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A comparative analysis of predictions of several models of biodiesel fuel droplet heating and evaporation
in realistic Diesel engine-like conditions is presented. Nineteen types of biodiesel fuels composed of
methyl esters are used for the analysis. It is shown that the model, based on the assumption that the
diffusivity of species in droplets is infinitely fast and the liquid thermal conductivity is infinitely large,
under-predicts the droplet evaporation time compared with the model taking into account the effects
of finite diffusivity and conductivity, by up to about 15%. A similar under-predictions of the model in
which the transient diffusion of species is ignored and the liquid thermal conductivity is assumed to
be infinitely large, is shown to be about 26%. The latter result is not consistent with the earlier finding,
based on the analysis of only five types of biodiesel fuels and different input parameters, in which it
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Heating was shown that the deviations between the evaporation times predicted by these models do not exceed
Evaporation about 5.5%. As in the case of Diesel and gasoline fuel droplets, for biodiesel droplets the multi-component
Modelling models predict higher droplet surface temperatures at the final stages of droplet evaporation and longer

evaporation times than for the single-component models. This is related to the fact that at the final stages
of droplet evaporation the mass fraction of heavier species, which evaporate more slowly than the lighter
species and have higher boiling temperatures, increases at the expense of lighter species.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The interest to biodiesel fuels has been mainly stimulated by
depletion of fossil fuels and the need to reduce carbon dioxide emis-
sions that contribute toward climate change [1]. The term ‘biodie-
sel’ typically refers to “a fuel comprised of mono-alkyl esters of
long-chain fatty acids derived from vegetable oils or animal fats”
[2]. Biodiesel fuel is typically produced by chemical conversion of
animal fats or vegetable oils [3,4]. The use of biodiesel fuel is
expected to contribute to the reduction of global warming [5].
Also, using biodiesel fuel as an alternative to conventional fuels
has a number of other advantages: it readily mixes with fossil
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Diesel fuels, it is less polluting, has higher lubricity, higher flash
point, it is cost effective, and can be used in Diesel engines with
minimal modifications [6-9]. According to the U.S. Environmental
Protection Agency - Tier I and Tier Il standards (see [10] for details),
currently produced biodiesel types have passed the health effects
testing requirements [11].

The analysis presented in this paper is focused on the modelling
of biodiesel fuel droplet heating and evaporation, which is an
important stage of the process leading from the injection of biodie-
sel fuel into combustion chamber to its ultimate combustion, pro-
ducing the driving force for internal combustion engines. In
contrast to most previously suggested models for these processes,
the temperature gradients and species diffusion inside droplets are
taken into account based on the analytical solutions to heat trans-
fer and species diffusion equations, which are incorporated into a
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Table 1

Types of biodiesel fuels, their abbreviations, acid codes and molar fractions of the components (pure methyl esters). Symbols ‘M for the acid codes are omitted.

Methyl esters Abbreviations Fatty acids
C8:0 C10:0 C12:0 C14:0 C16:0 C17:0 C18:0 C20:0 C22:0 C24:0 C16:1 C18:1 C20:1 C22:1 C24:1 C18:2 C18:3 Others

Tallow TME - - 0.20 2.50 27.90 - 23.00 0.40 0.40 - 2.50 40.00 0.30 0.30 - 2.00 - 0.50
Lard LME - - - 1.00 26.00 - 14.00 - - - 2.80 44.00 2.00 2.00 - 8.00 - 0.20
Butter BME 5.19 2.80 3.40 10.99 31.66 - 10.79 0.40 0.40 - 2.40 26.37 1.00 1.00 - 3.00 0.60 -
Coconut CME 6.00 8.00 50.00 15.00 9.00 - 3.00 - - - - 7.00 - - - 2.00 - -
Palm Kernel PMK 2.60 4.00 50.00 17.00 8.00 - 1.70 1.50 1.50 - 0.40 12.00 - - - 1.30 - -
Palm PME - - 0.26 1.29 45.13 - 447 0.35 0.17 - 0.21 38.39 - - - 9.16 0.19 0.38
Safflower SFE - - - - 5.20 - 2.20 - - - - 76.38 - - - 16.22 - -
Peanut PTE - - - 0.50 8.00 - 4.00 7.00 7.00 - 1.50 49.00 - - - 23.00 - -
Cottonseed CSE - - - 2.00 19.00 - 2.00 - - - - 31.00 2.50 2.50 - 41.00 - -
Corn CNE - - - 1.00 9.00 - 2.50 - - - 1.50 40.00 1.00 1.00 - 44.00 - -
Sunflower SNE - - - - 5.92 - 4.15 1.38 1.38 - - 18.46 - - - 68.41 0.30 -
Tung TGE - - - - 3.64 - 2.55 - 13.14 - - 10.10 0.81 - - 13.75 51.64 4.37
Hemp1 HME1 - - - - 6.62 0.21 2.06 0.45 0.25 0.23 0.33 11.88 0.27 0.17 0.15 56.71 20.67 -
Soybean SME - - - 0.30 10.90 - 4.40 0.40 - - - 24.00 - - - 52.80 7.20 -
Linseed LNE - - - 0.20 6.20 - 0.60 - - - - 18.00 - - - 16.00 59.00 -
Hemp2 HME2 - - - - 6.51 - 2.46 0.90 - - - 11.88 0.90 - - 54.82 20.07 2.46
Canola seed CAN - - - - 4.48 0.14 1.99 0.62 0.35 0.16 0.36 59.66 1.49 0.42 - 20.89 9.44 -
Waste oil WME - - 0.20 0.67 15.69 0.20 6.14 0.39 0.44 0.30 0.73 42.84 0.56 0.15 - 29.36 2.03 0.30
Rapeseed RME - - - - 493 - 1.66 0.56 - - - 26.61 - 22.32 0.77 24.75 9.70 8.70
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Table 2

Names, acid codes, molecular formulae, molar masses and boiling points of the components (pure methyl esters) presented in Table 1.

Fatty acids Acid code Molecular formula Molar mass (g/mol) Boiling Point (K)
Methyl octanoate C8:0M CoH;50, 144.212 467.5
Methyl decanoate C10:0M Cq11H220, 172.265 501.1
Methyl dodecanoate C12:0M Cy3H2602 214.338 530.42
Methyl tetradecanoate C14:0M Cy5H300, 242.39 554.20
Methyl palmitate C16:0M Cy7H340, 270.442 577.98
Methyl heptadecanoate C17:0M Ci8H3602 284.468 589.87
Methyl stearate C18:0M Cq9H350, 298.494 601.76
Methyl eicosanoate C20:0M C1H420, 326.546 625.55
Methyl docosanoate C22:0M C23H4602 354.598 649.33
Methyl tetracosanoate C24:0M Cy5Hs500, 382.65 673.11
Methyl palmitoleate C16:1M Cy7H3,0, 268.426 577.57
Methyl oleate C18:1M Cy9H360, 296.478 601.31
Methyl eicosenoate C20:1M C21H400, 324.53 625.05
Methyl erucate C22:1M Cy3H440, 352.582 648.79
Methyl nervonate C24:1M Cy5Hy50, 380.634 672.53
Methyl linoleate C18:2M Cy9H340, 294.462 601.3
Methyl linolenate C18:3M Cq9H3,0, 292.446 601.58
Others - - 296.478 601.31
14 (19 types altogether) and more realistic engine conditions. Since
660 1 our analysis is based on a rather wide selection of biodiesel fuels
12 the relevance of the results to practical engineering applications
is expected to be more credible compared with the results pre-
10 sented in [18]. Also, they will allow us to get clearer idea about
560 oL the effect of composition on biodiesel fuel droplet heating and
s (ME) 8 evaporation.
= I;(MD The compositions of biodiesel fuel, used in our analysis are pre-
---T,(SDh Fo sented in Section 2. The main features of the model and numerical
60 | —R,(ME) algorithm are summarised in Section 3. The input parameters used
— - Ry (M) 4 in the calculations are summarised in Section 4. The results of our
—=—R,(SD) calculations are presented and discussed in Section 5. The main
M2 results of the paper are summarised in Section 6.
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Fig. 1. The plots of time evolution of droplet’s surface temperature (T;) and radius
(Ry) for Tallow Methyl Ester (TME) predicted by the multi-component ETC/ED
model (ME), single-component (zero diffusivity)/ITC model (SI), and multi-
component ITC/ID model (MI). The droplet is assumed to have initial radius
12.66 pm and is moving at 28 m/s in still air at temperature and pressure equal to
700 K and 3.2 MPa respectively.

numerical algorithm [12]. Unlike typical fossil fuels, such as gaso-
line and Diesel fuels, which are composed of hundreds of compo-
nents, biodiesel fuel is composed of a relatively small (6-14)
number of fatty acid ethyl and methyl esters [13-16] (only biodie-
sels composed of methyl esters will be studied in our paper). This
allows us to analyse species diffusion inside droplets based on the
Discrete Component Model (DCM) in which the diffusion of species
is described without any additional approximations (cf. the analy-
sis of Diesel fuel droplet heating and evaporation described in
[17]).

The preliminary results of modelling biodiesel fuel droplet heat-
ing and evaporation, using the abovementioned approach, were
presented in [18]. The analysis of that paper was based on only five
types of biodiesel fuel and it was concluded that the predictions of
the multi-component and single-component (when the con-
tribution of all components was approximated by the contribution
of a single component with averaged characteristics) models are
rather close (the droplet evaporation times predicted by these
models differed by less than about 5.5% for typical Diesel engine-
like conditions).

In the current paper, the analysis, similar to the one presented
in [18], is performed but for a much wider range of biodiesel fuels

2. Compositions of biodiesel fuels

The following types of biodiesel fuel are used in our analysis:
Tallow Methyl Ester (TME), Lard Methyl Ester (LME), Butter
Methyl Ester (BME), Coconut Methyl Ester (CME), Palm Kernel
Methyl Ester (PMK), Palm Methyl Ester (PME), Safflower Methyl
Ester (SFE), Peanut Methyl Ester (PTE), Cottonseed Methyl Ester
(CSE), Corn Methyl Ester (CNE), Sunflower Methyl Ester (SNE),
Tung Methyl Ester (TGE), Hemp-oil Methyl Ester, produced from
Hemp seed oil in Ukraine (HME1), Soybean Methyl Ester (SME),
Linseed Methyl Ester (LNE), Hemp-oil Methyl Ester, produced in
European Union (HME2), Canola seed Methyl Ester (CAN), Waste
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Fig. 2. The same as Fig. 1 but for a Lard Methyl Ester (LME) droplet.
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Fig. 3. The same as Figs. 1 and 2, but for a Butter Methyl Ester (BME) droplet.

cooking-oil Methyl Ester (WME) and Rapeseed Methyl Ester (RME).
The molar fractions of the components of these fuels (in percent),
inferred from averaging data presented in [4,19-24]|, are shown
in Table 1.

The meaning of symbols of components, presented in Table 1,
and their acid codes, molecular formulae, molar masses and boiling
temperatures are shown in Table 2 (the values of boiling tempera-
tures in this table are taken from [25,18]). The symbols of compo-
nents in Tables 1 and 2 show the numbers of carbon atoms in fatty
acids (nacid) and numbers of double bonds (DB). For example,
C18:1M has nacid = 18 and DB = 1. The addition of one more car-
bon atom gives the total number of carbon atoms in methyl esters
(nacid + 1). There are other names used for some methyl esters
shown in Table 2. For example, ‘Methyl dodecanoate’ is also known
as ‘Methyl laurate’, ‘Methyl tetradecanoate’ is also known as
‘Methyl myristate’ and ‘Methyl docosanoate’ is also known as
‘Methyl behenate’ (see [18,26,27] for the details).

The molar fractions of unidentified additives in biodiesel fuels
vary from 0 to around 8.7%, and is shown in Table 1 as ‘Others’.
Since the exact nature of these components has not been identified,
there is a certain freedom in selecting their transport and
thermodynamic properties. In [18] we calculated these properties
as the arithmetic weighted averages of the corresponding values
for all remaining components (C12:0M to C18:3M in the case con-
sidered in [18]). In the present study we assume that these proper-
ties are identical to those of C18:1M. The properties computed
using this assumption turned out to be close to those obtained in
[18], but the calculations are much simpler as they do not require
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Fig. 4. The same as Figs. 1-3, but for a Coconut Methyl Ester (CME) droplet.
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Fig. 5. The same as Figs. 1-4, but for a Palm Kernel Methyl Ester (PMK) droplet.
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Fig. 6. The same as Figs. 1-5, but for a Palm Methyl Ester (PME) droplet.
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Fig. 7. The same as Figs. 1-6, but for a Safflower Methyl Ester (SFE) droplet.

an averaging procedure. Only 3 fuels have non-negligible molar
fractions of unidentified components: RME, TGE, and HME2. The
molar fractions of unidentified components in other biodiesel fuels
are either negligible or non-existent (see Table 1).

The transport and thermodynamic properties of all components
shown in Tables 1 and 2 are given in Appendix B of [18]. These
properties were extrapolated to the cases of other fatty acids
shown in Table 2, which have not been considered in [18].
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Fig. 8. The same as Figs. 1-7, but for a Peanut Methyl Ester (PTE) droplet.

3. The model and numerical algorithm

The model and numerical algorithm used in our analysis are
exactly the same as the ones used in [18]. The model takes into
account the effects of multi-component droplet heating by convec-
tion, its evaporation, the finite thermal conductivity, recirculation,
and species diffusion in the liquid phase. Only the effects of ambi-
ent gas on droplets are taken into account.

The predictions of the following models are compared:

(1) a model taking into account the contributions of all compo-

nents of biodiesel fuels, their realistic diffusion (see [18] for

the details), temperature gradient, and recirculation within
the droplet, in the case of moving droplets (using the

Effective Thermal Conductivity/Effective Diffusivity (ETC/

ED) model); this model is referred to as the ‘ME’ model;

a model taking into account the contribution of all compo-

nents of biodiesel fuels, but assuming that the diffusivity

of species in droplets is infinitely fast and the liquid thermal
conductivity is infinitely large (using the Infinite Thermal

Conductivity/Infinite Diffusivity (ITC/ID) model); this model

is referred to as the ‘MI' model;

(3) a model ignoring transient diffusion of species (treating all
species as a single component with properties depending
only on temperature, which was updated at each time step)
and assuming that the liquid thermal conductivity is infi-
nitely large (ITC model); this model is referred to as the ‘SI’
model. In the case of stationary droplets this model is further
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Fig. 9. The same as Figs. 1-8, but for a Cottonseed Methyl Ester (CSE) droplet.

simplified assuming that biodiesel fuels can be approxi-
mated by a single dominant (with the largest molar fraction)
component. The latter model is referred to as the ‘DI’ model.

4. Input parameters

As in [18], the initial droplet radius is assumed equal to
Rygo = 12.66 pm, which falls within the ranges reported in [28-
31]. A droplet of initial temperature Ty = 360 K is assumed to be
moving through air at constant velocity of U; = 28 m/s. In the case
of Butter Methyl Ester (BME) the calculations have also been per-
formed for stationary droplets. Ambient temperature and pressure
are assumed equal to 700 K and 3.2 MPa respectively. The droplet
velocity was derived from the microscopic panorama images of
Diesel spray interface [32,33] based on the assumption that biodie-
sel and Diesel fuel droplets move at approximately the same
velocities under the same ambient conditions.

5. Results and discussions

The plots of time evolution of droplet surface temperature (T;)
and radius (Ry) for Tallow Methyl Ester (TME) are shown in
Fig. 1. The general trends of the curves shown in this figure are
the same as presented in the previous paper [18]. The ME model
predicts longer evaporation times compared with the MI and SI
models with the results predicted by the MI model being closer
to those predicted by the ME model compared to the predictions
of the SI model. The relative error in the evaporation times pre-
dicted by the SI model compared with the ME model is 9.0%. The
same error for the MI model is 3.2%. That means that predictions
of the models based on the assumption that species inside droplets
mix infinitely fast are more reliable than the predictions of the
models approximating TME by a single component. The MI model
is one of the most widely used models for the analysis of heating
and evaporation of complex hydrocarbon fuel mixtures (see, for
example, Refs. [34-39]). The deviations between the predictions
of SI and ME models are larger than those reported in [18]
(5.5%). Note that both MI and ME models predict higher droplet
surface temperatures at the final stages of droplet evaporation
than the single-component model (SI). This is related to the fact
that at the final stages of droplet evaporation the mass fraction
of heavier species increases at the expense of lighter species. The
heavier species evaporate more slowly than the lighter species
and have higher boiling temperatures (see the results shown later
in this paper). The same behaviour of temperatures is observed for
other types of biodiesel fuel discussed below.
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Fig. 10. The same as Figs. 1-9, but for a Corn Methyl Ester (CNE) droplet.
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Fig. 11. The same as Figs. 1-10, but for a Sunflower Methyl Ester (SNE) droplet.

The same plots as shown in Fig. 1, but for Lard Methyl Ester
(LME) are shown in Fig. 2. The curves shown in Fig. 2 are similar
to those shown in Fig. 1. As in the case of TME, the results predicted
by the MI model are closer to those predicted by the ME model
compared with the predictions of the SI model. The relative errors
in the evaporation times predicted by the SI and MI models com-
pared with the ME model are slightly larger for LME compared
with TME. These errors for the SI and MI models are found to be
11.1% and 4.0%, respectively.

The same plots as shown in Figs. 1 and 2, but for Butter Methyl
Ester (BME) are presented in Fig. 3. The trends of the curves pre-
sented in Fig. 3 are similar to those shown in Figs. 1 and 2, but
the relative error in the evaporation times predicted by the SI
model compared with the ME model is much larger for BME com-
pared with TME and LME. This error for the SI model was found to
be 25.2%. The importance of this result lies in the fact that it con-
tradicts one of the main conclusions made in our previous paper
[18], based on the analysis of Palm Methyl Ester, Hemp Methyl
Esters, Rapeseed oil Methyl Ester, and Soybean oil Methyl Ester.
In [18] it was concluded that the droplet evaporation times pre-
dicted by the SI model differ by less than about 5.5% (note that
the analysis of [ 18] was based on different values of input parame-
ters compared with the current paper, except the initial droplet
radii; the parameters used in [18] were obtained as average
parameters described in the literature, while the parameters used
in the current paper are inferred from in-house experimental data).
This allowed the authors of [ 18] to conclude that if these errors can
be tolerated, then biodiesel fuels can be safely approximated by
single component fuels. The error of estimating the evaporation
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Fig. 12. The same as Figs. 1-11, but for a Tung Methyl Ester (TGE) droplet.

time using the MI model, compared with the ME model, is found
to be 3.7%. This is comparable with the results found for TME
and LME.

The same plots as shown in Figs. 1-3, but for Coconut Methyl
Ester (CME) and Palm Kernel Methyl Ester (PMK) are presented
in Figs. 4 and 5 respectively. The shapes of the curves presented
in these figures are rather similar to those shown in Fig. 3. The
errors of estimating the evaporation times using the SI model,
compared with the ME model, for CME and PMK are found to be
23.0% and 26.3% respectively. Similar errors but for the MI model
are found to be 3.8% and 5.0% respectively. The latter errors are
comparable with those shown in Figs. 1-3. Large errors of the
estimations of the evaporation times for CME and PMK, using the
SI model, reinforce the conclusion made based on the analysis of
BME that the SI model cannot be used for the analysis of biodiesel
droplet heating and evaporation unless errors of about 26% in pre-
dicted droplet evaporation times can be tolerated.

The shapes of the curves for time evolution of droplet surface
temperature and radius, presented in Figs. 6 and 7 for Palm
Methyl Ester (PME) and Safflower Methyl Ester (SFE), are similar
to those shown in Figs. 1 and 2. As one can see from Figs. 6 and
7, the evaporation times predicted by the SI model for PME and
SFE are less than those predicted by the ME model by 9.3% and
5.1% respectively. At the same time, using the MI model for PME
and SFE leads to under-estimation of these times by 1.4% and
2.3% respectively. The curve Ry(t) predicted by the MI model for
PME is very close to the one predicted by the ME model, although
the curves for droplet surface temperatures, predicted by both
models are noticeably different.

The curves shown in Figs. 8-13 for Peanut Methyl Ester (PTE),
Cottonseed Methyl Ester (CSE), Corn Methyl Ester (CNE),
Sunflower Methyl Ester (SNE), Tung Methyl Ester (TGE) and
Hemp Methyl Ester 1 (HME1) are reasonably close to those shown
in Fig. 2. As one can see from these figures, the evaporation times
predicted by the SI model for PTE, CSE, CNE, SNE, TGE and HME1
are less than those predicted by the ME model by 13.1%, 14.2%,
12.1%, 14.2%, 11.4% and 16.0% respectively. At the same time, using
the MI model for PTE, CSE, CNE, SNE, TGE and HME1 leads to
under-estimation of these times by 3.8%, 3.9%, 3.1%, 3.5%, 3.7%
and 4.3% respectively.

The curves shown in Figs. 14-18 for Soybean Methyl Ester
(SME), Linseed Methyl Ester (LNE), Hemp Methyl Ester 2 (HME2),
Canola Seed Methyl Ester (CAN), and Waste oil Methyl Ester
(WME) are reasonably close to those shown in Figs. 1 and 7. As
one can see from these figures, the evaporation times predicted
by the SI model for SME, LNE, HME2, CAN and WME are less than
those predicted by the ME model by 4.1%, 3.5%, 4.0%, 6.8% and 8.7%
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Fig. 13. The same as Figs. 1-12, but for a Hemp Methyl Ester 1 (HME1) droplet.
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Fig. 14. The same as Figs. 1-13, but for a Soybean Methyl Ester (SME) droplet.

respectively. At the same time, using the MI model for SME, LNE,
HME2, CAN and WME leads to under-estimation of these times
by 2.7%, 2.1%, 2.8%, 3.7% and 3.9% respectively.

The curves shown in Fig. 19 for Rapeseed Methyl Ester (RME)
are different from the ones shown in the previous figures due to
the fact that both SI and MI models under-estimate considerably
the droplet evaporation times, compared with the prediction of
the ME model. These errors for the SI and MI models were found
to be 18.4% and 15.1%, respectively. This shows that not only the
SI model, but also the MI model can lead to considerable errors
in estimating droplet evaporation times. Both models cannot be
considered reliable for the analysis of droplet heating and evap-
oration unless errors of more than 15% can be tolerated. Note that
the results shown in Fig. 19 are expected to be less reliable than the
ones presented in other figures as RME contains the largest amount
of additives the properties of which cannot be properly specified
(with molar fraction 8.7%).

Note that the evaporation times shown in Figs. 1-19 cannot be
directly compared with those shown in [18], as the latter were
obtained for the values of parameters different from those used
in the current paper. Also, the comparison so far has been focused
mainly on the evaporation times, although the difference in the
shapes of the curves T versus time predicted by various models
is equally important for the assessment of the accuracy of the mod-
els. In all cases shown in Figs. 1-19 the ME model predicts higher
droplet surface temperature at the initial stage of droplet heating
and evaporation compared with the predictions of the MI and SI
models (by about 7%). This is related to the fact that the ME model
predicts that at the initial stage of droplet heating most of heat
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Fig. 15. The same as Figs. 1-14, but for a Linseed Methyl Ester (LNE) droplet.

supplied to the droplet is spent on heating the region close to
the surface of the droplet (e.g. Fig. 22), while both SI and MI models
are based on the assumption that the same heat is spread evenly
over the whole volume of the droplet at any time. The behaviour
of the temperature at intermediate times predicted by all models
appears to be rather complex and is controlled by several compet-
ing factors including the rate of evaporation, heat transfer inside
the droplet and heat supplied to the droplet. At the final stage of
droplet evaporation, however, the surface temperature predicted
by the ME and MI models becomes larger than the one predicted
by the SI model. This can be related to the fact that at the final
stage of droplet heating and evaporation, the ME and MI models
predict that droplet composition is dominated by the heaviest
component with the highest boiling temperature (see Table 2).
The surface temperatures predicted by the ME and MI models at
the final stages of droplet evaporation are rather similar as the dro-
plet compositions predicted by both models at this stage of droplet
evaporation are expected to be rather close. Note that predictions
of temperatures by all models at the very final stage of droplet
evaporation is not expected to be very reliable due to large time
derivatives of droplet radii (see [40] for more detailed discussion
of this phenomenon).

To provide a deeper understanding of the processes taking place
during biodiesel fuel droplet heating and evaporation, in Figs. 20—
22 we presented the plots of surface mass fractions of selected
components versus time, the plots of mass fractions of selected
components versus normalised distance from the droplet centre
at various time instants and temperatures versus normalised dis-
tance from the droplet centre at various time instants for BME.
The general shapes of these curves for other biodiesel fuels are
similar to the ones for BME. All plots refer to the predictions of
the ME model.

As follows from Fig. 20, the surface mass fractions of the lightest
components (C8:0M, C12:0M and C14:0M) monotonically decrease
with time. The surface mass fraction of the heaviest component
(C22:1M) monotonically increases with time. The surface mass
fractions of the intermediate components (C16:0M and C18:0M)
first increase and then decrease with time. At the end of the evap-
oration process, only the heaviest and least volatile component
remains at the droplet surface. This component is mainly responsi-
ble for prolonged droplet lifetime predicted by the ME model com-
pared with the SI model, and higher surface temperatures at the
final stage of droplet evaporation. The general shapes of the curves
shown in Fig. 20 are similar to those predicted for other biodiesel
fuels including the ones studied in our previous paper [18].

As one can see in Fig. 21, the decrease of the surface mass frac-
tion of one of the lightest components (C12:0M) with time is
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Fig. 16. The same as Figs. 1-15, but for a Hemp Methyl Ester 2 (HME2) droplet.
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Fig. 17. The same as Figs. 1-16, but for a Canola Methyl Ester (CAN) droplet.

accompanied by the corresponding decrease of the mass fraction of
this component in the body of the droplet. The rate of this
decrease, however, reduces in the regions close to the droplet cen-
tre. Thus a negative gradient of this mass fraction is formed inside
the droplet, which leads to the diffusion of this component from
the droplet centre to its surface. As can be inferred from the same
figure, the increase of the surface mass fraction of the heaviest
components (C22:1M) with time is accompanied by the
corresponding increase of the mass fraction of this component in
the body of the droplet, although the rate of this increase reduces
in the regions close to the droplet centre. Thus positive gradients of
this mass fraction are formed inside the droplet, which lead to the
diffusion of this component from the droplet surface to its centre.
This leads to the formation of a droplet consisting mainly of the
heaviest component (C22:1M) at the end of the evaporation pro-
cess. One can clearly see from Fig. 21 that gradients of mass frac-
tions of the components inside the droplet are initially small but
increase with time. This observation shows the limitations of the
well mixed models, including the MI model, widely used for the
analysis of multi-component droplet heating and evaporation.

As one can see in Fig. 22, at the initial stage of droplet heating
and evaporation (0.03 ms after the start of the process) rather large
gradients of temperature inside the droplet close to droplet surface
are formed. In contrast to the case of species molar fractions, how-
ever, the gradients of temperature inside droplets decrease with
time. These gradients are reasonably small at 1 ms after the start
of the process. This means that the Infinite Thermal Conductivity
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Fig. 18. The same as Figs. 1-17, but for a and Waste Cooking Oil Methyl Ester
(WME) droplet.
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Fig. 19. The same as Figs. 1-18, but for a Rapeseed Methyl Ester (RME) droplet.
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Fig. 20. The plots of time evolution of surface mass fractions of C8:0M, C12:0M,
C14:0M, C16:0M, C18:0M and C22:1M for a Butter Methyl Ester (BME) droplet for
the same conditions as in Figs. 1-19.

model can be applied to the analysis of droplet heating and evap-
oration, except at the very beginning of the process, when high
accuracy of calculations is not required.

The plots of time evolution of droplet surface temperature (T;)
and radius (Ry) for BME at the same conditions as shown in
Figs. 1-19 but for stationary droplets are shown in Fig. 23. The
results predicted by the SI and ME models are shown, as in
Fig. 3. Apart from these, the results predicted by the model based
on the assumption that BME can be approximated by the dominant
component (C16:0M) and assuming that the thermal conductivity
of liquid is infinitely large are shown in the same figure (DI model).
Note that in the case of stationary droplets the ME model reduces
to the so called conduction limit model. In our case, however, the
term ‘ME model’ is used for both stationary and moving droplets.

Comparing Figs. 3 and 23 one can see that moving droplets
evaporate more than 5 times faster compared with the stationary
droplets which can be attributed to increased Nusselt and
Sherwood numbers of the moving droplets. At the same time the
under-predictions of the evaporation times by the SI model com-
pared with the ME model are about the same for moving (25.2%)
and stationary (24.9%) droplets. The evaporation time predicted
by the DI model turned out to be closer to the one predicted by
the ME model than the evaporation time predicted by the SI model.
The DI model under-predicted the evaporation time by 12.2%. This,
however, is likely to be the case for this particular biodiesel fuel
and cannot be generalised to other types of biodiesel fuels.
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The plots similar to those shown in Figs. 20-22 but for station-
ary droplets are shown in Figs. 24-26. The main conclusions which
can be inferred from the latter figures are the same as those
inferred from Figs. 20-22. As one can see from Fig. 24, the light
components are expected to be the first to evaporate and the heavy
components are expected to be the last to evaporate. Gradients of
mass fractions of components inside droplets increase with time,
while the gradients of temperature inside droplets decrease with
time. This shows that limitations of the MI and SI models widely
used in the analysis of biodiesel fuel droplet heating and
evaporation.

6. Conclusions

A comparative analysis of predictions of several models of bio-
diesel fuel droplet heating and evaporation in realistic Diesel
engine-like conditions is presented. Firstly, a model taking into
account the contributions of all components of biodiesel fuels,
their realistic diffusion, temperature gradient, and recirculation
within the droplet, in the case of moving droplets (Effective
Thermal Conductivity/Effective Diffusivity (ETC/ED) model),
used. In the second model, the contribution of all components of
biodiesel fuels are taken into account as in the first model, but
the diffusivity of species in droplets is assumed to be infinitely fast
and the liquid thermal conductivity is assumed to be infinitely
large (Infinite Thermal Conductivity/Infinite Diffusivity (ITC/ID)
model). In the third model, the transient diffusion of species is
ignored and it is assumed that the liquid thermal conductivity is
infinitely large. The fourth model is a simplified version of the third
model in which it is assumed that biodiesel fuels can be approxi-
mated by a single dominant component (this model was used only
for the analysis of stationary droplets).

Nineteen types of biodiesel fuel have been used in the analysis.
These are Tallow Methyl Ester (TME), Lard Methyl Ester (LME),
Butter Methyl Ester (BME), Coconut Methyl Ester (CME), Palm
Kernel Methyl Ester (PMK), Palm Methyl Ester (PME), Safflower
Methyl Ester (SFE), Peanut Methyl Ester (PTE), Cottonseed Methyl
Ester (CSE), Corn Methyl Ester (CNE), Sunflower Methyl Ester
(SNE), Tung Methyl Ester (TGE), Hemp-oil Methyl Ester, produced
from Hemp seed oil in Ukraine (HME1), Soybean Methyl Ester
(SME), Linseed Methyl Ester (LNE), Hemp-oil Methyl Ester, pro-
duced in European Union (HME2), Canola seed Methyl Ester
(CAN), Waste cooking-oil Methyl Ester (WME) and Rapeseed
Methyl Ester (RME).

It is pointed out that the third model under-predicts the droplet
evaporation times compared with the first model (believed to be
the most reliable one) by up to about 26%. This result does not sup-
port our earlier finding, based on the analysis of only five types of
biodiesel fuel in different engine conditions, that the deviations
between the evaporation times predicted by these models do not
exceed about 5.5%. The evaporation times predicted by the second
model have been shown to be reasonably close to those predicted
by the first model. The second model under-predicts this time by
not more than 4.3% except for Rapeseed Methyl Ester (RME) for
which this under-predictions reaches 15.1%. The predictions of
the fourth model have been shown to be closer to the predictions
of the first model than those of the third model.

As in the case of Diesel and gasoline droplets, for biodiesel dro-
plets the multi-component model predicts higher droplet surface
temperatures at the final stages of evaporation (in most cases)
and longer evaporation times than the single component model.
This is related to the fact that at the final stages of droplet evap-
oration the mass fraction of heavier species, which evaporate more
slowly than the lighter species and have higher boiling tempera-
tures, increases at the expense of lighter species.
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