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Highlights

Effects of ethanol and gasoline fuel blends on droplet lifetimes

The evolution of droplet surface temperatures and radii

Effects of ambient conditions and radiation on droplet lifetimes and surface temperatures

Abstract

This paper focuses on the modelling of blended ethanol/gasoline fuel droplet heating and evaporation in
conditions representative of internal combustion engines. The effects of ambient conditions (ambient pressure,
ambient temperature and radiative temperature), and ethanol/gasoline fuel blend ratios on multi-component
fuel droplet heating and evaporation are investigated using the analytical solutions to the heat transfer and
species diffusion equations. The ambient pressures, gas and radiative temperatures, and ethanol/gasoline fuel
ratios are considered in the ranges 3-30 bar, 400-650 K, 1000-2000 K, and 0% (pure gasoline)-100% (pure
ethanol), respectively. Transient diffusion of 21 hydrocarbons, temperature gradient, and recirculation inside
droplets are accounted for using the Discrete Component model. The droplet lifetimes of all mixtures decrease at
high ambient temperatures (> 400 K), under all ambient pressures (3-30 bar). The combination of ethanol and
gasoline fuels has a noticeable impact on droplet heating and evaporation; for pure ethanol, the predicted
droplet surface temperature is 24.3% lower, and lifetime 33.9% higher, than that for gasoline fuel under the
same conditions. Finally, taking into account radiation decreases the gasoline fuel droplet evaporation times by
up to 28.6%, and those of ethanol fuel droplets by up to 21.8%, compared to the cases where radiation is

ignored.

Keywords: Droplet; Ethanol; Fuel blends; Gasoline; Heating and evaporation; Multi-component droplets.
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1. Introduction

Many investigations have focused on the replacement of gasoline with ethanol/gasoline blends. These have
been driven mainly by the importance of reducing greenhouse emissions and fossil fuel costs.1-3 According to the
US environment protection agency,* all gasoline engine vehicles can use a blend of gasoline fuel with up to 10%
volume fraction of ethanol without the need for engine modification. The reduction in CO; emissions without loss
of engine performance is non-trivial for this mixture 5. Mixtures with up to 15% volume fraction of ethanol and
85% volume fraction of gasoline fuel have been approved for use in 2001 and newer vehicles, under the US
federal standards for renewable fuel;® while mixtures with up to 85% volume fraction of ethanol and 15%
volume fraction of gasoline fuel (i.e. flex fuels) have been defined as qualifying alternative fuels for flex-fuel
vehicles.* Therefore, it is important to investigate the difference in droplet lifetimes between ethanol and
gasoline fuels, and their blends. Also, understanding the influence of ambient temperature on the evaporation of
ethanol/iso-octane droplets is essential.” Likewise, the influence of ambient pressure on the evaporation of a
gasoline fuel and its surrogates is important in internal combustion processes.® The impacts of ethanol/gasoline
fraction on droplet evaporation and related combustion processes have recently been investigated numerically
and experimentally (e.g. 1-3) although without focusing on in-cylinder conditions.

In many studies, gasoline fuels are approximated by iso-octane (e.g. 29-11), whilst in reality commercial
gasoline fuels consist of tens of hydrocarbons.1?2 Multi-component fuel droplet heating and evaporation are
essential processes in internal combustion engines, which strongly depend on ambient (in-cylinder) conditions
and controlled spray combustion behaviour. The Discrete Component (DC) model, based on the analytical
solutions to the heat transfer and species diffusion equations, suggested in,!3-1¢ has been verified against the
results of numerical solutions to these equations and validated against experimental data in.1” The effects of fuel
compositions, transient diffusion of species, temperature gradient, and recirculation inside moving droplets on
their heat balance and evaporation are commonly described in the DC model, using the Effective Thermal
Conductivity/Effective Diffusivity (ETC/ED) model.13.1819 Alternative approaches rely on probabilistic analyses
of a large number of components (continuous thermodynamics 20-22 and the distillation curve 23-25 models).
These approaches rely on several simplifying assumptions; for example, the species inside droplets are assumed
to mix infinitely quickly (infinite diffusivity/infinite thermal conductivity (ID/ITC) model), or not to mix at all
(single component (SC) model). Detailed comparisons of predictions of various models are presented in.19.26.27

Our study focuses on the effects of ambient pressure, ambient and radiative temperatures, and blending

ratios on the evaporation characteristics of ethanol/gasoline fuel droplets. The previously developed version of
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the DC model is applied to the analysis of heating and evaporation of gasoline FACE C (fuel used in advanced

combustion engines, type C) and ethanol droplets and their blends.

2. Model

As in,192628 our analysis is based on the previously developed model, using the analytical solutions to the
heat transfer and species diffusion equations in droplets, assuming spherically symmetric processes. The effects
of droplet relative motion are accounted for using the Effective Thermal Conductivity/Effective Diffusivity
(ETC/ED) model.

17-19,26

In contrast to, we have taken into consideration both the convective and radiative heating of

droplets. A more rigorous approach to modelling the radiative heating of droplets would take into account the
semi-transparency of droplets as described in.!> This approach, however, would involve measurement of the
absorption properties of gasoline and ethanol fuel components in the visible and infrared ranges which is
currently not available. Our approach is based on the estimation of the maximal possible radiative absorption in
droplets, which allows us to use a simplified model of the process.

In our approach, the droplet is assumed to be opaque and non-reflective (emissivity equal to 1). The

following boundary condition is applied at its surface:

aT dR,
eff 30 R=Ry = pLd_td + h(Tg - Ts) + O'Trt\d! (1

where ki = xk; is the effective thermal conductivity, k; is the liquid thermal conductivity, y is the circulation
. . . L . . . dRg .
coefficient (see 1329 for details), p is the liquid density, L is the latent heat of evaporation, % is the rate of

droplet radius change due to evaporation, h is the convection heat transfer coefficient, T, is the ambient
temperature, and o = 5.6703 1078 W m~2K™* is the Stefan-Boltzmann constant. The radiative temperature T4
is equal to gas temperature in the case of optically thick gas and external temperature in the case of optically thin
gas. Our analysis will focus on the latter case when the impact of thermal radiation is expected to be the
strongest for engine conditions.

The radiation flux emitted by the droplet oT to the ambient gas is assumed to be negligible, compared with the
radiation flux hitting the droplet 6T, (e.g. due to remote flames). The effect of radiation is considered within
the analytical solution to the heat transfer equation, described in,1316.19 by replacing the gas temperature with

the effective temperature:

PLdRJ oTH
Teff = Tg + —hdt + _;’lad. (2)

3
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The diffusion coefficient for the ethanol/gasoline blended-fuel vapour is estimated using the Sanchez-Clifton
approach:30
Dpix = XoctDoct + XethDetns (3)
where x,.; and x., are the molar fractions of fuels, and the binary diffusion coefficients of iso-octane and
ethanol vapours in air, estimated as:3!
Doct = (=5.78 1072 + 3.0455 107*T + 3.4265 1077T%) /p (m? s71), 4)
Deth = (—5.89 1072 +3.6615 1074T + 7.6299 1077T?) /p (m? s™1), 5)
where p is ambient pressure (in bar). Note that the original equations for the diffusion coefficients are presented
in31forp = 1 bar.
This paper focuses on the effects of multicomponent fuel composition on the processes in the liquid phase. One
of the most recent investigations of these effects in the gas phase was presented by Tonini and Cossali.?? The
latter analysis is beyond the scope of this paper. Following a number of publications, including?¢ we
approximate the diffusion coefficient of gasoline fuel to that of iso-octane. According to,3334 the binary diffusion
coefficient of iso-octane in air is representative of the average diffusion coefficient of gasoline in air with errors
under 5% for the temperature range 350 - 700 K. As in,182635 the diffusion coefficient of species in the liquid
phase is estimated using the Wilke-Chang approximation:

7.4x10715TVM
D, = 06 (6)
Wy
kg
kmole

where M is the average molar mass (in ) of all components accounting for their mass fractions at the surface

3 —
of the droplet, ¥, = (°%/ is the effective potential, inferred from,!819 and o¢,, = 1.468M%2%7 is the
1.18 J

Lennard-Jones length scale (in &), inferred from.1836

The results of calculation of the saturated vapour pressure of gasoline fuel are presented in Appendix A. All
other thermodynamic and transport properties for gasoline fuel are inferred from.2¢6 The thermodynamic and
transport properties of ethanol are mainly inferred from.3738 The results of calculations of liquid ethanol density,
heat capacity and thermal conductivity are compared in Appendix B. The latent heat of evaporation (L) and
saturated vapour pressure are calculated at droplet surface temperatures T, and all other liquid thermodynamic
and transport properties are calculated at the average droplet temperature. The validation of the calculated

saturated vapour pressures of both gasoline and ethanol fuels against experimental data are given in the support

material. All gas properties in the vicinity of a droplet are calculated at the reference temperature (Tref = %TS +

%Tg). The droplet impact on the ambient gas is ignored. The ambient air density is calculated using the ideal gas
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law. The analysis presented in this paper is based on the one-dimensional numerical discretisation of spherical
droplet volume into 300 concentric layers within the liquid phase. The time step is set to 107° s (see 1939 for
further details). The thermodynamic and transport properties are calculated for individual components and

averaged for the mixture using the mixing rules presented in.18

3. Results

3.1. Model validation

The results of application of the DC model to the evaporation of an ethanol/gasoline (combined iso-octane
and heptane) mixture droplet were validated for mixtures EW30, EW70, and EW100 (EWX refers to a mixture
with X% weight fraction of ethanol and (100 — X)% weight fraction of gasoline) against experimental data
inferred from.3 The results are shown in Figure 1. The mixtures of weight fractions EW30 and EW70 are
approximately equivalent to the mixtures of volume fractions 27% ethanol/73% gasoline and 67% ethanol/33%
gasoline, respectively. Droplets of 23.6 pum initial radius and 280.15 K initial temperature were suspended in

stationary dry air at 1 atm.

0 700

= = EW30, predictions

= === EW70, predictions

0.2 A \ A P PP P PP P EW100, predictions

— - - EW70, measurement [3]

\

\

I‘ = . = EW30, measurement [3]
. . Itime (ms) .|'
0 250 500 750 1000

EW100, measurement [3]

Figure 1. Predicted and experimentally measured 3 normalised radii of the EW30, EW70 and EW100 droplets.

As can be seen from Figure 1, the predicted initial evolutions of droplet radii are close to those inferred from
experimental data. However, clear deviations between model predictions and experimental data can be seen at
the final stages of droplet evaporation. This deviation is attributed to the experimental procedure used in.3 As
noted by the authors of,3 this is caused by the water uptake from the ambient gas into fuel droplet during the

measurement, the impact of which is outside the scope of our model. The impact of such measurement
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uncertainty becomes more significant for higher fractions of ethanol, hence experimental results near the end of

EW?70 - EW100 droplet evaporations are not reliable.

3.2. Ethanol/gasoline fuel blends

In the following analysis, the effects on droplet heating and evaporation on various molar fractions of
ethanol in the mixture are investigated. The following molar fractions of ethanol are considered: 100%, 85%,
50%, 20%, 5% and 0%. The corresponding molar mixtures are referred to as EM100, EM85, EM50, EM20, EM5
and EMO as in the case when volume fractions of ethanol were considered. In this case, mixtures EM85, EM50,
EM20 and EMS5, are approximately equivalent to the mixtures with volume fractions 70% ethanol/30% gasoline,
29% ethanol/71% gasoline, 9% ethanol/91% gasoline, and 2% ethanol/98% gasoline, respectively. The plots of
droplet surface temperatures T, and radii R; versus time for various ethanol/gasoline fuel blends, taking into
account the contributions of all 21 components in gasoline fuel, are shown in Figures 2 and 3, respectively. As
in,26 the initial droplet radius is taken equal to R;, = 12 um, based on the measured SMD of gasoline fuel
droplets, and its constant axial velocity in still air and initial temperature are assumed equal to U;= 24 m/s and
Ty = 296 K, respectively. The ambient air pressure and temperature are assumed constant and equal to p; =9

bar and T; = 545 K, respectively.

12 A

8 -

4

0 . . time [ms)l : .
0.0 0.5 1.0 1.5 2.0 2.5

Figure 2. The plots of droplet radii R; versus time for various ethanol/gasoline blends. The droplet with the
initial radius 12 pm and initial homogeneous temperature 296 K is assumed to be moving with constant velocity
24 m/s in still air. Ambient pressure and temperature are taken equal to 9 bar and 545 K, respectively.
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20 Figure 3. The plots of droplet surface temperatures T versus time for various ethanol/gasoline blends for the
21 same ambient conditions and input parameters as in Figure 2.

The plots for droplet radii and surface temperatures are shown for six blends of ethanol/gasoline fuel
(EMO0-EM100). The impact of ethanol/gasoline fuel blends on droplet lifetimes, compared to the case of pure

26 gasoline FACE C fuel (EMO), is shown in Table 1.

30 Table 1. The impact of ethanol/gasoline fuel blends on estimated droplet lifetimes;

32 Diff* = lifetime(blend)-lifetime(E0) x 100%.

lifetime(E0)
2431 Blend Li{ﬁi‘)‘le Dff*%
35 EMO  1.988 -
36 EM5 1989  0.050
EM20 1994  0.302
39 EM50 2093  5.282
40 EM85 2356 18511

EM100 2.662 33.903

44 As follows from Figure 2, the droplet lifetime for pure gasoline fuel (EMO) is shorter than for any of the
46 blends. It increases as the fraction of ethanol increases. This trend is similar to that reported in.13 The difference
reaches 33.9% for EM100. This can be attributed to the different thermodynamic and transport properties of
ethanol and gasoline. For example, the saturated vapour pressure and latent heat of evaporation of ethanol are
51 much higher than those of averaged gasoline fuel components. In Figure 3, the predicted droplet surface
53 temperature for EM100 is up to 24.3% lower than that predicted for EMO. The boiling and critical temperatures
55 of ethanol (351.5 K and 514 K, respectively) are lower, however, than those of gasoline components (e.g. for
57 CgHisg, these temperatures are 372.4 K and 543.9 K, respectively), which leads to a lower droplet wet bulb surface

7
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temperature for the blends compared with the pure gasoline fuel. The time evolution of surface mass fractions of

representative components of the fuel mixture is shown in Figure 4.

! ’ __.-\‘ e\
— = time (ms) NN oot s e _‘

0 vm-vrr\-uvrn'!“

0 1

P kX

Figure 4. The plots of surface mass fractions of representative components of EM50, Y;, versus time. The plots of
the following components are shown: n-Ci2Hz6 (1), iso-CgHisg (2), iso-C11Hz24 (3), CoH12 (4), CoH1o (5) and C2HeO (6).
The same ambient conditions and input parameters as in Figures 2 and 3 have been used.

As follows from Figure 4, the mass fractions of heavy components monotonically increase with time at the
expense of lighter components. The mass fractions of the intermediate components (iso-CgHis) initially increase
but then decrease with time. This is consistent with the results of our previous studies of this phenomenon.5
One can expect this complex behaviour of different components to affect the distributions of mass fractions of
components inside the combustion chamber in realistic engine-like conditions, where the ambient gas

temperatures are not homogeneous.

3.3. Impact of ambient conditions

As mentioned earlier, in contrast to previous studies (e.g. 4041), our model takes into account the impact of
thermal radiation on droplet heating. The focus is on a reasonable range of petrol engine injection conditions,
accounting for different radiative temperatures and in-cylinder pressures and temperatures for EM0-EM100
fuel mixtures. The results are presented in Figures 5-9 and Table 2 (the impact of ambient conditions on droplet

lifetimes is illustrated in the support material).
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N
o

Droplet lifetimes (ms)

1.4
1000 1500 2000

Figure 5. The estimated droplet lifetimes versus radiative temperatures T,,q for EM0-EM100 fuel blends, using
the DC model and the same input parameters as in Figures 2-4. The differences between these predictions are
shown in Table 2.

Table 2. The blended fuel droplet lifetimes when the effects of thermal radiation are taken into account and the
estimated differences compared with the predictions of the model when radiation is ignored (Table 1), as
timeng rad— timew/rad)

timeno rad

inferred from Figure 5 and Appendix C (Diff % =

Blends Traq= 1000 K Traqg= 1500 K Traq= 2000 K
time (ms) Diff % time (ms) Diff % time (ms) Diff %
EO 1.882 5.33 1.736 12.67 1.42 28.57
E5 1.881 543 1.737 12.67 1.423 28.46
E20 1.892 5.11 1.749 12.29 1.439 27.83
E50 1.958 6.45 1.815 13.28 1.504 28.14
E85 2.206 6.37 2.049 13.03 1.712 27.33
E100 2.618 1.65 2.448 8.04 2.083 21.75

As follows from Figure 5, the potential for radiation to reduce droplet lifetimes becomes more significant at
higher radiative temperatures, as expected. Further illustrations of this effect are presented in Appendix C. In
Table 2 one can see that the impact of radiation is less significant for blends with higher ethanol ratios compared
to the cases when gasoline is dominant in the blends. This is related to the fact that the lifetimes of the droplets

with high ethanol ratios are the longest (see Figure 5).
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3 12 pgy (bar) 21 30
Figure 6. The effect of ambient pressures on droplet lifetimes for EM0-EM100 fuel blends, estimated at ambient

gas temperature 650 K, using the DC model and the same other input parameters as in Figures 2-5; the effects of
thermal radiation are ignored.

As shown in Figure 6, increasing the ambient pressure at a relatively high ambient temperature (650 K)
leads to a reduction in estimated droplet lifetimes with almost the same effect for all mixtures (EM0-EM100,
with higher droplet lifetimes for EM100 and lower ones for EMO0). Similar trends are observed when ambient

temperatures are increased at a relatively low ambient pressure (3 bar) (see Figure 7).

9
e EMO
N\
‘. ......... EMS
N
‘\\, EM20
74N "

519
g
8
E
2
3473 ~=~s
[
- . e
s TS
/A 3
T, (K)
1 T T T T
400 450 500 550 600 650

Figure 7. The effect of ambient temperatures on droplet lifetimes for EM0-EM100 fuel blends, estimated at
ambient pressure 3 bar, using the DC model and the same other input parameters as in Figures 2-6. The effects of
thermal radiation are ignored.
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Figure 8. The effect of ambient temperatures on droplet lifetimes for EMO-EM100 fuel blends, estimated at
ambient pressure 30 bar, using the DC model and the same other input parameters as in Figures 2-7. The effects
of thermal radiation are ignored.

As can be seen in Figure 7, at a relatively low ambient pressure (3 bar), increasing the ambient temperature
noticeably reduces droplet lifetime. This effect becomes more significant at higher ambient pressure (30 bar), as
shown in Figure 8. To summarise, increasing radiative temperature, ambient pressure, or ambient temperature,
always leads to a faster evaporation of ethanol/gasoline droplets, regardless of their blending fractions.

In Figures 2 and 5-8, the general trends indicate slower evaporation for ethanol (EM100) droplets than for
gasoline and gasoline blend droplets (EM0-EM85). However, these trends are not the same at relatively low
ambient gas temperatures (< 400 K), as can be seen from Figure 8. At these temperatures, as follows from the
latter figure, EM100 droplet evaporation can become slightly faster than that of EM0-EM85 droplets. The droplet
lifetimes versus gas pressure for all mixtures under consideration for ambient gas temperature 400 K are

presented in Figure 9.
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Figure 9. The effect of ambient pressures on droplet lifetimes for EM0-EM100 fuel blends, estimated at ambient
temperature 400K, using the DC model and the same other input parameters as in Figures 2-8.

As can be seen in Figure 9, ambient pressures have a different effect on the lifetimes of EMO-EM100
droplets to those shown in Figures 6-8 for the same fuels, but at higher ambient temperatures (> 400 K). The
uncommon in-cylinder conditions, relatively low ambient temperatures (< 400 K) and high ambient pressures
(= 12 bar), lead to lower droplet lifetimes for EM100 than for EO. This can be attributed to the different

responses of the thermodynamic and transport properties of these fuels under these unique ambient conditions.

4. Conclusions

The impacts of ambient conditions - including pressure and ambient and radiative temperatures, and
fractions of ethanol in ethanol/gasoline fuel blends — on droplet heating and evaporation are investigated. The
Discrete Component (DC) model is used for the analysis. The full composition of gasoline FACE C fuel, transient
diffusion of species, recirculation, and temperature gradient inside droplets are accounted for, using the Effective
Thermal Conductivity/Effective Diffusivity (ETC/ED) model. The model is validated against relevant
experimental data.

The analysis focuses on fuel blends with 0%, 5%, 20%, 50%, 85% and 100% molar fractions of ethanol, and
it is shown that the droplet lifetime for pure gasoline fuel is the smallest, but its maximal droplet surface
temperature is the largest. The droplet lifetime increases with increasing ethanol molar fraction, leading to a
difference of 33.9% between pure gasoline fuel and pure ethanol results under the same conditions. Also, the
predicted ethanol droplet surface temperature is shown to be up to 24.3% lower than that predicted for gasoline
fuel. This is attributed to the fact that ethanol has lower boiling and critical temperatures, but higher liquid
density and saturated vapour pressure than gasoline fuel.

12
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It is concluded that the addition of ethanol to gasoline fuel makes the fuel less volatile. Increasing the
radiative temperature, ambient pressure, or ambient temperature, leads to a faster evaporation of
ethanol/gasoline droplets regardless of their blending fractions at temperatures greater than 400 K. At low

ambient temperature (400 K), however, increasing the ambient pressure leads to longer droplet lifetimes.

oNOYTULT D WN =
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Appendix A. Gasoline saturated vapour pressure

The following expression, inferred from,3943 is used in our model:

Inpt = fO(T,) + wf ' (T,) + w*f2(T,), (7)

where

o= IO Thy) (8)

fH(Tpr)

) = (—o. T+ 1. =0 7 — 1. T T

°(T,) 5.97616 1.29874 715 — 0.60394 725 — 1.06841 7°)/T, 9)
r) = (—»o. T+ 1. T — . T =7 T T

NT,) 5.03365 1.11505 71 — 5.41217 125 — 7.46628 15 T, 10
) = (0. T+ 2. T —4. T°° + 3. T r

(T 0.64771 2.41539 715 — 426979 725 + 3.25259 t° T, 11

t=1-T.

Note that there was a mistake in the corresponding expression for pst, given in,*2 which was overlooked

in.26 For the range of temperatures used in our model (296 - 484 K), the error in the estimated pressure

calculation in 42 could lead to overprediction of the droplet evaporation time by up to 150%.

Appendix B. Thermodynamic and transport properties of ethanol
B.1 Boiling and critical points and liquid density

The boiling temperature, critical temperature, and critical pressure of ethanol (C;He¢O ) are 351.44 K, 516.25
K and 63.84 bar, respectively.3! The following expression for the liquid density of ethanol has been used in our

analysis:3!

p = 1000 AB~0-™° (kgm™3), (12)

where A = 0.2657, B = 0.264 and C = 0.2367. The results predicted by Equation (12) have been compared with

approximations suggested in 3738 and validated against experimental data provided in,** as shown in Figure B.1.
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790 + Eq. (12)
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Figure B.1. Comparison of liquid density (p) estimated using Equation (12) with other approximations and
experimental data.*+

B.2 Liquid viscosity

The following approximation for the liquid viscosity of ethanol is used in our analysis:37.38

686.64

———5.282 (Pas). (13)

logiopu =

The results predicted by Equation (13) were compared with those inferred from 3145 and experimental data

provided in,*¢ as shown in Figure B.2.

1.1
L Eq. (13)
— —Ref. [31]
eeeeos Ref. [45]
~
14 T ® Measurement [46]
2
]
A
E
2
0.9 A
]
T (K
0.8 T (&) T r
298 303 308 313

Figure B.2. Comparison of liquid viscosity (u), estimated using Equation (13), with other approximations and
experimental data.46

B.3 Liquid heat capacity

The specific heat capacity was calculated using the following approximation:4”

15
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Co = (A+BT + CT? + DT®)/M,,, (Jkg ‘K1), (14)

where A =102640,B = —139.63, C = —0.03034 and D = 0.0020386. Predictions of Equation (14) were
compared with the approximations suggested in,31.3738 and validated against experimental data provided in.*4

The results are shown in Figure B.3.

124
Eq. (14)
— —=Ref.[31] ®
------- Ref. [37,38]
® Measurement [44]
118 1o
)
x
=
KJ:L
112 -
p.
— -
— - -
— T (K)
106 T T T T T
293 298 303 308 313 318

Figure B.3. Comparison of specific liquid heat capacity (cp,), predicted by Equation (14), with other
approximations and experimental data.4

B.4 Saturated vapour pressure

The saturated vapour pressure was estimated using the following approximation:37.3845

() =Aa-B/(C+T)  (Pa), (15)

133.3224

where A = 18.5242, B = 357891 and C = 50.5. The predictions of Equation (15) were compared with the

approximations suggested in 3031 and experimental data provided in.#8 The results are shown in Figure B.4.
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Figure B.4. Comparison of saturated vapour pressure (p°*), predicted by Equation (15), with other

approximations and experimental data.*8

B.5 Latent heat of evaporation

Latent heat of evaporation was estimated using the following approximation:37.38

L = 120910(Tr — T)°38 (Jkg™b),

(16)

The predictions of Equation (16) were compared with the approximation suggested in 3! and experimental

data provided in.#° The results of this comparison are shown in Figure B.5.

T (K)

Eq. (16)
Ref. [31]
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420

447

474

501

Figure B.5. Comparison of the latent heat of evaporation (L) inferred from Equation (16) with other

approximations and experimental data.4?

B.6 Liquid thermal conductivity

Liquid thermal conductivity was estimated using the following approximation:3!
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(17)

where A = 0.2245, B = —0.00005633 and C = —0.00000042178. The results predicted by Equation (17) were

compared with the estimations of thermal conductivity reported by other authors 373847 and experimental data

reported in.>° The results of this comparison are shown in Figure B.6.

~
gl
0.18 4 . ~
-.... . ~ ~
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017 4 _ S
g | IR
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016 { *<
~
—=Eq(17)
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Figure B.6. Comparison of the liquid thermal conductivity estimated using Equation (17) with other

approximations and experimental data.>?
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Appendix C. Effects of thermal radiation

The impact of radiation on the estimated radii and temperatures of EM0-EM100 droplets is shown in Figure

C.1.
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Figure C.1. Effects of radiative temperatures (1000 K, 1500 K, and 2000 K) on droplet radii and surface
temperatures for EM0, EM5, EM20, EM50, EM85 and EM100 blends, using the same ambient conditions and

input parameters as in Figures 2-9.
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