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ABSTRACT: The multidimensional quasi-discrete (MDQD) model is applied to the analysis of heating and evaporation of
mixtures of E8S (85 vol % ethanol and 15 vol % gasoline) with diesel fuel, commonly known as “E85—diesel” blends, using the
universal quasi-chemical functional group activity coefficients model for the calculation of vapor pressure. The contribution of
119 components of E85—diesel fuel blends is taken into account, but replaced with smaller number of components/quasi-
components, under conditions representative of diesel engines. Our results show that high fractions of E85—diesel fuel blends
have a significant impact on the evolutions of droplet radii and surface temperatures. For instance, droplet lifetime and surface
temperature for a blend of 50 vol % E85 and 50 vol % diesel are 23.2% and up to 3.4% less than those of pure diesel fuel,
respectively. The application of the MDQD model has improved the computational efficiency significantly with minimal
sacrifice to accuracy. This approach leads to a saving of up to 86.4% of CPU time when reducing the 119 components to 16
components/quasi-components without a sacrifice to the main features of the model.

1. INTRODUCTION

Diesel engines are the main power source of passenger cars and
heavy duty vehicles because of their relatively high efficiency.’
Due to the common greenhouse emissions (mainly carbon
oxides and nitrogen oxides) associated with diesel engines and
the depletion of fossil fuels, many investigations have been
carried out on possible replacement of diesel fuel with
alternatives, such as ethanol.”~¢ Ethanol and ethanol—gasoline
mixtures have been shown to be suitable for blending with diesel
fuels."” Tt is known that mixtures with up to 85% diesel and
15% ethanol are used in standard diesel engines without
significant impacts on these engines.” Also, it has been reported
in ref 9 that ethanol can be blended with diesel fuel at up to 20%
ethanol. For higher fractions of ethanol, additives may become
essential to attain the needed miscibility to stabilize the blend,
control the 0phase separation, and attain the required cetane
number.»¥'971

The most common blends of diesel fuel are not pure ethanol
but 85% ethanol and 15% gasoline (E8S) fuels."”'>'* The
addition of 15% gasoline to ethanol is commonly used to
improve the low-temperature Eroperties of the mixture and the
cold start in diesel engines.'”'> The results of experimental
research’ have shown that the presence of E8S in diesel fuel
leads to a noticeable reduction in nitrogen oxides. This mixture,
however, has also led to a noticeable increase in the ignition
delay and an increase in the production of carbon monoxides.
The combustion temperature decreases with increasing the
E85—diesel fuel fraction, and the brake efficiency slightly
increases for higher E85—diesel fuel fractions.'” These effects,
however, need to be treated cautiously; for instance, the addition
of 20% E85 can lead to up to 16% increase in nitrogen oxides.'

So far, research on E85—diesel fuel blends has focused on the
physical properties, exhaust toxic emissions and ignition of this
fuel."”'>* The impact of such blends, accounting for full fuel
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compositions, and their detailed species chemical structure and
properties, on droplet heating and evaporation has not been
studied to the best of our knowledge. The importance of
modeling multicomponent fuel droplet heating and evaporation
processes in automotive applications has been highlighted in
many studies.'®”" Most of the previous studies (e.g,, see refs
20—22) used either the distillation curve model, assuming
infinite thermal conductivity and infinite diffusivity of liquid, or
the single component model, considering the initial fraction of
components and ignoring the diffusivity altogether (see ref 20
for details). However, rapid evaporation of light components at
the surface of the droplet leads to a high gradient of component
mass fractions inside the droplet. Moreover, the temperature
gradient near the droplet surface at the initial stage of droplet
heating is expected to be very high due to the high ambient
temperature. A number of models have been developed within
the last decade to study these processes, including the discrete
component (DC) model.'***** The version of the DC model
described in the latter references and used in our paper is based
on the analytical solutions to the heat transfer and species
diffusion equations. The DC model is generally applicable to
cases when the number of components is relatively small. The
application of this model, however, is expected to be
computationally expensive when the number of components
exceeds several dozen. To address this issue, the multidimen-
sional quasi-discrete (MDQD) model has been suggested.”

In the MDQD model, a large number of components is
replaced with a much smaller number of components/quasi-
components (C/QC). This approach allows one to reduce the
computational time by up to 96% without substantial loss of
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accuracy,”®”** which is important for the implementation of the
model into commercial CFD codes (e.g, see refs 29—31). As
with the DC model, the MDQD model is based on the effective
thermal conductivity/effective diffusivity (ETC/ED) models to
solve the heat transfer and species diffusion equations. The latter
models allow one to take into account the recirculation inside
the droplets, due to their relative movement, and its effect on the
droplet average surface temperature and species mass fractions
within a one-dimensional model.>*** The DC and MDQD
models have been applied to gasoline, diesel, biodiesel, and their
blends.”>~>**7** This paper is focused on the analysis of
blended E85—diesel fuel droplets. In contrast to most previous
studies, where Raoult’s law was assumed to be valid (i.e., the
activity coefficient (AC) was assumed to be unity), the authors
of ref 39 took into account the contributions of nonunity AC,
using the universal quasi-chemical functional group activity
(UNIFAC) model. In this paper, the analysis of ref 39 is
generalized to the case of blended E85—diesel droplets, using
the DC and MDQD models. The basic equations and the
compositions of fuel, used in our analysis, are described in
Section 2. The validation of the model and the results predicted,
using the DC and MDQD models, are presented and discussed
in Section 3. The main results are summarized in Section 4.

2. MODEL AND FUEL COMPOSITIONS

Our analysis is based on the DC and MDQD models assuming
that all processes are spherically symmetric. The droplet
movement relevant to ambient gas (air) is considered, using
the ETC/ED model.* The basic equations used in our analysis
and fuel compositions are summarized in the following sections.

2.1. Droplet Heating. The heating of spherical droylets is
described by the unsteady heat conduction equation®"*

JaT o’T

— == +

ot R (1)
where T = T(t, R) is the temperature in the liquid phase, ¢ is time,
R s the distance from the center of droplet, and k is the effective

43—45

thermal diffusivity

20T
R dR

K = kei/cp, 2)

p1 is the liquid density, ¢ is the liquid specific heat capacity, and
k. is the effective thermal conductivity (ETC), defined ag' 910

ke = Jki (3)

¥ = 1.86 + 0.86 tanh[2.245 Ioglo(Ped(I)/E’O)] (4)

IR s the droplet Reynolds number
1

Pe = Red(l)Prl, Red(l) ==

in the liquid phase, U, = éAU(%)RedCF is the maximum
1
surface velocity inside a droplet,

12.69

AU=IU, - U, Cp= ——
& T TET Re3(1 + Byy)

C
is the friction drag coefficient, Pr; = % is the Prandtl number,
1

U, is the velocity of gas, Uy is the velocity of the droplet, y is the
liquid dynamic viscosity, k; is the liquid thermal conductivity, Reg
is the conventional Reynolds number, and By is the Spalding
mass transfer number defined later.'® The initial and boundary
conditions for eq 1 are

2478

T(t = 0) = Ty(R)

= keffa_T

WT, — T) ()R

g s
R=R;—0 (3)
where T, = T,(t) is the droplet surface temperature, T, = Tg(t) is
the ambient gas temperature, R, is the droplet radius, and h =
h(t) is the convective heat transfer coefficient, found as a

function of the Nusselt number Nu, as

h = Nu k,/2R4 (6)
k, is the thermal conductivity in the gas phase. To account for
the evaporation effect on heating, the gas temperature T, is
replaced with the effective temperature T, defined as*’
p LR
’I:g + 1 dE
h (7)

Ry is the droplet radius change rate due to evaporation and L is

Tg =

el

the latent heat of evaporation.
Within any given time step Af, Ry is assumed constant and is
updated at the end of Af, as Ry(e,) = Ry(o1a) + R At, where the

value of Ry is influenced by the droplet evaporation rate and
thermal swelling (see eqs 29—31).

The analytical solution to eq 1 at the end of each time step (¢ =
t,) was obtained as™®

R, — sin 4
T(R, t) = —4 X7 4q, expl—kel,t] = ——"=4,(0)
R & Iy, 12 2
sin 4
exp[—id [t] — ——"—
PR Iy, IP A2
t duy.
f O e[ =i Xt — T)]df}sm[inﬁ]
0 T Rd
+ Tq(t) (8)
where
in 24 h
g P = Ly = S0 24 ) Ly for
2 24, 2 hor + A,
R& ~
q = % / ‘TO(R)sin ﬂni dR
n Ryl P Jo R,
- hT,(t)R
T(R) =R Tu(R)/Ry ky= % py(t) = =, and

c]lei

e

hR
hy = (7) .Y
A set of positive eigenvalues 4,, n > 0 (the trivial solution 4 = 0

is not considered), is determined from the solution to the
following relation

Acosd + hsind =0 (9)

In the limit kg — oo, the prediction of expression 8 will reduce
to that of the so-called “infinite thermal conductivity” model.*’
The value of Nu for an isolated moving droplet is calculated as**

(1 + RePry)"*max{1, Re,*"”"} — 1
2F(By)

In(1 + B
_2n(+T)1+

Nu, =
By

(10)
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where F(By) = (1 + BT)O'ﬂn(lB;BT), By is the Spalding heat
T
transfer number
_ va(’l—;g - ’I;)
Leg (11)

Cpv is the specific heat capacity of the fuel vapor at constant
pressure

Leff_L+__Z Zm 12)

Q. is the power spent on the droplet heating, €; = ¢,(t) are the

evaporation rates of species i, and rit; = €titg(rig = Y. ;). The
interactions among droplets are ignored (these are discussed in
refs 44, 50, and S1). The analysis of the evaporation process is
based on the assumption that a mixture of vapor species and air
can be treated as a separate gas (see eq 22).

2.2. Species Diffusion in the Liquid Phase. The mass
fractions of liquid species Y;; = Y;,(t, R) are described by the
transient diffusion equations for spherical droplets as>>

2 aYli]
+ =——
R O0R (13)

where i = 1, 2, 3,... refers to species, D is the effective diffusivity
of species in liquid phase, determined as a function of the liquid

diffusivity D; as

ay;, 0%,

2
— 1
- Deff 2

ot OR

Dg = 5D, (14)
coefficient yy is approximated as
X = 1.86 + 0.86 tanh[2.245 log  (Rey(1ySc;/30)] (15)

Pe; = Rey(p) Scy, Scqqry = 1s the liquid Schmidt number, Rey;

is the Reynolds number, as in eq 4, and v, is the kinematic
viscosity of liquid phase. The model based on eqs 13—15 is
known as the effective diffusivity (ED) model.*>**

The foHowmg boundary condition is considered for the
solution to eq 13*

ov;

€
o oR |,

i Yiis) =-—D4g—
-0 (16)

where Y}, = Y;;(t) are liquid components’ mass fractions at the
droplet surface

i

— = Ryl
4mpR;  F

(17)

ty is the droplet evaporation rate, the calculation of which is
discussed in Section 2.3 (see eq 22).
The initial condition is Y;;(t = 0) = Y;,o(R),
Assuming no impacts of species in the ambient gas, the values
. 52-34
of €¢; were obtained as

Y,

VtS

“TYv. (18)

The following anal;ftlcal solution to eq 13 at the end of each time
step was obtained””
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2
1 2 R
Y, =€ + —<|exp[Dg| —| t|lq.. — €Q .]sinh| A,—
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A
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where A, and A, are calculated from tanh 4, = —4,/hyy and

tanh 4, = —4,/hyy (for n > 1), respectively, hy,, =

- Ry
(1+fo)

2
R
! (—d) (1 + ho)sinh /10 whenn =0

1y,

1
I, I

|lv,||* is obtained from eq 8, replacing hoy with hyy, and

2
Il

2
R
l_d] (1 + hgy)sin 4, whenn > 1

(20)

1 Ry R
— / R Y;,(R)sinh /10R— dR whenn =0
0

2
I, I

d
qin 1 R, R
— f R Y;,o(R)sin| ,— |dR when n > 1
i 12 Jo R,

1)

Solution 19 is incorporated in the discrete component (DC)
model, which is used in our analysis.

2.3. Droplet Evaporation. For multicomponent fuels,
droplet evaporation depends on the diffusion rate of individual
species in the gas phase; the evaporation rate of each component
is affected by the evaporation rate of other components.’”*>
Following refs 40 and S5, however, the relative diffusion of
individual components in the gas phase is not considered. The
analysis of droplet evaporation rate (ri1y) is based on the
following expression

my = _ZHRdeptotalBMShiso (22)
where D, is the binary diffusion coefficient of vapor in gas (air),
Protal = Pg T Py is the total density of the mixture of vapor and gas,
pg is the density of the amblent gas, By is the Spalding mass
transfer number defined as’

B. = Py ~ Proo _ sz_Yvoo
= =
1 =p, 1 =Y (23)

Y, is the vapor mass fraction, p,, and p,, are densities of vapor
near the droplet surface and at a large distance from it, Sh, is the
Sherwood number for isolated droplets approximated as*

(1 + ReyScy)"*max{1, Re,*"} — 1

Ir + B

Shiso -
BM

(24)
Scyis the Schmidt number for the gas phase, F(By;) is the same as
in 10 but with By reglaced with By.”? By and By, are linked by the
following formula*

Br = (1+By)” - (25)
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Sh* ) 1
Nu* JLe

2

Le = ky/(cpapgD,) is the Lewis number and Sh* and Nu* are the
modified Sherwood and Nusselt numbers, respectively,
calculated as

(26)

T (1 + ReyScy)'*max{1, Re{"} — ll
[ (1 + RegPry)"’max{1, Re{""} — 1
2F(By)
(28)
The ratio % is equal to 1 for stationary droplets. This ratio was
40,52

sometimes assumed equal to 1 for slowly moving droplets.
Such an assumption turned out to be too crude in some cases.
Hence, Expressions 27 and 28 are used to estimate ¢ based on eq
26. Note that my < 0.

When calculating the value of Ry, both droplets evaporation
and thermal swelling during the time step were taken into
account”’

Ry =Ryr + Ryg (29)

where Ry is the rate of change in droplet radius, caused by
thermal expansions or contractions, calculated as®’

_ Ry(T0) [ ]”3 .,

dT — At
T, oand T, are average droplet temperatures at the beginning
=t and the end t = t, of the time step. The value of Ry is
controlled by the droplet evaporation™*’

pl(Tav,O)
pl(];wl)

(30)

_ M
4nR jpl

RdE

(31)

2.4. Species at the Droplet Surface. To find ¢, the mass
fractions of species in the vapor phase near the droplet surface
(Y,;) need to be found. The latter depend on the molar fractions
of species i in the vapor phase near the droplet surface (X,;)"*

5k
Xvis = XI%

@p (32)

where X; is the molar fraction of the ith species in the liquid
phase near the droplet surface and p; is the saturated vapor
pressure of the ith species (in the case when X, = 1, p¥ = p.(Ry)),
p is the ambient pressure, ¥; is the activity coefficient (AC), and
@; is the fugacity coeflicient. It has been shown, in some studies
(e.g., ref 59), that the nonideality mainly originates from the
liquid phase, whereas it is very low at the gas phase for the
parameters used in this study. Hence, the fugacity coefficient can
be assumed equal to unity, which justifies the applicability of the
ideal gas law used in our analysis. In the limit when ;= 1 and ¢; =
1, eq 32 describes Raoult’s law.%°

In contrast to previous studies, we have calculated y; without
approximations, using the multicomponent universal quasi-
chemical functional group activity coefficients (UNIFAC)
model.”” We have used the latter model for the prediction of
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the activitzr coeflicients of 119 components of E85—diesel fuel
blends®"°

In Y= In yl.c + In y,,R (33)
where lnyic=ln%+§qiln%+li—%Z}.lej,
Iny® =Y vi(lnT, — InT}),

L=S(r—q) = (= 1),2=10,6= ;)zx Z=10, and
0. = ZZ ’?Xl is the area fraction of each molecule in the mixture,
D, = "X is the segment (volume) fraction of each molecule, r;

%1% |
= Y iRy is the volume parameter, q; = Y #Q; is the surface
parameter,

0w,
InG=Ql—In| Y Oy |- ) ==
¢ [% o ; zn in//nm
Q. Xm . . .
0,= ﬁ is the area fraction of group m, X,, is the molar

fraction of group m, and Q, and R, are the van der Waals surface
areas and volumes for each functional group within a molecule,
respectively,” I'; is the residual AC of group k in the mixture and
I} is the residual AC of group k in a reference solution
containing only molecules of type i, y,,, = e (@/T) s the
interaction and temperature-dependent coeflicient, 4,,, is the
group-interaction parameter between groups n and m, T is the
interface temperature. The implementation of the UNIFAC
model for the vapor pressure predictions has been validated for a
highly nonideal mixture (ethanol/ gasoline).39

2.5. Solution Algorithm. The following algorithmic steps
are used in our analysis:

1. The temperature distribution and species mass fractions
are provided inside the droplet (initial homogeneous or
inferred from the previous time step). The species molar
fractions are converted into species mass fractions.

. The liquid thermal conductivity and effective thermal
conductivity of the droplet are calculated.

. The partial pressures and molar fractions in the gas phase
are calculated, using eq 32.

. The Spalding mass transfer number is calculated, using eq
23.

S. The liquid heat capacity and the mixture diffusivity of
vapor species in air and species evaporation rates (¢;) are
calculated, using eq 18.

. The Spalding heat transfer number is calculated, using the
iterations of eqs 25—28.

. The Nusselt and Sherwood numbers are calculated for
isolated droplets, using eqs 10 and 24.

. Nu* and Sh* are determined, using eq 27 and 28.

. The change of rate of droplet radius is found, using eqs

29-31.

The effective temperature is found, using eq 7.

The temperature distribution inside the droplet is found,

based on eq 8, with 44 terms in the series.

The species distribution inside the droplet is found, based

on eq 19, with 33 terms in the series.

The droplet radii are calculated at the end of each time

step At. The ratio of the calculated radius to the initial

radius should be higher than a priori small number of ¢, =

10.
11.

12.

13.
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107 to go to the next step; otherwise, the droplet is
assumed to be completely evaporated.

14. The temperature and species distributions for the droplet
with the new radius are found and used in step 1.

2.6. Fuel Compositions. The EU standard diesel fuel and
gasoline for advanced combustion engines (FACE C) are used
in our analysis. Diesel fuel consists of 98 hydrocarbon
components, including the following mole fractions of the
components: 40.0556% alkanes, 14.8795% cycloalkanes,
7.6154% bicycloalkanes, 16.1719% alkylbenzenes, 9.1537%
indanes and tetralines, 8.6773% naphthalenes, 1.5647%
tricycloalkanes (represented by a characteristic component
CyoHs,), 1.2240% diaromatics (represented by a characteristic
component Cy3H,), and 0.6577% phenanthrenes (represented
by a characteristic component C;,H;,).”> The composition of
FACE C gasoline fuel (simplified from 83 to 20 hydrocarbons
based on the similarity in chemical structure and thermody-
namic and transport properties of components)”® includes the
following mole fractions of the components: 28.61% n-alkanes,
65.19% iso-alkanes, 4.25% alkylbenzene, 0.10% indanes
(represented by CoH,,), 1.49% cycloalkanes (represented by
CgHyg), and 0.35% olefins (represented by CoHg). Water free
bioethanol (anhydrous) is used to represent “ethanol” in the fuel
mixtures. Ethanol is assumed to be completely miscible in diesel
(this assumption is open to question, especially for high mass
fractions of ethanol due to the differences in chemical structures
and characteristics of ethanol and diesel fuel).'”""

The following volume fractions of E8S (85% ethanol and 15%
gasoline)/diesel fuels are considered: pure diesel (i.e., 0% E8S),
E85-5, E85-20, E85-50, E85-80, and E85.° As in refs 25, 26, and
33, we have taken into account the transient thermodynamic and
transport properties of individual (119) components and their
mixtures, which are influenced by their transient composition
and ambient pressure and temperature. The fuel properties in
liquid phase are determined at the droplet average temperature

(.-

phase are determined at the reference temperature

(Tr = %TS + %Tg) The ambient air density is calculated based

% /0 . RZT(R)dR>, whereas the fuel properties in gas
d

on the ideal gas law. The latent heat of evaporation and saturated
vapor pressure are calculated at T|.

3. RESULTS

3.1. Model Validation. The results of the application of the
DC model to investigate the evaporation of diesel fuel were
validated against experimental data and verified against the
results of other numerical simulations.®”®* In these papers,
diesel fuel was approximated by the following components
(based on their mass fractions): 8% toluene (C,Hg), 11% decane
(CyoHy,), 21% dodecane (C,H,), 27% tetradecane (C,,Hsy),
17% hexadecane (C;¢H,,), and 16% octadecane (C gHsq).
Droplets with initial diameters 0.86 mm (for ambient gas
temperature T = 523 K) and 0.84 mm (for ambient gas
temperature T = 723 K) and initial tem(}))erature of 300 K were
suspended at the tip of a quartz fiber.”* The droplet relative
velocity in a chamber with an ambient pressure of 1 atm was 0.3
m/s. The ETC/ED model was used.”® Note that the authors of
the latter paper state that “the droplet temperature and
composition were assumed to be uniform”, which would
contradict their claim that they use the ETC/ED model. We
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believe that this is a typo, and they refer to droplet surface
temperature and composition.

The time evolutions of the normalized squared droplet
diameters, predicted using our model, were compared with the
numerical results presented in ref 63 and experimental data
provided in ref 64. The results of the comparison are shown in
Figure 1. As follows from this figure, the predictions of our code
are reasonably close to the numerical and experimental data.

1.2
- = Our predictions, 523 K
—Numerical, 523 K [63]
1 e Measurement, 523 K [64]
— Our predictions, 723 K
—Numerical, 723 K [63]
= Measurement, 723 K [64]
08
06 | o
<
S~
o
-]
04
02 k
o
time (s) X
0 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Figure 1. Normalized squared diameters of diesel fuel (represented by
six-components)**** droplets versus time.

3.2. Predictions of the DC Model. The impacts of various
volume fractions of E85—diesel fuel blends on droplet heating
and evaporation were investigated using the DC model, where
the contributions of 98, 119, and 21 components were
considered for pure diesel, E85—diesel blends, and pure E8S,
respectively. The partial vapor pressures of the components of
the blended fuel were calculated taking into account the
nonunity ACs for up to 119 components using the UNIFAC
model. As in refs 35 and 65, the initial droplet radius was taken
equal to Ry, = 12.66 ym, and its constant axial velocity in still air
and initial temperature were assumed equal to Uy = 10 m/s and
Ti, = 360 K, respectively. The ambient air pressure and
temperature were assumed constant and equal to P = 30 bar and
T, = 800 K, respectively. The time evolutions of droplet radii Ry
and surface temperatures T; for various E85—diesel fuel blends
are shown in Figures 2 and 3, respectively.

As follows from Figure 2, droplet lifetime for pure diesel is
longer than that for any blend. It decreases as the E8S fraction
increases. The difference in droplet lifetime for E85-5 compared
to pure diesel is 5.7%. This difference reaches 49.5% for pure
E8S. This significant reduction in droplet lifetime is ascribed to
the fact that E8S is more volatile than pure diesel and has a
saturation vapor pressure of 207 kPa (at T = 360 K), whereas it is
only 2.3 kPa for pure diesel at the same temperature.

As can be seen from Figure 3, droplet surface temperature
decreases with increasing E85 volume fractions. For E85-5, it is
up to 0.78% less than that of pure diesel. This reduction is
increased to 3.4% for E85-50 and reached 23.4% for pure E8S.
This difference is attributed to the fact that the heat capacity of
ethanol is noticeably higher than that of diesel fuel. In agreement
with the previous studies,””*® droplet surface temperatures do
not show plateau profiles due to the diffusion of components in

droplets.
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Figure 2. Droplet radii versus time for various E85—diesel blends. A
droplet with an initial radius 12.66 pm and initial homogeneous
temperature 360 K was assumed to be moving with a constant velocity
of 10 m/s in still air. Ambient pressure and temperature were taken
equal to 30 bar and 800 K, respectively.
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Figure 3. Droplet surface temperature versus time for various E85—
diesel blends for the same ambient conditions and input parameters as
in Figure 2.

The temperature distribution inside the droplet is shown in
Figure 4 at time instants 0.02, 0.3, 0.5, and 1 ms. As can be seen
from this figure, the temperature difference between the droplet
center and its surface can reach up to 9.2%. The results shown in
Figure 4 should be treated with care for the case of nonzero
droplet relative velocities, since the ETC/ED models were
primarily developed for prediction of the average surface
temperatures and species mass fractions in moving droplets.

The distillation characteristics of E85-5 and pure ES8S,
estimated using the ETC/ED models, with the same ambient
conditions as in Figures 2—4, are presented in Figure S. As can
be seen from this figure, the percentage volume recovered as
distillate, for pure E8S, starts at T = 403 K and ends (100%
recovered) at T = 440 K, which is less than the average boiling
point of pure E85 at P = 30 bar. For the E85-5 mixture, the
percentage volume recovered starts at T =438 Kand endsat T =
760 K. The sudden increase in droplet surface temperature
without any volume recovered, for the latter mixture, is ascribed
to the fact that the lighter components (E85) are evaporated,
and the remaining are only the diesel components which start
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Figure 4. Temperature inside droplet versus normalized distance from
the center of droplet for E85-5 blend at time instants 0.02, 0.3, 0.5, and 1
ms.
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Figure S. Droplet surface temperature versus percentage volume
recovered as a distillate for E85-5 and pure E8S using the ETC/ED
models.

evaporating at T = 584 K. This behavior is similar to that
described in ref 20.

To assess the impact of the nonideality of the liquid phase on
the estimated droplet lifetimes and surface temperatures, a
comparison between the results based on the two activity
coefficients (the unity and UNIFAC) for E85-S and E85-20 fuel
blends is shown in Figure 6. One can see from this figure that the
droplet lifetime predicted, using the UNIFAC model, is about
3.6% shorter than that based on the assumption of a unity
activity coeflicient. This is attributed to the fact that the nonideal
mixture entails a higher vapor pressure, due to the presence of
ethanol, compared to the ideal mixture. Hence, the faster
evaporation rates and shorter droplet lifetimes.

The time evolution of selected 9 (out of 119) species mass
fractions for E8S-S blend is shown in Figure 7. The selected
components are: C,oH,,, CioH,o CyHgs (the alkane group),
CyoHyo CyHs, (the cycloalkane group), Ci,Hyg CyyHy, (the
alkylbenzene group), CgHs (iso-octane in gasoline), and
C,H;OH (ethanol). As can be seen from this figure, the mass
fractions of the lighter components in the blend (e.g., C,H;OH,
CgH,g, and C,oH,,) decrease monotonically with time, whereas
the mass fractions of the intermediate components initially
increase at the expense of lighter components and then decrease
with time. The mass fractions of heavy components (C,;Hss and
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Figure 6. Evolution of droplet radii and surface temperatures for E85-S
and E85-20 blends for the same ambient conditions and input
parameters as in Figures 2—S5.

C,;Hg,) increase until they become the dominant ones,
although they have very small fractions initially.

3.3. Predictions of the MDQD Model. The MDQD model
was used to analyze E85-5 droplets. The input parameters and
ambient conditions were the same as those used for the analysis
based on the DC model. The impacts of various approximations
of 119 components of E85-5 blends on the predictions of droplet
radii and surface temperatures are shown in Figures 8 and 9,
respectively. These approximations are: 90, 63, 45, 20, and 16
components/quasi-components (C/QC) (see Appendix B for
details).

As can be seen from Figures 8 and 9, the errors in droplet
lifetimes and surface temperatures predicted by the model using
90 C/QC are 0.38% and up to 0.26%, respectively, compared
with those predicted using the DC model taking into account the
contributions of all components. These errors increase to 0.99%
and up to 0.39% for droplet lifetimes and surface temperatures,
respectively, when the blend is approximated by 63 C/QC. They
further increase to 7.16% for droplet lifetime and up to 2.90% for
the droplet surface temperature, when 16 C/QC were used.
These errors are rather large for many engineering applications.
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Figure 8. Droplet radii versus time for six approximations of E85-5: 119
components using the DC model and 90, 63, 45, 20, and 16 C/QC
(numbers near the curves) using the MDQD model, for the same
ambient conditions and input parameters as in Figures 2—7.

At the same time, it was found that the approximation of the
blend by 20 C/QC underpredicts the droplet lifetimes and
surface temperatures by up to 3.58% and up to 2.90%,
respectively, which is acceptable in most engineering applica-
tions. The computational efficiency of the MDQD model in
terms of the required CPU time is illustrated in Table 1. For
example, the approximation of 119 E85-S components by 20
components/quasi-components reduces CPU time by up to
82.7%. The workstation used is fitted with i15-3337U, dual Core,
8 GB RAM, and 1.80 GHz processor. The time step was set as 1
Us.

4. CONCLUSIONS

The heating and evaporation of blended E85—diesel fuel
droplets are investigated in conditions representative of diesel
engines. It is shown that E85—diesel-blended fuel droplets have
shorter lifetimes than those of pure diesel. Higher fractions of
E8S5 result in up to 49.5% shorter droplet lifetimes and up to
23.4% lower droplet surface temperatures than those of a pure

time (ms)

Figure 7. Plots of surface mass fractions Y}, of 9 representative components of the E85-5 blend versus time. The plots for the following components are
shown: C,g12H,, (1), Ci9Hyg (2), CpyHss (3), CyoHyg (4), CyyHsy (5), CiuHig (6), CouHy, (7), CgHyg (8), and C,H;OH (9). The same ambient

conditions and input parameters as in Figures 2—6 are used.
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Figure 9. Droplet surface temperature versus time for six approx-
imations of the E85-5 blend: 119 components using the DC model and
90, 63, 45, 20, and 16 C/QC (numbers near the curves) using the
MDQD model, for the same ambient conditions and input parameters
as in Figures 2—8.

Table 1. Impact of Using the Number of Components on

CPU Time ( diff 9 = “PYImecra0 ~ CPUmens| 100)

CPU time, ;o

number of C/QC CPU time (s) diff %
119 1816

90 1360 25.1

63 955 47.4

45 687 622

20 314 82.7

16 247 86.4

diesel. Such a significant impact of high E85—diesel fractions can
be attributed to the differences in their saturated vapor pressure.

In the case of the E85-5 blend, the assumption of an ideal
mixture with a unity activity coefficient (i.e., Raoult’s law is
valid) is shown to lead to an overprediction of droplet lifetimes
by up to 3.6%, compared to the case when the UNIFAC activity
coeflicient is used.

It is shown that replacing 119 components of the blended fuel
with 20 components/quasi-components reduces CPU time by
up to 83% with less than 3.6 and 2.9% underpredicted droplet
lifetimes and surface temperatures, respectively, compared to
the prediction of the model accounting for all of the 119
components.

B APPENDIX A. APPROXIMATION OF STRUCTURE
GROUPS

The values of parameters R, and Q; for five groups in the
composition of diesel fuel (bicycloalkanes, naphthalenes,
tricycloalkanes, diaromatics, and phenanthrenes) are not
provided anywhere, to the best of our knowledge. We have
approximated the structure of these groups of molecules to the
nearest available structures for which the values of parameters R;,
and Q; are known, taking into account the number of groups in
each molecule. For example, when the aromatic molecule
CyoH,, (its structure group is available in refs 61 and 62) has 1
aromatic ring (Cy), 3 CH, and 1 CH; (the numbers 1, 3, and 1
refer to v} which is the number of groups in molecule i), the
diaromatic molecule C,,H 4 is approximated by 2 aromatic rings
(C¢). Thus, the diaromatic group is approximated by 2 single

2484

Table 2. Approximation of the Missing Structure Groups for
the Predictions of the ACs”

Group name Group structure

Approximation

Missing group
Bicycloalkanes (CH,)3CHs

SeNe

The bicyclo-CioH1g is approximated by Cyclo-Ce, 3 CHzand 1 CHs,
CH,CH=CHCH3;

L

The naphthalenes CioHsg is approximated by 1 aromatic Cg, 1 CHa,
1 CH=CH and 1 CH3,

1D C

The tricycloalkane Ci4H24 is approximated by 2 cyclo Cs and 2
CHs.

Naphthalenes

Tricycloalkanes

Diaromatics CHs CHs
The diaromatic C12H16is approximated by 2 aromatic Ce.
Phenanthrenes

O C

The phenanthrene C14H11 is approximated by 2 aromatic C¢and 2
CHs

“Note that both R, and Q; depend on the contact distances, bond
angles, bond di{tances, and shapes that are characteristic of the
structure group.’

aromatic groups, as shown in Table 2. This approximation
allowed us to predict the activity coefficients for all components
of the E85—diesel fuel blend.

B APPENDIX B. APPROXIMATIONS OF THE
E85—DIESEL FUEL BLEND

This appendix contains the approximations of the E85—diesel
fuel blends in Table 3.
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Table 3. Numbers of Components/Quasi-Components (C/QC) (Top Line) and the Compositions of C/QCs, Used in the
MDQD Model for Approximating E85-5

group
alkanes (diesel)

cycloalkanes (diesel)

bicycloalkanes (diesel)

alkylbenzenes (diesel)

119

8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

8

9
10
11
12
13

90

8
9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

2642 (C26—C27)

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
2642 (C26—C27)

10.60 (C10—Cl11)
12.40 (C12—C13)
14.43 (C14—Cl15)
16.57 (C16—C17)
18.60 (C18—C19)
20.32 (C20-C21)
22.41 (C22—-C23)

24.42 (C24—C25)

10
11
12
13

63
8

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26.42 (C26—C27)
10.74 (C10—C11)
1243 (C12—C13)
14.47 (C14—C15)
16.49 (C16—C17)
18.51 (C18—C19)
20.35 (C20—-C21)
22.26 (C22—-C23)
24.37 (C24—C25)
26.42 (C26—C27)
10.60 (C10—C11)
12.40 (C12—C13)
14.43 (C14—Cl15)
16.57 (C16—C17)
18.60 (C18—C19)
20.32 (C20-C21)
22.41 (C22—-C23)
24.42 (C24—C25)
8.86 (C8—C9)

10.15 (C10-C11)

12.26 (C12—C13)

2485

45
8.91 (C8—C9)

10.38 (C10—Cl11)
12.49 (C12—C13)
14.54 (C14—C15)
16.52 (C16—C17)
18.52 (C18—C19)
20.39 (C20—-C21)
22.33 (C22—-C23)
24.34 (C24—-C25)
26.42 (C26—C27)
10.74 (C10—Cl11)
1243 (C12—C13)
1447 (C14—C15)
16.49 (C16—C17)
18.51 (C18—C19)
20.35 (C20—C21)
22.26 (C22—-C23)
24.37 (C24—C25)
26.42 (C26—C27)

11.1 (C10-C12)

13.86 (C13—Cl15)

17.09 (C16—C18)

19.31 (C19-C21)

22.92 (C22-C25)

8.86 (C8—C9)

10.15 (C10-C11)

12.26 (C12—C13)

20
10.33 (C8—C12)

15.05 (C13—C17)

19.38 (C18—C22)

23.84 (C23-C27)

12.56 (C10—C15)

18.29 (C16—C21)

22.98 (C22—-C27)

14.74 (C10—C25)

10.207 (C8—C13)

16
10.33 (C8—C12)

15.05 (C13—C17)

19.38 (C18—C22)

23.84 (C23—-C27)

12.56 (C10—C15)

18.29 (C16—C21)

22.98 (C22—-C27)

14.74 (C10—C25)

10.72 (C8—C16)
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Table 3. continued

group

indanes and tetralines

(diesel)

naphthalenes (diesel)

diesel

tricycloalkane
diaromatic

phenanthrene

N-alkanes (gasoline)

iso-alkanes (gasoline)

alkylbenzenes (gasoline)

gasoline

ethanol

indane
cycloalkane

olefin

119

D O o O

90

14

15

16

17

18

19

20

21

22

23.49 (C23—C24)

10
11
12
13
14
15
16
17
18
19
20
21.32 (C21-C22)

10
11
12
13
14
15
16
17
18
19.51 (C19—C20)

19
13
14
524 (C4—Cl2)

7.37 (C4—C8)

9.74 (C9—C11)

9.07 (C8—C11)

63
14.42 (C14—C15)

16.45 (C16—C17)
18.38 (C18—C19)
20.41 (C20—C21)

22.74 (C22—C24)

10.51 (C10—C11)
1247 (C12—C13)
1445 (C14—C15)
16.46 (C16—C17)
18.39 (C18—C19)

20.57 (C20—C22)

10.56 (C10—C11)
12.35 (C12—-C13)
14.44 (C14—C15)
16.42 (C16—C17)
18.98 (C18—C20)
19

13

14
524 (C4—Cl2)

7.37 (C4—C8)

9.74 (C9—C11)

9.07 (C8—C11)

2486

4s
14.42 (C14—C15)

16.47 (C16—C17)
18.38 (C18—C19)
20.41 (C20—C21)

22.74 (C22—C24)

1141 (C10-C13)

15.34 (C14—C17)

19.24 (C18—C22)

11.53 (C10—C15)

17.90 (C16—C20)

19
13
14

524 (C4—C12)

7.37 (C4—C8)

9.74 (C9—C11)

9.07 (C8—C11)

20
1623 (C14—C19)

21.08 (C20—C24)

12.49 (C10—C16)

18.61 (C17—C22)

12.39 (C10—C20)

524 (C4—Cl2)

7.37 (C4—C8)

9.74 (C9—C11)

9.07 (C8—C11)

16

19.02 (C17—C24)

13.83 (C10-C22)

12.39 (C10—C20)

524 (C4—Cl12)

7.41 (C4—Cl11)

9.07 (C8—Cl11)
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B ADDITIONAL NOTES

“Hereafter, the percentage of substance in the mixture refers to
its volume fraction, unless otherwise stated.

The structure of the groups and the values of R, and Q; in E85—
diesel fuel blends are the same as those shown in ref 39 for the
ethanol—gasoline blend. Diesel fuel, however, has five more
groups of molecules than gasoline fuel, namely, bicycloalkanes,
naphthalenes, tricycloalkanes, diaromatics, and phenanthrenes.
The approximations of these five groups are discussed in
Appendix A.

“E85-X refers to a mixture of X% volume fraction of E8S fuel and
(100 — X) % volume fraction of diesel fuel.
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