).

Sazhin, S. S., “Modelling of Fuel Droplet Heating and Evaporation: Recent Results and Unsolved Problems,” Fuel, 196, pp. 69-101,
(2017).

Al Qubeissi, M., Sazhin, S. S., and Elwardany, A. E., “Modelling of Blended Diesel and Biodiesel Fuel Droplet Heating and
Evaporation,” Fuel, 187, pp. 349-355, (2017).

Al Qubeissi, M., and Sazhin, S. S., “Blended Biodiesel/Diesel Fuel Droplet Heating and Evaporation,” Proc. of 27th Liquid Atom.
And Sp. Sys. Euro. Conf., ILASS27, DHE-01, pp. 1-9, (2016).

Al Qubeissi, M., Al-Esawi, N., and Sazhin, S. S., “Droplets Heating and Evaporation: An Application to Diesel-Biodiesel Fuel
Mixtures,” Proc. of 28th Liquid Atom. And Sp. Sys. Euro. Conf., ILASS28, pp. 1060-1067, (2017).

Al Qubeissi, M., Sazhin, S., and Al-Esawi, N., 2017, “Models for Automotive Fuel Droplets Heating and Evaporation,” Proc. of 28th
Liquid Atom. And Sp. Sys. Euro. Conf., ILASS28, pp. 1044-1051, (2017).

Al Qubeissi, M., Sazhin, S. S., Turner, J., Begg, S., Crua, C., and Heikal, M. R., “Modelling of Gasoline Fuel Droplets Heating and
Evaporation,” Fuel, 159, pp. 373-384, (2015).

Sazhin, S. S., Al Qubeissi, M., Nasiri, R., Gun’ko, V. M., Elwardany, A. E., Lemoine, F., Grisch, F., and Heikal, M. R., “A Multi-
Dimensional Quasi-Discrete Model for the Analysis of Diesel Fuel Droplet Heating and Evaporation,” Fuel, 129, pp. 238-266,
(2014).

Sazhin, S. S., Elwardany, A. E., Krutitskii, P. A., Deprédurand, V., Castanet, G., Lemoine, F., Sazhina, E. M., and Heikal, M. R.,
“Multi-Component Droplet Heating and Evaporation: Numerical Simulation versus Experimental Data,” Int. J. Therm. Sci., 50(7),
pp. 1164-1180, (2011).

Sazhin, S. S., Krutitskii, P. A., Abdelghaffar, W. A., Sazhina, E. M., Mikhalovsky, S. V., Meikle, S. T., and Heikal, M. R., “Transient
Heating of Diesel Fuel Droplets,” Int. J. Heat Mass Transf., 47(14-16), pp. 33273340, (2004).

Sazhin, S. S., Kristyadi, T., Abdelghaffar, W. A., Begg, S., Heikal, M. R., Mikhalovsky, S. V., Meikle, S. T., and Al-Hanbali, O.,
“Approximate Analysis of Thermal Radiation Absorption in Fuel Droplets,” J. Heat Transf., 129(9), p. 1246, (2007).

Sazhin, S. S., Abdelghaffar, W. A., Krutitskii, P. A., Sazhina, E. M., and Heikal, M. R., “New Approaches to Numerical Modelling
of Droplet Transient Heating and Evaporation,” Int. J. Heat Mass Transf., 48(19-20), pp. 4215-4228, (2005).

Sazhin, S. S., Al Qubeissi, M., Kolodnytska, R., Elwardany, A. E., Nasiri, R., and Heikal, M. R., “Modelling of Biodiesel Fuel
Droplet Heating and Evaporation,” Fuel, 115, pp. 559-572, (2014).



	The Impact of Fuel cs
	THE IMPACT OF FUEL pdf

