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Abstract

This paper presents a comprehensive model for the transient high-pressure vaporization process of droplets of
complex liquid mixtures with large number of components in which the mixture composition, the mixture properties,
and the vapor-liquid equilibrium (VLE) are described by using the theory of continuous thermodynamics. Transport
equations, which are general for the moments and independent of the distribution functions, are derived for the semi-
continuous systems of both gas and liquid phases. A general treatment of the VLE is conducted which can be applied
with any cubic equation of state (EOS). Relations for the properties of the continuous species are formulated. The
model was further applied to calculate the sub- and super-critical vaporization processes of droplets of a representative
petroleum fuel mixture — diesel fuel. The results show that the liquid mixture droplet exhibits an intrinsic transient
vaporization behavior regardless of whether the pressure is sub- or super-critical. The regression rate of the liquid
mixture droplet is reduced significantly during the late vaporization period. The comparison with the results of a single-
component substitute fuel case emphasizes the importance of considering the multi-component nature of practical
mixture fuel and the critical vaporization effects in practical applications. This paper provides a practical means for
more realistically describing the high-pressure vaporization processes of practical fuels. © 2001 Elsevier Science Ltd.

All rights reserved.

1. Introduction

Droplet vaporization has been the focus of numerous
studies for decades due to both its theoretical and
practical significance. In most engineering applications
the vaporization process takes place in high-pressure
environments. The liquids employed, such as petroleum
fuels in internal combustion engines, are a complex
mixture which is typically composed of hundreds of
components. This complex mixture exerts a significant
effect on the vaporization process which, as shown by
Sirignano and Law [1], cannot be readily described by a
single-component fuel substitute.
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Several investigations have been conducted on
droplet high-pressure vaporization, as reviewed by
Givler and Abraham [2]. More recent studies include the
works of Stengele et al. [3], Curtis et al. [4], Zhu and
Aggarwal [5,6], and Abraham and Givler [7]. Most of
this work has concentrated on the vaporization of
single-component liquid droplets. Very little work ap-
pears in the literature on liquid mixtures with more than
one component, and typical studies include the calcu-
lations of Lazar and Faeth [8] using quasi-steady mod-
els, and those of Stengele et al. [3] and Hsieh et al. [9]
using unsteady models. In these studies the liquid mix-
ture was represented by just two components with dis-
tinctly different boiling temperatures. The methods are
developed for treating a small number of discrete com-
ponents. However, it is very difficult or practically im-
possible to apply these methods to practical fuels based
on the fact that either the number of components is too
large to be numerically accounted for or there is no way
to isolate and identify the different chemical species.
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Therefore, there are generally no models available
to consider the high-pressure vaporization of droplets
of complex liquid mixtures with large numbers of
components.

An alternative approach to treat complex liquid
mixtures is to employ the thermodynamics of contin-
uous systems, in which the liquid composition, and
consequently the system properties, are represented
and described by continuous probability density func-
tions. This idea of treating complex mixtures has been
mostly applied in chemical engineering. Only recently
has it been applied to the field of droplet evaporation
in low-pressure environments by Tamim and Hallett
[10], and to the field of spray combustion by Lippert
and Reitz [11]. The latter one also employed a low-
pressure quasi-steady vaporization model for its
practical applicability in multi-dimensional engine
simulations.

In this paper a comprehensive new model is de-
veloped for vaporizing droplets with large numbers of
components in high-pressure environments. The
transport equations for both gas and liquid phases,
together with a general treatment for the vapor-liquid
equilibrium (VLE), are derived and solved. Relations
for the properties of the high-pressure sub- and super-
critical vaporization processes are formulated. Finally,
typical results for a representative petroleum fuel —
diesel fuel — along with the results for a single-
component fuel for comparison are presented and
analyzed.

2. Theoretical formulation

The physical model considers a fuel droplet of com-
plex liquid mixtures with large numbers of components
vaporizing in a non-convective high-pressure gas en-
vironment. Radiation and second-order effects such as
the Soret and Dufour effects are assumed to be negligi-
ble. A spherically symmetric vaporization process is
assumed. The fuel composition in continuous thermo-
dynamics is represented by molar distribution functions
f!(r) and f*(z) for the liquid and vapor phases, re-
spectively. The ambient gas is treated as discrete species.
Thus the formulation considered here deals with two
semi-continuous mixture systems, e.g., the system of
liquid phase including liquid fuel (continuous) and the
dissolved ambient gas (discrete) and the system of gas-
phase including the fuel vapor (continuous) and the gas
ambience (discrete). The general molar distribution
function for the composition of each semi-continuous
system is defined as:

G"(1) =)y ”(T)+ny’ ot =), (1)

/OOOGP(T) dr=1,

/(:Ofp(r)drzl, 2)
do=1-y,

where the superscript p represents v or [, denoting the
properties of the vapor or liquid phases, respectively.
y is the mole fraction, N the total number of discrete
species, and J the Dirac delta function. Subscripts s
and f, respectively, denote the properties of discrete
and fuel species. The independent variable 7 is some
characterizing property that is chosen to be molecular
weight in this paper. The molar distribution function

f(7) is only applicable for the continuous species. With

the use of both continuous thermodynamics theory [12]
for the continuous fuel species and the conventional
theory [6] for the discrete species, we derive in the
following the transient governing equations for both
the gas and liquid-phase semi-continuous systems,
along with the inter-phase conditions at the droplet
surface.

2.1. Governing equations for gas-phase

The governing equations for the continuity of dis-
crete species and for the momentum of the gas-phase
system have the same forms as those in [6]. For the
continuous species, the governing equation for the mo-
ments of the distribution is written as

Sl O+ 9 oy (0 = = [ ar
(n=0,1,2,...), (3)

where u and p, are the velocity of the gas-phase mixture
and the density of the fuel vapor, respectively. J, is the
molar diffusion flux for the element with molecular
weight 7, and in this study Fick’s law is assumed appli-
cable for the semi-continuous system. 0" represents the
nth moment about the origin of the distribution and is
defined as

(Qn)p:/oool‘"fp(r) dr (n=0,1,2,...). )

Any number of equations can be obtained with Eq. (3)
with different values of n, but for a two-parameter type
distribution function that is typically selected for
petroleum fuels, n =2 will suffice for calculations by
describing the variation of the fuel vapor composition in
space and time through the equation for vapor mole
fraction (n = 0), and the equations for the first and the
second moments of the distribution (n =1 and 2, re-
spectively) (see Appendix A).
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The energy equation for the gas phase semi-contin-
uous system is derived as

0
&(pl)-l—v-(pul)-&-PV-u
N s3]
==V |kVT+ ) h(T)J; +/ h_,»(r,T)JI}
s=1 0
— I -Vu, (5)

where P, T and p are the pressure, the temperature and
the density of the gas phase system, respectively. IT is the
viscous stress tensor, k is the thermal conductivity and J;
is the molar flux of the sth discrete species. I is the
specific internal energy of the gas phase mixture, which
is related to the pressure and temperature by

where A,(T) and h(t,T) are the enthalpies of the sth
discrete species and the continuous species with molec-
ular weight 7, respectively, which are obtained from
JANAF tables for the discrete species and from empir-
ical formulations for the continuous species as described
in Appendix A.

A cubic equation of state (EOS) is employed for the
semi-continuous system and the subsequent VLE cal-
culation, which can be written in a general form as [14]

RT a )

pP= -
V—b V2+qbV+wh?’

where V' is the volume of a semi-continuous system and
R is the universal gas constant. ¢ and w are constants
depending on the type of cubic EOS. Their values are:
qg=2, w=1 for the Peng-Robinson EOS (PR-EOS),
and ¢=1, w=0 for the Soave-Redlich-Kwong (SRK-
EOS) and the Redlich-Kwong EOS (RK-EOS).
Parameters ¢ and b are functions of temperature and
species mole fractions obtained via mixing rules with
their corresponding values for each discrete species and
the continuous one (see Appendix B). For discrete spe-
cies, the expressions of the corresponding cubic EOS are
directly employed for calculating the values of these
parameters. For continuous fuel species, a set of
empirical formulae is derived. They are formulated for

Table 1

Constants for PR- and SRK-EOS parameters for alkane fuels ¢;—¢;

n-alkanes from ¢, to ¢y for temperatures from 270 to
1500 K as follows:

a*’(t,1) = ap(T) + a\ (7)1,
ay(T) = ag + an T + ap T, (®)
ai(T) = aig +anT + anpT?,
b(z) = by + byt. )

Table 1 gives all the coefficients for the specified range of
temperatures and molecular weights. It was shown [6]
that PR- and SRK-EOS are superior to RK-EOS in
both VLE and droplet vaporization calculations. Table
1 illustrates all the coefficients for both PR- and SRK-
EOS. These formulae have been compared with the
expressions from corresponding cubic EOS for these
constants. It was found that the relative errors of these
formulae are generally less than 5%.

2.2. Governing equations for liquid phase

The forms of the governing equations used for the
liquid phase directly relate to the model employed to
describe the droplet interior flow. The real case for a
vaporizing droplet generally lies somewhat in between
the well-mixed and the diffusion-limit cases [15]. The
departures from the well-mixed state are more pro-
nounced for multi-component mixtures with vastly dif-
ferent boiling points and for high-pressure conditions
due to gas absorption. However, the effects of the de-
partures are of less importance for mixtures with closely
spaced component boiling points, and further, the effects
on the total fuel concentration are even much less, as
indicated by Tamim and Hallett [10]. Studies of high-
pressure evaporation have also shown that the gas ab-
sorption is limited to a thin outer layer of the vaporizing
droplet throughout the droplet lifetime [2,5,6]. With
these considerations, the droplet interior is approxi-
mated with a two-zone model, in which the dissolved gas
is assumed to exist only in the outer layer of the droplet
and all other liquid properties are assumed as well
mixed. Similar models have been employed by other
researchers [4,16].

Suppose the ratio of the volume of the gas-absorbed
layer to the total droplet volume is v,. With the above

a (bar cm®/mol?)

b (cm?/mol)

aso Ay (2%
PR-EOS ap —1.8050 x 10? 7.9164 x 107! —1.5841 x 1074 by —2.8946 x 10!
a 8.9542 x 10! —6.9257 x 1072 1.3855 x 107 by 1.6248
SRK-EOS ap —3.5926 x 10° 7.6707 x 10! —1.6114 x 1074 by —3.1734 x 10!
a 9.3905 x 10! —7.8067 x 1072 1.6399 x 1073 by 1.8094
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assumptions, the fuel molar flux from the droplet sur-
face is derived as

iy :%%{/Oxf’(r)l/,c,[vaxf + (=) df}, (10)

where A and V; are the surface area and the volume of
the droplet, respectively. ¢; is the molar density and x the
molar fraction in the liquid-phase. Based on the mass
balance at the droplet surface and using Eq. (10), the
governing equations for the liquid-phase semi-continu-
ous system can be derived as

cits d(@”)’ B

Mea 37 T gy
L (=0,1,2,..), (11

= {/ 'J, d‘z:—yf(O")U} ,

b ;

where r, is the droplet radius. (0")" and (6")" are the nth
moments of the distributions of the liquid fuel and its

vapor, respectively, as defined in Eq. (4). The equivalent
molar fraction of the liquid-phase x¢q is defined as

Xieq = UaXy + (1 — 0,). (12)

Again, similar to Eq. (3) of the gas phase, here any
number of equations can be obtained with Eq. (11) with
different values of n. However, for a two-parameter type
distribution n = 2 suffices for calculations by describing
the variation of the liquid composition with time
through the vaporization molar flux, and the first and
the second moments of the liquid distribution (see Ap-
pendix A). Zero and unity values of v, correspond to no
gas absorption and infinite diffusion coefficient con-
ditions, respectively. However, the present calculations
showed that v, has little effect on the droplet vaporiza-
tion behavior except for a slight influence on the results
of the liquid fuel composition.

2.3. Boundary conditions and VLE

Far from the droplet, the temperature and pressure
are set to be the corresponding ambient values, and the
fuel vapor density and its product with the nth moment
of the vapor distribution function are set to be zero. At
the droplet surface, the boundary conditions are ex-
pressed using mass conservation (Eq. (11) with » = 0),
the energy equation (13) and thermodynamic equilib-
rium represented by Eq. (14)

7 oT; 4
gp/Cp/ 6_t = k/VT|rjr + ;J.YAHYM
+/ JAH|, (13)
0
G'(1)9" (1) = G'(1)¢' (1), (14)

where AH is the enthalpy of vaporization obtained via a
VLE calculation as described later. ¢, is the specific heat
of constant pressure. Subscript / denotes the properties
of the liquid-phase.

Eq. (14) expresses the VLE at the droplet surface. At
low pressures where an ideal gas and ideal solution can
be assumed, the equilibrium is normally expressed by
Raoult’s law. At elevated pressures, however, only the
more general thermodynamic formulation of Eq. (14) is
justified. For the semi-continuous system considered
here, the fugacity coefficients ¢’ for the gas phase and
those for the liquid-phase ¢’ are given by the following
general chemical potential relation:

) = / { [%fﬁ)} - _g}dV

r| L 4 RT + (T 15
{W} +RT + 1*(T, 1), (15)
where n is the total number of moles of substance. p° is
the ideal gas chemical potential at temperature 7 and
reference pressure P°. By substituting the general form
of the cubic EOS Eq. (7) into Eq. (15), the corre-
sponding formula for the fugacity coefficient for the
semi-continuous system is derived as

ln(pkf:@(z— 1)—1n(z—B*)+Aeos(@—Q)a

b
(16)

where

A | 2z 4 B*(qg + /q* — 4w)

A — n bl
B g — 4w 2z+4 B*(q — \/q* — 4w)
. aP . _bP

- RTY ~RT

and z is the compressibility factor. For discrete species,
{=sand

2 [N ) oo
C, = - nya(S’J) + yf/ f(D)a(s, 1) d‘L':| . (16a)
= 0
For continuous species, { = t and
2 Y oo
C, = - nya(f’j) + /0 f(D)a(z,7) dz|. (16b)
L /=1

The quantities a with double subscripts are the cross
terms calculated via the mixing rule (see Appendix B).
With Eq. (16) and the formulae for EOS parameters a
and b given in Egs. (8) and (9), the fugacity coefficients
in the vapor-phase for the continuous fractions can
further be expressed as an explicit function of molecular
weight

Ine'(r) =" +¢r, (17)
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Table 2

Constants for calculating critical properties and boiling temperature for alkane fuels c;—c;

Critical pressure (bar)

Critical temperature (K)

Boiling temperature (K)

%o 5.5590 x 10! 2.2636 x 10? 1.1166 x 10?
1 —3.3177 x 107! 3.6471 x 10° 2.9582 x 10°
12 6.3261 x 107# —6.3057 x 1073 —4.2393 x 1073

where the coefficients C,f,l) and C,Ez) are derived as:

by
C, —b(zfl)

k

In(z — BY)

+)/_/(a0 + a19)

by 2a
+Am{;° = [Zy/ (o)1 = ky)
b

}7 (1721)
-1

by 2a
+Acos{ o 1|:Zy/ 05(,]] 1- T/)

}, (17b)

where the quantity k; is the interaction coefficient be-
tween the discrete and the continuous species. Since
there is no such kind of data available in reference for
diesel fuel system, this quantity is taken to be zero in
the calculations of the following section. The same
formula as Eq. (17) holds for the fugacity coefficient of
the liquid-phase of continuous species, with the prop-
erties of liquid phase replacing the corresponding
properties in Egs. (17a) and (17b). It is worth noting
that the equations derived above are general for cubic
type EOS. Therefore, any type of cubic EOS covered
by Eq. (7) can conveniently be used for VLE and/or
vaporization process calculations using the above
equations. In this work the PR-EOS was selected for
both the VLE and the vaporization process calcula-
tions.

For a mixture system, the heat of vaporization of
each species is defined as the difference between the
partial molar enthalpy of this species in the vapor- and
liquid-phases. The following thermodynamic relation
gives the partial molar enthalpy for both the discrete and
continuous species:

¢ =

+ yr(ao + a10)

HCfFIE):RTZaaT(Ingo) (18)

where the superscript 0 denotes the quantity in its ideal
state.

2.4. Thermophysical properties

The thermodynamic and transport properties are
considered to be functions of pressure, temperature and
composition. For the discrete species, the diffusivity is
calculated by means of the Chapman—Enskog theory in
conjunction with the collision integrals given in [14]. For
the continuous species, the formulae in [10] were em-
ployed for the diffusivities of the vapor, the first and the
second moments of the composition. All the diffusivities
were then corrected for pressure effects by using the
Takahashi correlation [14]. The critical and boiling
properties for the continuous species are formulated for
n-alkanes from ¢, to ¢y with the following form:

L=+ 0T+ LT (19)

Table 2 gives all the constants for the specified range of
molecular weights. It was found that the relative errors
of these formulae are generally less than 3% as com-
pared to the data of [14]. A generalized thermodynamic
correlation based on a three-parameter corresponding
state [18] was used to calculate the enthalpy correction
for high-pressure effects for both discrete and continu-
ous species. The method reported by Chung [17] was
employed to calculate the thermal conductivity and
viscosity of the gas phase at high pressures. The liquid
density was directly calculated by the PR-EOS.

An arbitrary Lagrangian—FEulerian numerical method
with adaptive mesh [6] was employed to solve the
equations for the gas phase system. The equations for
the liquid-phase system were solved using Runge-Kutta
method. The solutions for both systems are coupled with
each other through the regressing droplet surface con-
ditions.

3. Results and discussion

The model derived in the above section is indepen-
dent of the form of the distribution function that is se-
lected for the continuous fuel species. In the present
work, the I' distribution, which is of a two-parameter
type and often used to represent petroleum fractions
[10,11], was chosen for the distributions of both vapor
and liquid phases such that

o= -2, (20)

BT (e) B
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where 7 is the origin, o and f§ are parameters controlling
the shape, and I'(«) is the gamma function, with the
mean molecular weight 6 = o +y and variance ¢ =
af*. A typical commercial petroleum fuel — diesel was
chosen to be the liquid mixture studied. The compo-
sition parameters of this fuel are: o = 18.5, . = 10.0
and y, =0.0, with 0. =185 and o) = 43. These pa-
rameters are chosen so that the calculated distillation
curves with the distribution reproduce best the corre-
sponding ASTM D-86 experimental data [10]. For
comparison, a single-component substitute fuel was also
represented by setting for it a very narrow distribution
with o, = 100.0, ;. = 0.1 and y; = 175.0, a species very
close to n-tridecane. This single-component fuel has the
same molecular weight as the mean molecular weight of
diesel fuel, and thus the difference between the results for
both fuel cases actually represents the effect of compo-
sition.

Calculations were first carried out for the VLE of a
system containing liquid fuel and nitrogen. Fig. 1(a)
shows the predicted phase-equilibrium concentrations
versus temperature at four different reduced pressures of
0.5, 1, 3, and 10, where the solid curves represent the
results for the diesel fuel-nitrogen system and the
dashed ones for the single-component substitute fuel-
nitrogen system. P, represents the reduced pressure of
the diesel fuel. (The critical pressure used here for P, is
determined to be 18.6 atm by Eq. (19). This reference
pressure is also used for the single-component substitute
fuel.) As seen in the figure, the results of both diesel and
its substitute systems generally show similar character-
istics, e.g., with increasing pressures, the critical mixing
temperature and the fuel vapor mole fraction decrease,
and the gas absorption in liquid-phase increases and
becomes significantly large in the super-critical regime.

700
v 600
)
e
% 500
S
()]
Q.
£ 400 k
(0}
[t
m  Critical Mixing Point
300
Vapor Pha‘se‘ ) | \ Liquid Phase
0 0.2 0.4 0.6 0.8 1
(a) Mole Fraction of Fuel

However, the substitute fuel case shows a higher boiling
temperature, a lower critical mixing temperature, and a
significantly smaller vapor mole fraction over the whole
sub-critical pressure range and in the super-critical
pressure range beyond the vicinity of the critical mixing
point, than those of diesel fuel case. These differences
imply that, for droplet vaporization process, the single-
component substitute fuel may reach mixing critical
state earlier and produce a significantly different
vaporization rate from that of real diesel fuel.

Fig. 1(b) presents the change in the composition of
the fuel vapor corresponding to the diesel cases of
P. =10 and 0.5 in Fig. 1(a). For a given pressure, both
the mean molecular weight of the vapor and the width of
the vapor distribution, represented by the variance, in-
crease with increasing temperature. These indicate that
with increasing temperature, the portion of heavy
species in fuel vapor increases and the heavy end of the
vapor distribution is continuously extended. For a cer-
tain temperature, the portion of heavy species in the
vapor also increases with pressure, implying that the
heavy species are more easily vaporized in higher
pressure environments. At the critical mixing state, the
vapor composition parameters become identical to those
of the liquid mixture.

Fig. 2 further presents the heat of vaporization versus
temperature for the three different reduced pressures of
1, 3, and 10. The solid lines are also for diesel-nitrogen
system and the dashed lines for the single-component
substitute fuel-nitrogen system. The heat of vaporiza-
tion is a function of pressure, temperature, and the
composition of liquid mixture rather than depends only
on temperature as treated in low-pressure approxima-
tion. As seen in the figure, it decreases significantly with
increasing pressure. When the pressure is high enough,

200 . T T T

9 m  Critical Mixing Point
(O]
et
GE) 150 B Mean Molecular Weight 1
= L
p -
D(? [ =10
p 100 | p=0s5 B
i)
=
8 ]
Qo 50 Variance _a ]
E P’=10 ——
8 P'=0.5

0 1 ! L !

200 300 400 500 600 700
(b) Temperature, K

Fig. 1. (a) Fuel VLE concentrations versus temperature at four different reduced pressures of 0.1, 1.0, 3.0, and 10.0.
P, = P/Puit (Perir = 18.6 atm). (b) Mean and variance of molecular weight of diesel fuel vapor under VLE versus temperature at two
different reduced pressures of 0.5 and 10.0. Solid lines: diesel fuel with initial distribution parameters « = 18.5, f = 10.0, and y = 0.0.
Dashed lines: single-component substitute fuel with o = 100.0, f = 0.1, and y = 175.0.
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Fig. 2. Heat of vaporization versus temperature at three dif-
ferent reduced pressures of 1.0, 3.0, and 10.0. Solid lines: diesel
fuel. Dashed lines: single-component substitute fuel.

the heat of vaporization increases, reaches a maximum
value, and then decreases with increasing temperature. If
the pressure is low, the heat of vaporization monot-
onously decreases with increasing temperature. As the
system approaches its critical mixing state, the heat of
vaporization drops rapidly to zero. The single-com-
ponent substitute fuel case predicts a smaller heat of
vaporization especially at low-temperature and high-
pressure conditions. Since the substitute case system has
a smaller critical mixing temperature (see Fig. 1(a)), it
predicts the heat of vaporization that drops to zero at
smaller temperatures.

We now focus on the transient vaporization pro-
cesses of droplets of both the diesel fuel and its single-

25 ——T ————r—

1.5

®  Critical Mixing Point

1 ! P PR S S

0 0.005 0.01 0.015 0.02
(a) Time, s

component substitute. The droplets considered are 0.1
mm in diameter and 300 K in temperature initially and
are suddenly put into a nitrogen environment at 1500 K
and at different pressures ranging from sub-critical to
super-critical values of the diesel fuel. Fig. 3(a) presents
the normalized surface temperatures versus time at four
different reduced pressures of 0.1, 1, 3 and 5 for diesel
fuel droplet (solid lines) and its single-component sub-
stitute fuel droplet (dashed lines). As seen from the fig-
ure, an obvious difference between the normalized
surface temperatures of both droplets is that the tem-
perature of the liquid mixture droplet is entirely tran-
sient no matter whether the pressure is sub-critical or
super-critical.

The droplet surface temperature is actually deter-
mined by the heat flux H. transferred from the en-
vironment, the energy flux H. consumed for vaporizing
the droplet, and the heat flux H; transferred to droplet
interior. H; is generally about two orders of magnitude
less than H, for most of the droplet lifetime [6], and is
hence less important to the surface temperature behav-
ior. (For the well-mixed droplet vaporization model,
H; = 0. Here the analyses also include H; for complete-
ness.) The net value H. — H. — H; drives the surface
temperature gradient with respect to time. In the sub-
critical pressure regime, H, — H, — H; = 0 will eventually
be satisfied for a single-component fuel droplet, and it
then behaves as a steady vaporization process at the
pseudo wet-bulb temperature. However, for a liquid
mixture droplet, H, will always be larger than H, + H;
due to the continuously increasing droplet boiling tem-
perature. This is seen in Fig. 4, where both the variation
in droplet boiling temperature, 7;, at P, = 0.1 and the
critical mixing temperature, 7; at P, = 3.0 are presented.

Critical Mixing Point

08 | ]
V) .
AO
) L
= L
Q o4 ]

or P'=3 Pr=1 >'=o,1 ]
PR SR S i 1 n
0 0.005 0.01 0.015 0.02

(b) Time, s

Fig. 3. (a) Normalized surface temperatures of droplets versus time and (b) normalized surface area of droplets versus time, at four
different reduced pressures of 0.1, 1.0, 3.0, and 5.0, respectively. Solid lines: diesel fuel with initial distribution parameters o« = 18.5,
p =10.0, and y = 0.0. Dashed lines: single-component substitute fuel with « = 100.0, f = 0.1, and y = 175.0.
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800

700
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Temperature, K

0 0.005 0.01 0.015 0.02
Time, s

Fig. 4. Time histories of boiling temperature 7; at reduced
pressure of 0.1 and critical mixing temperature 7, at reduced
pressure of 3.0 for diesel droplet. 7;: Droplet surface tempera-
ture.

As the evaporation process proceeds, the lighter species
are continuously preferably distilled, and the heavy
species become more and more dominant in the com-
position (see also in Fig. 6). As seen from Fig. 4, the
boiling and critical mixing temperatures increase con-
tinuously. The former increases almost at the same rate
as that of the increase in droplet surface temperature (7;
in Fig. 4). Therefore, the heat-up process spans the
whole droplet lifetime, and the droplet never reaches the
boiling (web-bulb) state. At super-critical pressure, H, is
always larger than H, + H; for droplets of both kinds of
fuels. However, since only heavy components remain in
the fuel mixture case during the later period of vapor-
ization, it evaporates at a smaller rate and thus has a
smaller value of H, during this period than for the single-
component fuel case. Consequently, its surface temper-
ature increases even more sharply near the end of its
lifetime, thus exhibiting a stronger transient behavior
than that of the single-component fuel. Due to the
continuous increase in critical mixing temperature and
the lower volatility of the fuel, the fuel mixture droplet
reaches its critical mixing state at a relatively high
pressure of P, =5, while its single-component partner
gains its critical mixing state much earlier.

Fig. 3(b) shows the normalized surface area of the
diesel fuel droplet versus time for the same ambient cases
as those of Fig. 3(a) (solid lines), together with the re-
sults for the single-component substitute fuel at two
pressures of P, = 0.1 and P, = 5 (dashed lines). For the
high ambient temperature case considered here, the
droplet surface regression rate increases progressively
with pressure, mainly as a result of the reduced heat of
vaporization. The remaining heavy components in the
fuel mixture cause the regression rate to decrease near
the end of its lifetime (e.g., see P, = 3 case). Another

interesting behavior on these curves is that volumetric
dilation occurs during the initial period of vaporization.
The change of volume (or radius) is mainly determined
by the vaporization rate and the change of liquid den-
sity. The initial rapid temperature rise and the gas ab-
sorption into the liquid-phase lead to a rapid decrease in
liquid density and thus to an increase in droplet volume.
On the other hand, the initial temperature rise also tends
to enhance the droplet vaporization process and thus to
reduce the volume. The extent of the volumetric dilation
is actually the competing result of the above factors, and
is closely related to the liquid volatility and/or the en-
vironmental pressure. For vaporizing conditions of less
volatile fuels and/or higher pressure environments, the
initial volumetric dilation is more obvious. The fuel
considered here has a low volatility. As will be seen later,
the initial vaporization rate is very small. Therefore, the
initial change in the liquid density dominates the obvi-
ous volumetric dilation. The above vaporization be-
haviors are supported very well by experimental data
[19], where an obvious reduced regression rate in the late
vaporization period and an obvious initial volumetric
dilation were measured for kerosene, a mixture whose
volatility is close to that of the diesel fuel considered
here.

Fig. 5 presents the vaporization rate and the fuel
vapor mole fraction at the droplet surface for the P, =3
case. Compared to the single-component case, diesel fuel
has a larger vapor mole fraction at the initial stage due
to the lighter components distilling off first, and a
smaller one at the later stages due to the heavier com-
ponent remaining in liquid-phase. Consequently, the
vaporization rate of the diesel fuel droplet is initially
larger and becomes smaller sooner. It is seen that the
vaporization rates of both fuels are extremely small,
especially at the beginning of the process which, as
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Fig. 5. Mass vaporization rate and vapor mass fraction at the
droplet surface versus time at reduced pressure 3.0. Solid lines:
diesel fuel. Dashed lines: single-component substitute fuel.
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Fig. 6. Mean molecular weight of diesel droplet and its vapor
at the droplet surface and the variance of the liquid phase
distribution versus time at two different reduced pressures of 0.1
and 5.0.

stated above, contributes to the obvious volumetric
dilation. Similarly, the smaller initial vaporization rate
of the single-component fuel results in a slightly more
obvious volumetric dilation, and the subsequent more
rapid rise contributes to its larger surface regression rate,
and hence a shorter lifetime, as shown in Fig. 3(a)
and (b).

Fig. 6 shows the continuous change of the compo-
sition of the diesel fuel droplet versus time for the cases
P.=0.1 and P, =5 of Fig. 3(a) and (b). The composi-
tion is expressed in terms of the mean molecular weight
and the variance (the width of the composition distri-
bution) of the liquid. The mean molecular weight of the
vapor at the droplet surface is also presented for the
same two pressure cases. As the vaporization process
proceeds, the volatile (lighter) component continuously
distills out, resulting in the continuous increase in mean
molecular weight of both the liquid and the surface
vapor. Both curves become closer and eventually reach
the same values when the critical mixing point is reached
at higher pressures. Correspondingly, the width of the
liquid distribution decreases since the lighter end of the
distribution shrinks. Comparing the results of both
pressure cases, it can be seen that the rise rate of the
liquid mean molecular weight and the decline rate of the
liquid variance decrease with the increasing pressure,
while the rise rate of the mean molecular weight of
surface vapor increases with pressure. This indicates that
the lighter species is relatively more difficult and the
heavy species is easier to be distilled out for higher-
pressure environments. This character has also been seen
partly in VLE calculations as shown in Fig. 1(b).

Calculations were further conducted to determine the
boundaries of the critical mixing state for both fuels.
The results, which are presented in the form of the
minimum reduced ambient pressure versus ambient
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Fig. 7. Minimum reduced pressure at which the droplet surface
reaches the critical mixing point versus temperature. The
droplet diameter is 0.1 mm. Solid lines: diesel fuel. Dashed lines:
single-component fuel.

temperature, are given in Fig. 7. In order to obtain the
minimum pressure value, simulations were performed
for increasingly higher pressures, but at fixed ambient
temperature, until the critical mixing state was observed.
Therefore, these curves actually represent the boundary
between the sub-critical and super-critical vaporization
states. Generally, the single-component substitute fuel
reaches the critical mixing state earlier than the diesel
fuel mixture does. The difference between them increases
with decreasing environment temperature. Since the
temperatures considered here approximately correspond
to the temperature range mostly experienced in practical
combustion devices, these results also emphasize the
importance of considering the complex mixture nature
of practical fuels in practical applications.

4. Summary and concluding remarks

A new comprehensive model for the transient high-
pressure vaporization process of droplets of complex
liquid mixtures with large numbers of components has
been developed. The governing equations for both
liquid- and gas-phase semi-continuous systems are de-
rived that are applicable for any kind of distribution
function. Formulae for the VLE of semi-continuous
interface are derived that are general for any cubic type
EOS. Correlations for calculating the properties of
continuous species are also formulated.

The model is further applied to calculate the VLE
and the transient sub- and super-critical vaporization
processes for a typical petroleum fuel — diesel fuel. The
results characterize the characteristics of the VLE and
the droplet vaporization process of complex liquid
mixture. The comparison with the corresponding results
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of its single-component substitute fuel also emphasizes
the importance of considering the multi-component
nature of practical fuels.

This paper provides a new means for more realisti-
cally describing and treating the VLE and the high-
pressure vaporization process of practical fuels. Further
work will be focused on the consideration of more
general distribution functions for other petroleum-de-
rived fuels.
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Appendix A. Governing equations for semi-continuous
phases in spherically symmetric system

The full set of governing equations in spherically
symmetric system for both gas- and liquid-phase semi-
continuous systems is derived in the following. The
composition distribution function for the continuous
species is assumed to be two-parameter type.

For gas-phase equations (» > r,), based on Eq. (3) the
governing equations for the continuity of fuel vapor are
derived as:

0 192
5(%) g (pyrur?)

10 ,0 0 —
{p ol ﬂ+y g (pDyr?)

“Ror

—yf/ Sz por)d} (A1)
d 0
PG a (py,Ouwr?)

10 0 o =

= {’0 Dur’ 5, 010) + 3705, (pDa”)
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, 0
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where r is the radial coordinate, 6 and i are, re-
spectively, the first and the second moments of the fuel
vapor distribution function. D,,, is the diffusion coeffi-
cient of the element with property 7 in gas-phase mix-
ture. Coefficients D,D, and D are defined as:

D”I - / D‘rmfv(‘[) dT’
0
E,,,H:/ D, tf"(t) dt
0

Do = /OmDerf“m d

and will be given below. Since the spatial differential
forms of the last two terms in Eqs. (A.1)-(A.3) are
identical to each other, they are cancelled out in actual
numerical calculation. For discrete species, the conven-
tional continuity equation is applied:

o, 10 100
ot  rror (pour”) = r2 or {stmr or\ p
(s=1,2,...,N), (A4)

where D, is the diffusion coefficient of sth discrete
species in the gas-phase mixture.

The momentum and energy equations for the gas-
phase mixture are:
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where p and / are the viscosity and the second viscosity
coefficients of the gas-phase mixture, and

(1) = / f(O)h(r,T) de
0
T) = /  FU(O)Doh(r, T) de
0

where A(t, T) is obtained from the following formula:
h(t,T) = Rlep (T) + e (T)1T,
where:
ep=cio+enT +enT + e T,

e =cuntenT +enT*+enT?.
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The values of the constants are [13]:

clp = 2.465, ey = —1.144 x 1072,

cpp = 1.759 % 1075, c13 = —5.972 x 1079,

o = —3.561 x 10727 ¢ = 9.367 x 10747

cn =—6.030 x 1077, ¢y = —1.324 x 10719,
D" is taken to be the same as D,, in this work.

For liquid-phase equations (r < ry), based on Eq. (11)
the governing equations for the liquid fuel phase are
derived as:

o dxy _ Oy 0
(xfeq_yf) Clr.v 3 dft l:D a}’f_‘— fa (po)
00 . 0
y [ rOs el @)
0 r i
Cirs de’ Lo dx
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0 or "
Cir dy! . cr, dx
l_xl‘eql: (xfeqw/_yflp)m ! alpl f
3 dt
0
+po (y/l//)+yf¢ ( )
_Yf/ fl po)d] )’ (A9)

where 0’ and ' are, respectively, the first and the second
moments of the distribution function for the liquid fuel.
Again, the last two terms in Egs. (A.7)-(A.9) are can-
celled out due to the equal differential forms.

The critical properties of the continuous species are
calculated using Eq. (19) for the critical temperature and
pressure, and the following formula for the critical vol-
ume [11]:

V.= a, + b,t, (A.10)

where a, = 15.903 cm®/mol and b, = 4.103 cm?®/mol’.
The comparison between the predicted results using
these formulae and the data of [14] is presented in
Fig. 8. It is seen that the predictions match the data
very well. With these formulae for predicting the crit-
ical properties, the viscosity and the thermal conduc-
tivity of the continuous species are then calculated
with the same formulae as those for the discrete spe-
cies. For diffusion-related coefficients, the following
formulae were employed for the low-pressure calcula-
tion [10]:
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Fig. 8. Comparison of predictions of Eq. (19) for the critical
and boiling properties of n-alkanes with the data of [14].

D,, = (ap + bp0)¢p,

D, = (aD—i-bDl/j)d)D (A.11)

b
D, = {aD + ?D(«,f +300% + 03)} b,

where y, is the skewness coefficient of the distribution,
which for a [’ distribution function is given by
7, =2/v2. The temperature dependence ¢, = I%/?/
(T +250). The constants ap = 2.89 x 10~ and bp =
—6.60 x 1072, The units of these coefficients are m?/s.
High-pressure effects were considered for these coef-
ficients by using the Takahashi correlation [14].

Appendix B. Equation of state for semi-continuous mix-
tures

To describe the states of semi-continuous mixtures of
gas and liquid phases and perform VLE calculations, an
equation is needed to describe the P—V~T properties of
these systems. The cubic type Eq. (7) is applied to semi-
continuous mixtures via mixing rules for parameters a
and b. For a system with N discrete species and M family
of continuous fractions, we obtain for the gas-phase via
mixing rule [20]:

b= nyb y/ m/fn‘, 1) dr, (B.1)
P
:ZZW/ a(i,j) +222yzyf
i=1 j=1 i=
x /fnlz a(i,7) df*z Z(yf)m(yf)ﬂ
=1 n=1
/ / (o) (t")a(r,77) dr det, (B.2)
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Table 3
Expressions for parameters a and b for two cubic EOS [14]
Equation b a
Peng—Robinson (PR) 0.07780RT, 0.45T4R T
P ——— [+ -T")P
© P,
S =0.37464 + 1.542260 — 0.269920)°
Soave-Redlich-Kwong (SRK) 0.08664RT, 0 42TASRT
R [+ L0 =T

fio = 0.480 + 1.574w — 0.176*

2.5 10"
0 SRK expression
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Fig. 9. Comparison for (a) parameter « of n-alkanes among the results of SRK-EOS expression, Eq. (8), and those of Cotterman et al.
formulae [20] and (b) parameter b of n-alkanes among the results of SRK-EOS expression, Eq. (9), and those of Cotterman et al.

formulae [20].

where y; and (yy),, are the gas-phase mole fractions for
the ith discrete species and the mth family of continuous
species, respectively. Similar relations hold for the
liquid-phase.

Expressions for a and b for each discrete species are
shown in Table 3. For continuous fractions, they are
given by Egs. (8) and (9). Figs. 9(a) and (b) present
comparisons for parameters ¢ and b of n-alkanes, re-
spectively, among the calculated results using Egs. (8)
and (9), those calculated using Cotterman et al. formu-
lae [20], and the data obtained using SRK-EOS ex-
pressions (see Table 3). As seen in the figures, Egs. (8)
and (9) reproduce SRK-EOS expressions very well for
all temperature cases, while Cotterman et al. formulae
are unacceptable for high-temperature conditions.

The cross terms in the mixing rules are given by a
geometric mean corrected with a binary interaction co-
efficient, k'

a(i,j) = a"(i,0)a" (j, j)(1 — ky),
a(i,7) = a* (i, 1)a" (v, ) (1 — ki), (B.3)
a(t,t") = aos(r 0)a® (t7, 1) (1 = keer).

For the discrete-discrete cross term, interaction co-
efficient k;; is set to a constant value. For the discrete—
continuous or continuous—continuous cross term, k;; or
k.., may be expressed as a function of molecular weight.
Since there are no data available for diesel fuel-nitrogen
system yet, these are taken to be zero in this work.
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