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Abstract

The paper presents a new approach to the modelling of heating and evaporation of dual-fuel droplets with a
specific application to blends of biodiesel (represented by the widely used soybean methyl ester, SME) and
Diesel fuels in conditions representative of internal combustion engines. The original compositions, with up to
105 components of Diesel and biodiesel fuels, are replaced with a smaller number of components and quasi-
components using the recently introduced multi-dimensional quasi-discrete (MDQD) model. Transient diffusion
of these components and quasi-components in the liquid phase and temperature gradient and recirculation
inside droplets are taken into account. The results are compared with the predictions of the case when blended
biodiesel/Diesel fuel droplets are represented by pure biodiesel fuel or pure Diesel fuel droplets. It is shown that
droplet evaporation time and surface temperature predicted for 100% SME, representing pure biodiesel fuel, are
close to those predicted for pure Diesel fuel. Also, it is shown that the approximations of the actual compositions
of B5 (5% SME and 95% Diesel) and B50 (50% SME and 50% Diesel) dual-fuels by 17 quasi-
components/components, using the MDQD model, lead to under-predictions in droplet lifetimes by up to 9% and
4%, respectively, under the same engine conditions. The application of the latter model has resulted in above
83% reduction in CPU time compared to the case when all 105 components are taken into account using the
discrete component model.

Keywords: Biodiesel fuel; Diesel fuel; Droplet heating; Fuel blends; Heating and evaporation; Multi-component
droplets.
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1. Introduction

The interest in Diesel and biodiesel fuel blends has been mainly stimulated by depletion of fossil fuels and

the need to reduce carbon dioxide emissions that contribute towards climate change [1,2]. The use of biodiesel
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fuel is expected to contribute to the reduction of global warming [3]. Also, using a blend of biodiesel fuel as an
alternative to pure fossil fuels has a number of other advantages: it is less polluting, cost effective, it has higher
lubricity and a higher flash point, and it can be used in Diesel engines with minimal, or no, modifications [4-8].
According to the U.S. Environmental Protection Agency Tier I and Tier II standards (see [9] for details), fatty acid
methyl ester (FAME) biodiesel types produced over the last decade pass the testing requirements for health
effects [10].

Studies on the heating and evaporation processes of automotive fuel droplets are crucial to the design of
internal combustion engines and to ensuring their good performance [11,12]. Accurate modelling is essential to
the understanding of these processes and ultimately to the improvement of engine design. Previous studies of
these processes have been either based on the analysis of individual components (Discrete Component (DC)
model [13,14]), or on the probabilistic analysis of a large number of components (continuous thermodynamics
[15-17] and the distillation curve [18-20] models). The first approach is generally applicable to cases when a
relatively small number of components needs to be taken into account to avoid computationally expensive runs.
In the second approach a number of simplifying assumptions are commonly used; for example, the species inside
droplets are assumed to mix infinitely quickly (infinite diffusivity model).

The DC model based on the analytical solutions to the heat transfer and species diffusion equations was
suggested in [21] and validated against experimental data in [22]. In our analysis, the predictions of the new
simplified models will be compared with the prediction of the above-mentioned version of the DC model, taking
into account the contributions of all components. Direct applications of this model were limited to the case when
the number of components in fuels was relatively small (e.g. biodiesel fuels). In the case of fossil, or blended-
fossil, fuels (containing potentially hundreds of components), however, the DC model would be computationally
very expensive when directly applied to the modelling of droplet heating and evaporation. In response to this
problem, the multi-dimensional quasi-discrete (MDQD) model was introduced in [23]. In this model, a large
number of components was replaced with a much smaller number of components/quasi-components (C/QC)
without losing the main features of the DC model. This model was applied to the analysis of heating and
evaporation of realistic Diesel and gasoline fuel droplets [23,24]. It was shown to accurately predict the droplets’
lifetimes and surface temperatures and to be computationally efficient [12].

In this paper, the analysis presented in [23,24] is generalised to the case of blended biodiesel/Diesel fuel
droplets. The main features of the model used in our analysis and fuel compositions are summarised in Section 2.

The results of calculations are presented in Section 3. The main results of the paper are summarised in Section 4.
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2. Model and fuel compositions

As in [23,24], our analysis is based on the assumption that droplets are spherically symmetric. The MDQD
model, in which the actual composition of fuel is reduced to a much smaller number of representative
components/quasi-components (C/QC), is used.

The concept of quasi-components was first introduced in [25] and is based on a replacement of several
actual alkane components with close carbon numbers n by a new alkane component with an average value of n,
taking into account molar fractions of the original components. This averaging procedure led to non-integer
values of n for the new component, in most cases, which do not have any physical meaning as components with
non-integer values of n do not exist. Hence, we called these new components quasi-components. Although quasi-
components are not real components, they were treated as real for the analysis of heat/mass transfer processes
in droplets. In [23,24] the concept of quasi-components was generalised to include other groups of components
(e.g. cycloalkanes, aromatics). Please note, however, that the selection of these C/QCs was based on trial and
error. We are still working on the development of a more rigorous algorithm for this selection.

The effects of finite liquid thermal conductivity, diffusions of C/QCs in the liquid phase and recirculation
inside droplets are taken into account using the Effective Thermal Conductivity/Effective Diffusivity (ETC/ED)
models. The analysis is based on the previously obtained analytical solutions to the heat transfer and species
diffusion equations within droplets (see [11]). The blended-fuel vapour is replaced with the vapour of n-

dodecane; the binary diffusion coefficient of n-dodecane vapour in air is estimated as [26]:
Dyq = 527 x 107 (Tref/3 ) 159351 (m2 571), ©)
where T = gTS +§Tg is the reference temperature (in K), T; and T, are droplet surface and ambient gas

temperatures, respectively, and p is ambient pressure (in bar).
The diffusion coefficient for liquid species is estimated using the Wilke-Chang approximation [23,27]:

7.4x10”15TViT
D, = 06 (2)
wvy

kg
kmole

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

the droplet, V, is estimated as [23,27]:

3
Vo =(°/118)" (3)
o is the Lennard-Jones length (in A), estimated as [27,28]:

o = 1.468M%2%7, (4)
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As in [23,24,29], all liquid properties are calculated at the average temperature inside droplets and all gas
properties are calculated at the reference temperature T.s; enthalpy of evaporation and saturated vapour
pressure are estimated at the droplet surface temperature Ts.

The effects of thermal radiation are ignored in our analysis. These effects for heating and evaporation of
mono-component droplets were studied in a number of papers including [26,30]. For sufficiently high radiative
temperatures, it was shown that this effect leads to the non-monotonic approach of the surface temperature of a
heated and evaporated droplet to the wet bulb temperature. We anticipate a similar effect during heating and
evaporation of multi-component droplets, although this process has not been investigated to the best of our
knowledge.

FAME biodiesel can be blended with Diesel fuel in various proportions. The most common blends are: B100
(pure biodiesel), B20 (20% biodiesel, 80% Diesel), B5 (5% biodiesel, 95% Diesel) and B2 (2% biodiesel, 98%
Diesel) [8,31,32]. Note that B5 can be called Diesel fuel, with no separate labelling required at the pump [8],
although no comparative analysis of heating and evaporation characteristics of droplets of these fuels, including
droplet lifetimes, has been performed to the best of our knowledge.

The molar fractions of methyl esters in biodiesel fuel, assumed to be soybean methyl esters (SME), are
inferred from the data reported in [29]; and those for Diesel fuel hydrocarbons are inferred from [23] (see
Appendix A). Our analysis is focused on the following Diesel-biodiesel fuel blends: B80 (80% SME and 20%
Diesel), B50 (50% SME and 50% Diesel), B20, and B5. The following cases will be considered: (1) pure SME
(B100), taking into account the contributions of all 7 components, using the DC model; (2) the mixtures B5, B20,
B50 and B80, taking into account all 105 components (7 components of SME and 98 components of Diesel fuel),
using the DC model; (3) pure Diesel fuel, taking into account the contributions of 98 components (B0), using the
DC model; and (4) the mixture B50, taking into account the contributions of all 105 components, using the MDQD

model.

3. Results

The plots of droplet surface temperatures T and radii R; versus time for biodiesel (SME) and Diesel fuels
and their blends, taking into account the contributions of all 105 components, as predicted by the DC model, are
shown in Fig. 1. As in [23], the initial droplet radius is taken equal to 12.66 um, its axial velocity in still air
(assumed constant) and initial temperature are assumed equal to Ugop= 10 m/s and Ty = 360 K, respectively;

ambient air (gas) pressure and temperature are assumed equal to p, = 32 bar and T, = 700 K, respectively.
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Fig. 1. The plots of droplet surface temperatures T; (a), and radii R; (b) versus time for various Diesel/SME
blends, using the DC model.

As one can see from Fig. 1, the evaporation time of a pure SME (B100) droplet is 6% less than that of a pure
Diesel (B0) droplet. Thus, the evaporation characteristics of Diesel and SME droplets are rather close. The
predicted droplet surface temperature for B100 is higher than that of BO during the initial heating period. This
might enhance the droplet break-up process due to decrease in droplet surface tension [33].

The temporal evolutions of the liquid mass fractions at the droplet surface for representative components of

B50 are shown in Fig. 2.
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Fig. 2. The plots of surface liquid mass fractions Y; of representative components versus time for a B50 fuel
droplet for the same conditions as in Fig. 1.

As follows from Fig. 2, the mass fractions of the light components monotonically decrease with time while
those of the heavy components monotonically increase with time. The mass fractions of the intermediate
components initially increase but then decrease with time. 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 conditions, where the ambient gas temperatures are not homogeneous.

It is not currently feasible to consider large numbers of components in CFD simulations. As shown in our
previous papers [23,24], the application of the MDQD model would allow us to reduce the CPU requirements
substantially without significant reduction in accuracy. In [23,24] this approach was applied to pure Diesel and
pure gasoline fuel droplets. In what follows it is applied to blended biodiesel/Diesel fuel droplets.

The evolutions of droplet surface temperatures T, and radii R; over time for B50, predicted by the MDQD
model for several C/QCs, are shown in Fig. 3. The following numbers of C/QCs were used: 105; 90, 63, 45, 25, 21,
19, 17, 12, and 10. The Diesel and biodiesel fuel components used in our analysis are shown in Tables 1 and 2

(see Appendix A for further details).

Preprint to Fuel



. ; .
1.5 2.0 25 3.0 3.5
Time [ms]

T T
700-_,.,-——---—».‘_‘%
650 -

600 < e
| F ~
| s —ME
550 / 90
500 ,.-" -
4 n‘
4504 /
/
400 4/
350 , S
00 05 1.0
700 - |
—ME
—90
63
6804 = - - 45
<
= 25
= - 21
19
17
660 | -—
- - 12
---10
__7_1.__:-.5:‘_‘.';
2R
640 4
T
2.0 2.5

3.0 35
Time [ms]

4.0

- 35
| 3.0
- 25
- 2.0

1.5

1.0

0.5

0.0

Fig. 3. The plots of the droplet surface temperatures Ty and radii R, versus time for 10 approximations of B50:

105 components (ME); 90, 63, 45, 25, 21,19, 17, 12, and 10 C/QCs (numbers near the curves); (b) Zoomed parts

of (a). The compositions of these approximations are shown in Tables 1 and 2.

As follows from Fig. 3, the approximations of the blended fuel with 90, 63, 45, and 25 C/QCs lead to

underestimation of the droplet lifetime by less than 3%. This underestimation increases to 4-6% for 20, 17 and

15 QCs. It further increases to 9%, 16% and 17% for 14, 9 and 7 QCs, respectively. The errors in predicted

droplet surface temperatures for these C/QCs are negligible.
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Fig. 4. The plots of the droplet surface temperatures Ty and radii R; versus time for the same 10 approximations
of B5 fuel as those used in Fig. 3; (b) Zoomed parts of (a). The compositions of these approximations are shown
in Tables 1 and 2.

The evolutions of Ty and R, over time for a B5 fuel droplet are shown in Fig. 4. Similarly to Fig. 3, in Fig. 4,
the approximations of the blended fuel with up to 25 C/QCs lead to underestimation of the droplet lifetime by
less than 3.2%. This underestimation increases to 5% for 21 and 19 C/QCs. It further increases to 9% for 17
C/QCs, and up to 15% for 12 and 10 C/QCs. The errors in predicted droplet surface temperatures for these
approximations were up to 2%.

Swelling of the droplets can be clearly seen for all approximations of Diesel fuel due to changes in fuel
density with temperature. Droplet surface temperature does not show plateau profiles. This can be attributed to

the multi-component composition of droplets (see [23] for the details).
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Note that the approximation of B50 fuel components with 17 C/QCs (Fig. 3) yields better results than using

the same approximation for B5 fuel (Fig. 4). In the 17 C/QC approach, 4 C/QC of SME fuel out of 17 C/QC are

taken into account. This approximation leads to a good balance between components for the case of B50 fuel.

However, an increase in heavy C/QCs of SME at the expense of other components for B5 fuel near the end of

evaporation time leads to over-estimation of the contribution of SME to B5.

Table 1. The contributions of Diesel and biodiesel fuel components for several choices of C/QCs shown in Figs. 3-

4. The contributions of Diesel fuel components are specified in Table 2.

total C/QCs

Diesel

biodiesel

c/Qc c/QC biodiesel C/QC
105 98 7 C14:0 Cl6:0 C18:0 (C20:0 C18:1 C18:2 C18:3
90 85 5 C1753 C20:0 c18:1 C18:2 C18:3
(C14:0-C18:0)

63 63 5 as above

45 40 5 as above

25 21 4 C17.613 C18:1 C18:2 C18:3
(C14:0- C20:0)

21 17 4 as above

19 15 4 as above

17 14 3 C17.613 C18:1 (C18:2  ignored
(C14:0- C20:0)

12 9 3 as above

10 7 3 as above

Table 2. The contributions of Diesel fuel C/QCs for the numbers of C/QCs shown in Figs. 3-4 and Table 1.

@ Diesel C/QCs (see Tables A1-A6 in Appendix A for further details)
=
g ] 4] %)
total C/QCs é v % ;C; % 5 qé) E tricycloalkane,
S = = Tg 5 s = = diaromatic,
£ %‘: % g = -g g = henanthrene
g 3 g Z = 8 & P
A 5 = =
105 98 20 18 16 17 13 11 3
90 85 19 17 8 16 12 10 3
63 58 19 9 8 8 6 5 3
45 40 10 9 5 8 3 2 3
25 21 5 4 3 3 3 2 tricycloalkane
21 17 4 3 2 3 2 2 tricycloalkane
19 15 4 3 1 3 2 1 tricycloalkane
17 14 4 2 1 2 1 1 3
12 9 1 1 1 1 1 1 3
10 7 1 1 1 1 1 1 tricycloalkane
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To illustrate the computational efficiencies of these approximations, using the MDQD model, a diagram for

CPU time required for these calculations versus the numbers of QC/Cs is shown in Fig. 5.

37 T

\ CPU time (minutes)

22 1 R EB5

AN MB50
17 A A

105 90 63 45 27 25 21 19 17 12 10
C/QCs

Fig. 5. The plot of CPU time required for calculations of droplet heating and evaporation versus the number of

C/QCs for B5 and B50 fuel droplets, using the same parameters as in Figs. 1-4.

As can be seen from Fig. 5, approximating 105 components of the blended fuel with 17 C/QCs reduces the
required CPU time by more than 83% compared with the model taking into account the contributions of all 105
components. Also, the results in Figs. 3 and 4 show that the evaporation time predicted for a 17 C/QC droplet is
about 4% for B50, and 9% for B5, less than that predicted by the model taking into account the contributions of
all 105 components. The predicted error in droplet surface temperatures when using 17 C/QCs is about 1%, for
both B5 and B50 fuel droplets. Thus, the choice of 17 C/QCs can ensure a good compromise between CPU
efficiency of the model and its accuracy when up to 9% and 4% errors in predicted droplet evaporation times
can be tolerated for B5 and B50, respectively.

The specifications of the workstation used were: Z210, Intel core, 64-bit, 3.10 GHz and 8 GB RAM. The
number of terms in the series in analytical solutions for temperature and species (see Equations (10), (11) and

(19) in [23]) were taken equal to 44 and 33, respectively. The time step was setas 1 ps.

4. Conclusions

A new approach to modelling the heating and evaporation of blended biodiesel (soybean methyl ester,
SME)/Diesel fuel droplets in representative conditions for a direct injection internal combustion engine is
described. The full composition of fuel-blends with Diesel and SME contains up to 105 components. As in the

10
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previously suggested multi-dimensional quasi-discrete (MDQD) model, these 105 components are replaced with
a smaller number of components and quasi-components (C/QCs). Transient diffusion of these C/QCs in the liquid
phase, temperature gradient, and recirculation inside droplets due to relative velocities between droplets and
ambient air are taken into account based on the Effective Thermal Conductivity/Effective Diffusivity model.

It is shown that the approximation of the full composition of the blended fuel (105 components) by 17
C/QCs of B50 (50% SME and 50% Diesel) using the MDQD model leads to deviations in estimated droplet surface
temperatures and evaporation times of up to 1% and 4%, respectively, which can be tolerated in many practical
engineering applications. However, the choice of 17 C/QCs of B5 (5% SME and 95% Diesel) can lead to 9% error
in predicted droplet evaporation time.

It is shown that the application of the MDQD model to B50 with 17 C/QCs leads to over 83% reduction in
CPU time compared to the model which takes into account the contributions of all 105 components. The choice of
19 C/QCs of B5 leads to 82% reduction in CPU time. The error in estimated droplet lifetime in this case is shown

to be about 5%.
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Appendix A. C/QCs approximating Diesel fuel compositions

The detailed compositions of the groups of C/QCs shown in Table 2 are presented in the following tables.

Table A1. The numbers of C/QCs (top numbers), and the corresponding compositions of C/QCs, described in
terms of carbon atoms (columns of numbers), used in the MDQD model for alkanes.

alkanes (CnHzn+2)

20 19 10 5 4 )
X ) o 9.958
. ’ (c8-C9) (C8-11)
- 10.335
10 10 10.385
(C8-C12)
11 11 (C10-11)
12 12 12.493 ass
13 13 C12-13 :
( ) (C12-C15)
14 14 14.544 s
15 15 C14-C15 .
( ) (C13-C17)
16 16 16518
v 17 (C16-C17) 17.622 14.763
18 18 18521 (C16-C19) (C8.C27)
19 19 (C18-19)
19.38
20 20
20.392 Cloca)
21 21 (C20-C21) 20.869
22 22 22.332 (€20-C23)
23 23 (C22-C23)
24 24 24.344
25 25 (C24-C25) 24.763 (szs;851227)
26 26.421 26.421 (C24-C27)
27 (C26-C27) (C26-C27)

Table A2. The numbers of C/QCs (top numbers), and the corresponding compositions of C/QCs, described in
terms of carbon atoms (columns of numbers), used in the MDQD model for cycloalkanes.

cycloalkanes (CnHzn)

18 17 9 4 2 1
10 10 10.745
11 11 (C10-C11) 12.122
12 12 12.427 (C10-14) 12.562
13 13 (C12-C13) (€C10-C15)
14 14 14.475 (cig:?:%)
15 15 (C14-C15)
16 16 16.493 17.081
17 17 (C16-C17) (C15-C19) 15.365
18 18 18.513 18.297 (C10-C27)
19 19 (€C18-C19) (C16-C21)
20 20 20.35
21 21 (C20-C21)
- )y 22264 20.878 20.254
(€C20-C24) (€19-C27)
23 23 (C22-C23) 22.977
24 24 24.37 (C22-C27)
25 25 (C24-C25) 25.644
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26
27

26.42
(C26-C27)

26.42

(C25-C27)

(C6-C27)

Table A3. The numbers of C/QCs (top numbers), and the corresponding compositions of C/QCs, described in
terms of carbon atoms (columns of numbers), used in the MDQD model for bicycloalkanes.

bicycloalkanes (CnH2n-2)

16 8 5 3 2 1
10 10.603 1104
11 C10-C11 -
12 ( 12.404 ) (C10-C12) 11.835
' (C10-C14)
13 (C12-C13) 13,065
14 14.434 13861 (C10-C17)
' (C13-C15)
15 (C14-C15)
16 16.57
17 (C16-C17) 17.091 17.397
(C16-C18) (C15-C19) 14.743
18 18.602 (€C10-C25)
19 (C18-C19)
19.3

20

20.322 (C19-C21)
2! (C20-c21) 19.168
22 22.41 21.243 (C18-C25)
23 (C22-C23) 22.919 (C20-C25)
24 24.419 (C22-C25)
25 (C24-C25)

Table A4. The numbers of C/QCs (top numbers), and the corresponding compositions of C/QCs, described in
terms of carbon atoms (columns of numbers), used in the MDQD model for alkylbenzenes.

alkylbenzenes (CnHzn-6)

17 16 8 3 2 1
8 8 8.867
9 9 (€8-C9)
10 10 10.15 10.207
11 11 (C10-C11) (C8-C13)
12 12 10.726

12.264 (C8-C16)
13 13 (C12-C13)
14 14 14.425
15 15 (C14-C15)

11.726

16 16 16.475 16.233 (C8-C24)
17 17 (C16-C17) (C14-C19)
18 18 18.381
19 19 (C18-C19)
20 20 20.416 19.026
21 21 (C20-C21) (C17-C24)
) » 21.077

22.743 (C20-C24)
23 23.489 (C22-C24)
24 (C23-C24)
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Table A5. The numbers of C/QCs (top numbers), and the corresponding compositions of C/QCs, described in
terms of carbon atoms (columns of numbers), used in the MDQD model for indanes/tetralines.

indanes/tetralines (CnHz2n-8)

13 12 6 3 2 1
10 10 10.509
11 11 (C10-C11) 11.407
12 12 12.471 (C10-C13) 19405
C12-C13 :
13 13 ( ) (C10-16)
14 14 14.456
15 15 (C14-C15) 15.342 13.832
C14-C17 -
16 16 16.456 ( ) (€10-C22)
17 17 (C16-C17)
18 18 18.388
19 19 (C18-C19) 19942 18.615
20 20 : (C17-C22)
20.567 (C18-C22)
22 (C21-C22)

Table A6. The numbers of C/QCs (top numbers), and the corresponding compositions of C/QCs, described in
terms of carbon atoms (columns of numbers), used in the MDQD model for naphthalenes.

naphthalenes (CuHzn-12)

11 10 5 2 1
10 10 10.566
11 11 (C10-C11)
12 12 12.354 11.533
13 13 (C12-C13) (C10-C15)
14 14 14.441 12392
C14-C15 '
15 15 ( ) (C10-C20)
16 16 16.421
17 17 (C16-C17)
18 18 17.904
18.985 (C16-C20)
19 19.51 (C18-C20)
20 (€C19-C20)
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