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Transportation fuels consist of a large number of species that belong to different families of compounds.
Predictions of physical and chemical properties of such multicomponent fuels require the accurate
description of evaporation rates of all species initially contained in the liquid phase. Existing computa-
tional approaches are yet to do this without difficulty due to the lack of experimental data for physical
properties of fuel components. In addition, a vast number of assumptions, which include idealized
compositions and interpolation equations calibrated using experiments, are being introduced to make
the problem tractable. By addressing this issue, an approach based solely on functional groups that are
present in the components of the fuel is developed. This formulation is coupled to a multicomponent
evaporation model to account for non-ideal behavior of mixtures and the consideration of pressure
and temperature variations. This is done by using the fuel composition to evaluate the acentric factor
and critical properties of each fuel component followed by the evaluation of certain physical properties
using a group contribution method. This procedure thus allows the evaluation of evaporation rates of
practical fuels based only on the intrinsic functional groups and their relative abundance. Studies of
common fuel blends including those belonging to the Jet-A and JP-8 classes related to evaporation rates,
distillation characteristics and speciation are presented. A discussion of the effect of polar species on
evaporation properties utilizing the UNIFAC approach for non-ideal mixtures is presented. Due to the
generalized nature of this approach, the proposed method provides an effective alternative to existing
computational techniques dedicated to multicomponent droplet evaporation.

Published by Elsevier Ltd.
1. Introduction

Transportation fuels produced from refining or synthetic pro-
cesses consist of a large number of species that belong to different
families of organic compounds. Fig. 1 illustrates the composition of
some commonly used transportation fuels in the aviation industry
[1,2]. The two fuels are conventionally derived petroleum fuels
which have similar lower heating values. Cycloparaffins, along
with aromatics, form the majority of the fuel composition.
However, physical properties of compounds from these families
lack experimental data and are incompletely described [3]. Thus,
the usage of detailed evaporation models is restricted by these spe-
cies and demands an alternative approach. In addition, aromatic
compounds are known for their roles as soot precursors and
cycloparaffins dictate the energy density in fuel mixtures [4]. It is
thus important to account for detailed vaporization despite the
lack of physical properties so that relevant evaporation and com-
bustion characteristics can be captured.

Existing computational approaches introduce challenges in gen-
eralizing to realistic fuel blends due to assumptions that are intro-
duced to describe evaporation and composition. These methods
can be classified into three categories based on their approach to
modeling droplet composition, namely (i) continuous thermody-
namic models [5], (ii) distillation-curve methods [6] and (iii)
discrete-component method. To evaluate how suitable the pro-
posed method is in calculating multicomponent fuel evaporation
characteristics, the accompanying evaporation model utilized must
be very accurate. Further details regarding evaporation models for
multicomponent droplets are provided in [7].

Initial approaches to the description of multicomponent droplet
evaporation were dealt with using the method of continuous
thermodynamics, in which the composition is represented by a
continuous probability density function, usually beta, gamma or
Gaussian distributions. The use of a beta distribution was justified
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Nomenclature

Greek Symbols
a Thermal diffusivity (m2 s�1)
b Recovered mass fraction
b� Recovered mole fraction
� Lennard–Jones potential (multiples of kB) (K)
c Activity coefficient
cC Combinatorial activity
cR Residual activity
l Dynamic viscosity (kg m�1 s�1)
mi;k Number of occurrences of k in species i
x Acentric factor
XD Collision integral
/i Molar weighted volume fraction of species i
Wmn Binary interaction coefficient between species m and n
q Density (kg m�3)
r Lennard–Jones radius (m)
s Time scale (s)
sd Momentum relaxation time (s)
hi Mole weighted area fraction of species i
Hm Mole weighted area fraction of group m

Roman symbols
amn Energy interaction coefficient between groups m and n
Bm Mass Spalding number
cl Liquid specific heat capacity (J kg�1 K�1)
cp Specific heat capacity at constant pressure (J kg�1 K�1)
D Diffusion coefficient (m2 s�1)
d Diameter (m)
f Evaporative correction factor
kB Boltzmann constant (J K�1)
Lv Latent heat of vaporization (J kg�1)
M Molecular weight (kg kmol�1)
m Mass (kg)
Mi Molecular weight of species i
n Number of moles
Nc Number of components
Ng;i Number of groups in species i
Ng Number of functional groups in the fuel
Nu Nusselt number

p Pressure (Pa)
Pr Prandtl number
Q Group surface area
q Mole weighted group surface area
R Volume contribution
r Mole weighted volume contribution
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
T Temperature (K)
V Volume (m3)
vm Molar volume (m3 mol�1)
xi Group mole fraction of species i
Xi Mole fraction of species i
Yi Mass fraction of species i
Z Compressibility factor
z Co-ordination number

Subscripts
air Air
amb Ambient
b Boiling point
c Critical property
d Droplet
diff Diffusion
eff Effective
evap Evaporation
f Feed
g Gas
l Liquid
max Maximum
nb Normal boiling point
r Reduced
s Surface
sat Saturated
sl Slip
stp Standard temperature (298 K) and pressure (1 bar)
v Vapor
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in [8], which derives the distribution obeyed by relative ratios of
alkanes. Further extensions of this ideawere used in [9], where each
family of organic compounds is assumed to obey a specific distribu-
tion. Other differences between treatments include the selection of
the distribution variable (carbon number [10] instead of compo-
nentmolecular weight) and themodel for vapor–liquid equilibrium
(Raoult’s law with Clausius–Clapeyron relation in favor of modified
Fig. 1. Fuel composition in terms of families of organic compounds along with correspon
used in the aviation industry.
equations of state). Transport equations for the distribution func-
tion are solved to obtain relations for properties [5].

The distillation curve model [6] is based on the fact that the
Peclet number directly signifies the extent to which a
zero-diffusivity model accurately predicts the evaporation rate of
a droplet. This is done by interpolating a mixture property, for
example, the vapor molecular weight using an exponential fit.
ding mass fractions for common transportation fuels (POSF 10325 and POSF 10289)
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The infinite-diffusivity limit is approximated by the mean of the
non-vaporized portion. The key assumption in this model is the
fact that all physical properties required for predicting the evapo-
ration of the droplet can be parameterized using a single variable
[6] or one per family [9]. A detailed discussion on the appropriate
statistical distribution for continuous thermodynamic models can
be found in [11]. Note that continuous thermodynamic models
require interpolation and involve the usage of fractional carbon
numbers in physical property correlations that are otherwise
formulated for integer carbon numbers.

The discrete-component method has so far been utilized only
for binary [12] and quite recently, ternary mixtures [13]. The
method does not introduce any assumption on the underlying fuel
composition, making it the most detailed method. However, this is
computationally intensive compared to other available methods.
To utilize a discrete-component model in case of transportation
fuels, which are both composed of a large number of species and
contain components belonging to widely different families of
organic compounds, a generalized approach for evaluating physical
properties is required. Also, the discrete-component method
requires coupled solutions of liquid-phase species-continuity
equations, multicomponent phase-equilibrium relations (typically
Raoult’s law), and gas-phase multicomponent energy and species
conservation equations. In addition, mixture components can
strongly interact with each other and hence, the droplet evapora-
tion characteristics deviate from the ideal behavior. However, con-
ventional aviation fuels generally consist of non-polar compounds,
which makes ideal droplet evaporation sufficiently indistinguish-
able from experiments. In the case of alcohol-blended diesel fuels
[14] and fuels derived from fatty acids [15], it is necessary to
consider these effects due to the presence of polar functional
groups and formation of hydrogen bonds.

To assess the importance of intra-droplet diffusion and its role
in droplet evaporation, one needs to compare the relevant time
scales. Following the analysis of [16], the diffusion time scale is
calculated using the liquid diffusion coefficient and the evapora-

tion time scale can be estimated using the d2-law [17].

sevap ¼ d2

8
ql

qgDg ln 1þ Bmð Þ ð1aÞ

sdiff ¼ d2

Dl
ð1bÞ

where d is the droplet diameter, Dg is the gaseous species diffusion
coefficient, ql is the liquid density, qg represents the vapor density
and al represents the liquid thermal diffusivity. In addition, Bm rep-
resents the mass Spalding number, which varies between 1 and 10
for combustion in air. For typical alkanes at ambient conditions, the
gaseous diffusion coefficients range from 10�9 � 10�10 m2/s [18],
liquid diffusion coefficients Dl are of the order of 10�6 m2/s [19]
and the density ratio qg=ql is around 10�3 [20]. Using typical values
and comparing the time scale ratio shows that:

sevap
sdiff

� Dl

8 lnð1þ BmÞqgDg=ql
� Oð105Þ ð2Þ

Since sevap is much greater compared to sdiff , the assumption of
using homogeneous droplet composition in the current setting is
justified. Lagrangian-based particle methods employing a
0D-evaporation model [21] are commonly used in LES and DNS
simulations [22] for this reason. Also, this simplification helps to
minimize the computation cost in such expensive calculations.
Further discussion regarding the effect of this simplification on
combustion characteristics in the case of single component droplets
are discussed in [23].
Realistic droplet behavior lies between two asymptotic limits,
namely, the zero-diffusivity limit and the infinite-diffusivity limit.
In addition, the applicability of a particular limit is dictated by the
Peclet number [24]. For spherical hydrocarbon droplets with diam-
eter of 1 lm, the Peclet number is of Oð103Þ, which places it in the
high-Peclet number regime and requires explicit treatment of dro-
plet stratification [24]. A detailed comparison of different evapora-
tion models is presented in [21], showing that the main differences
arise for cases of large droplet diameter and low evaporation rates.

Modeling of complex fuels such as gasoline have also been
attempted by using the distillation curve model [6,25]. This model
is an empirical procedure to describe the progress of droplet
vaporization and relies on measurements of the distillation curve.
However, obtaining this data requires measurements which intro-
duce experimental uncertainties. Shortcomings of the ASTM D86
standard [26] are discussed in [27], which include the facts that
initial boiling temperatures are systematically incorrect and the
uncertainties in temperature, volume and pressure are high. This
is primarily due to three reasons [28], namely (i) location of the
temperature probe, (ii) dynamic holdup and (iii) required use of
mercury thermometer. The ASTM D86 standard systematically
measures the vapor temperature and not the liquid fuel tempera-
ture. ‘‘Dynamic holdup” is hereby referred to as the fuel vapor
present in the lines between the distillation flask and graduated
cylinder receiver. The use of mercury thermometers leads to a lim-
ited temporal resolution, which is crucial due to the usage of a
time-dependent heating profile and the exposed body of mercury
thermometers leads to additional heat transfer losses.

Advanced distillation methods overcome many of these issues
[27,29] by coupling gas chromatography and mass spectroscopy
measurements along with significant improvements to the mea-
surement devices and control mechanisms. These provide accurate
information regarding the molecular weight and functional groups
present in compounds that constitute a particular fuel. Additional
information regarding the distillate composition at various stages
measured using the advanced distillation procedure will be uti-
lized in verifying the method being presented.

The objective of this paper is to develop a self-contained frame-
work for multicomponent droplet evaporation in cases where the
only available fuel description is the weight percentages of each
compound in the mixture, akin to gas chromatography data, while
making minimal assumptions on droplet composition as a function
of time. This is addressed through the formulation of a group
contribution method and a compatible non-ideal vapor–liquid
equilibrium (VLE) model. The mathematical model is presented
in Section 2 followed by simulations for phenomena of increasing
physical complexity. These are presented in Section 3 and conclu-
sions are offered in Section 4.

2. Governing equations

In this section, the multicomponent evaporation model is
developed. The details of the discrete-component approach are
presented first, followed by the description of a compatible
vapor–liquid equilibrium model, which takes into account the
effect of non-ideal mixtures.

2.1. Evaporation model

To describe the evaporation, a homogeneous droplet composi-
tion is considered along with the 0D-evaporation model presented
in [21]. The effect of using a 0D-evaporation model in favor of a
1D-evaporation model is discussed in [30] and supported by the
analysis of Eq. (2). The mass of each individual species md;i along
with the temperature of the droplet Td are evaluated as a function
of time, through the following equations:
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dmd;i

dt
¼ _mi ¼ � Sh

3Sc
md

sd
lnð1þ Bm;iÞ ð3aÞ

dTd

dt
¼ Nu

3Pr
cp
cl

f
sd

ðTamb � TdÞ þ
P

i
_md;iLv;i
mdcl

ð3bÞ

where t is the time, md is the mass of the droplet, cp is the specific
heat capacity of the vapor at constant pressure, cl is the heat capac-
ity of the liquid and Lv;i is the latent heat of vaporization of species i.
The subscripts ‘‘d” and ‘‘amb” refer to the state of the droplet and
ambient conditions, respectively. The Prandtl number is assumed
to be a constant throughout the analysis and is set to a value of
0.7. The Schmidt number is calculated based on the individual dif-
fusivity coefficients to capture the effects of preferential diffusion.
An important non-dimensional number in Eq. (3b) is the momen-
tum relaxation time sd, given by

sd ¼ qdd
2

18lair
ð4Þ

The key quantity that dictates mass transfer is the mass Spald-
ing number Bm;i for each component i

Bm;i ¼ Yv;i
1� Yv;i

ð5Þ

whereYv ;i is thevapormass fractionwhich canbe calculatedbasedon
the saturated vapor pressure psat;i, the molecular weight of the vapor
and the liquid, Mv and Ml, respectively. The Eq. (6) procedure for
evaluating the activity coefficient ci and its importance is discussed
in Section 2.3. For mixtures composed entirely of non-polar
compounds, the activity coefficient can be taken to be equal to 1.

Yv;i ¼ ciYl;i
psat;i

p
Ml

Mv
ð6Þ

The mixture molecular weights are given in terms of the mass
fractions and molecular weight of species i (ranging from 1 to
the number of components in the mixture Nc) by

Ml ¼
XNc

i¼1

Yl;i

Mi

 !�1

and Mv ¼
XNc

i¼1

Yv;i
Mi

 !�1

ð7Þ

To account for the modified heat transfer due to evaporation, a
correction factor f is included in Eq. (3b) [21]:

f ¼ d
expðdÞ � 1

with d ¼ �1:5Pr
_md

ðmd=sdÞ ð8Þ

The value of f approaches unity as the evaporation rate
approaches zero, while f falls toward zero when evaporation is
rapid relative to the timescale associated with the gas phase heat
transfer. The slip Reynolds number, which is defined based on
the relative velocity between the interface and medium, is given by

Red;sl ¼ dqd

lair
jud � uambj ð9Þ

Other non-dimensional parameters that appear in the evapora-
tion model are the Sherwood number, Sh, comparing the mass
transfer to diffusion rate, and Nusselt number Nu, which compares
convective to conductive heat transfer. Both parameters are
expressed using correlations based on the slip Reynolds number
and the Prandtl number taking the following forms [31]

Sh ¼ 2þ 0:6 Re1=2d;sl Sc
1=3 ð10aÞ

Nu ¼ 2þ 0:555 Re1=2d;sl Pr
1=3

1þ 1:232ðRed;slPr4=3Þ
1=2 ð10bÞ

Note that in the limit of zero velocity, both Sh and Nu tend
towards 2, which is in line with the analogous behavior of heat
and mass transfer at low velocities. Also, following [24], the
specific heat capacities appearing in Eq. (3b) are evaluated at an
effective temperature Teff , using the 1/3rd rule, which is given in
terms of the ambient temperature Tamb and the surface tempera-
ture Ts by

Teff ¼ 1
3
ðTamb þ 2TsÞ ð11Þ
2.2. Calculation of physical properties

Information about physical properties of each compound in the
fuel is required to perform calculations using the described evapo-
ration model. These include heat of vaporization, molar liquid vol-
ume, gas viscosity, binary vapor diffusion coefficient with respect
to air, and saturated vapor pressure. It is important to note that
these physical properties are functions of pressure and tempera-
ture. The key contribution of the current work is to use the fact that
the critical properties are sufficient to evaluate required physical
properties at relevant conditions given the values at standard con-
ditions, which are obtained from the fuel description using the
group contributionmethod. The following four steps form the basis
of the method.

1. The initial composition of the fuel is provided as input. This data
is physically obtained from gas chromatography and mass spec-
troscopy measurements. The compositions used in the present
analysis are taken from [1,32] in addition to internal AFRL
reports which have been uploaded as part of the supplementary
material (Appendix C).

2. The key step is to calculate the critical properties for pressure,
volume, temperature, pc;Vc; Tc , and the acentric factor x [33]
from the group contribution method by [34]. This along with
the fuel composition forms a sufficient description for evaluat-
ing the fuel and physical properties required for the evaporation
model. The equations for pc;Vc; Tc and x are summarized in
Appendix A.

3. The molar liquid volume (vm;i), heat of vaporization (Lv ;i) and
liquid specific heat capacity (cl;i) at standard temperature and
pressure (298 K and 1 bar), which are required for the evapora-
tion model, are then evaluated using expressions provided in
Appendix A.

4. The approach for obtaining physical properties from the
values at standard conditions is similar to [9] using a set of
corrections. This paper however presents an alternative set of
corrections which are substantially less sensitive to errors
arising from estimates of physical properties at standard
conditions. The physical properties at a particular temperature
and pressure are determined using the equations provided in
Appendix B.

In addition to this, the specific heat capacity of the ambient
gas is evaluated using NASA’s polynomial coefficients [35]. The
density of the ambient gas is obtained from the Peng–Robinson
equation of state [36]. The viscosity of air at relevant conditions
is obtained using the critical properties and correlations by
Lucas [37] and Jossi [38], which are described in Section B.4
of the Appendix.

Note that no additional assumptions are made on the fuel
composition, hence allowing simulations to be performed for
any fuel irrespective of the availability of experimental data
for the particular physical properties. However, this is replaced
by the requirement of gas chromatography data for each fuel.
The exact sequence of correlations used to obtain physical prop-
erties as functions of temperature and pressure, which serve as
input to the evaporation model, is not present in existing
literature.
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2.3. UNIFAC approach

Models of multicomponent evaporation fail to take into account
the interaction between mixture components that can become
important for polar compounds. This is particularly pronounced
for alcohol-blended diesel fuels [14] and fuels derived from fatty
acids [15,32]. In the present study, the UNIFAC method is used to
evaluate the activity coefficient appearing in Eq. (5) for considering
effects of non-ideal mixtures. This is used in favor of other methods
for calculating activity due to it being based on the same list of
functional groups as presented in [34]. UNIFAC is based on splitting
the activity coefficient calculation into a combinatorial (cCi ) and a
residual component (cRi ). Both contributions are completely deter-
mined by three parameters, namely the group surface area param-
eter R, the group volume contribution Q, and the binary interaction
parameter, which is related to the energy interaction coefficient
amn. Values of these parameters can be obtained from [39] for each
of the functional groups that are contained in hydrocarbon fuels.
The resulting equation for the activity coefficient is then written
as [40]

ln ci ¼ lnðcCi cRi Þ ð12Þ
The combinatorial activity coefficient is evaluated as

lnðcCi Þ ¼ ln
/i

Xi

� �
þ z
2
qi ln

hi
/i

� �
þ Li � /i

Xi

XNc

j¼1

XjLj ð13Þ

where hi and /i are the molar weighted segment and area fractional
components for component i in the system. These quantities are
evaluated as

hi ¼ XiqiPNc
j¼1Xjqj

ð14aÞ

/i ¼
XiriPNc
j¼1Xjrj

ð14bÞ

where Nc is the total number of components in the system. Also, the
quantities hi and /i are functions of qi and ri, which are the
weighted averages of the group surface area Q and volume contri-
butions R, which are obtained from [39]

qi ¼
XNg;i

k¼1

mi;kQk and ri ¼ mi;kRk

XNg;i

k¼1

ð15Þ

where mi;k represents the number of occurrences of functional group
k (ranging from 1 to Ng;i) in a molecule i. The compound parameter
Li in Eq. (13) is given by

Li ¼ z
2
ðri � qiÞ � ðri � 1Þ ð16Þ

where z is the co-ordination number, which can be taken to be
equal to 10 for all calculations [40]. This is needed for calculating
the activity coefficients. The residual activity coefficient cR is given
by

ln cRi ¼ mi;k lnCk � lnCðiÞ
k

� �XNg;i

k¼1

ð17Þ

The equation for Ck is given by

ln Ck ¼ Qk 1� ln
XNg

m¼1

HmWmk

 !
�
XNg

m¼1

HmWkmPNg
n¼1HnWnm

" #
ð18Þ

where Ng denotes the number of functional groups present in the

fuel. Eq. (18) can also be used for finding CðiÞ
k by evaluating the

right-hand side for an isolated group in a solution consisting only
of molecules of type i. Note that the group interaction parameter
Wmn, which appears in (18), takes the form

Wmn ¼ exp � amn

T

� �
ð19Þ

and Hm, which is the summation of the area fraction of group m
(ranging from 1 to Ng), is given by

Hm ¼ QmxmPNg
n¼1Qnxn

ð20Þ

This requires xm, the group mole fraction, which is given by

xm ¼
PNc

j¼1mj;mXjPNc
j¼1

PNg
n¼1mj;nXj

ð21Þ
3. Results

In this section, the evaporation model is applied to a number of
cases of increasing complexity. The evaporation model is first ver-
ified using evaporation data for Jet-A (POSF 10325) and results
related to purely convective evaporation are presented. This is fol-
lowed by a discussion on distillation curves and their calculation
procedure along with validation against experimental data. One
unique advantage of the current approach is that it provides infor-
mation regarding each species during the distillation procedure
and additional validation using speciation data can be performed
through comparison against advanced distillation experiments
[27]. The last subsection investigates the effect of non-ideal mix-
tures, which motivates brief discussions on the perturbation anal-
ysis of polar species on the distillation curve and evaporation
characteristics. In addition, fuel descriptions are unable to distin-
guish between structural isomers and a discussion on the effect
of lumping of species in the fuel description is presented.

3.1. Droplet evaporation

This subsection considers the evaporation of a single droplet in
a quiescent environment. A spherical fuel droplet of diameter
d0 = 100 lm is initialized at a particular temperature Td;0 = 298 K
in an ambient environment at temperature Tamb = 800 K. To exam-
ine effects of pressure in describing the evaporation rate, three dif-
ferent pressure conditions, pamb = {1, 10, 50}bar are considered. It is
important to note that the homogeneous droplet composition
assumption limits the current approach and thus cannot accurately
capture particular physical phenomena arising from its violation.
These include droplet puffing and micro-explosion, which occur
due to superheating of volatile components and intra-droplet gasi-
fication. However, this is unlikely to occur in the correct setting
due to the fact that homogeneous nucleation occurs in locations
where the droplet temperature exceeds the concentration-
weighted superheat [41], which has been found to be around
90% of the respective critical temperatures [42]. The maximum
droplet temperature Tmax has been found to range from
550–650 K for the pressures under consideration and 0:9Tmax is less
than the critical temperature of every component in the current
droplet composition. Thus, it can be assumed that microexplosion
is not likely to be observed in the current setting.

Fig. 2 shows a comparison between simulations and an approx-
imation to experimental data in the case of a quiescent Jet-A
evaporation, showing the squared non-dimensional diameter as a
function of evaporation time for a single droplet. In the case of sin-
gle component droplets, the evaporation follows a linear relation-
ship as shown in [17]. The experimental data is actually obtained
using the diffusion-limit model [6], which involves explicitly
solving for heat and mass transport in the radial direction inside



Fig. 2. Comparison between quiescent experimental evaporation data [6],
computational results from group contribution using UNIFAC activity coefficients
utilizing the full description presented at {1, 10, 50}bar. Initial droplet diameter
d0 = 100 lm, droplet temperature Td;0 = 298 K and ambient temperature
Tamb = 800 K. The experimentally unspecified mixture was modeled by POSF 4658,
described in [29,43] (color online).

Fig. 3. Comparison for a JP-8 droplet between experimental evaporation [44] and
computational results from group contribution using ideal evaporation. Initial
droplet diameter d0 = 639 lm, droplet temperature Td;0 = 298 K, ambient
temperature Tamb = 298 K, ambient pressure pamb = 1 bar, relative velocity
jud � uambj = 3 m/s.
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the droplet. The exact species composition used in the experiment
was not specified and is approximated by POSF 4658. The initial
increase in droplet diameter is due to the decrease in liquid density
with increasing temperature. Eventually, the droplet starts losing
mass and hence leads to a decrease in droplet diameter. Fig. 2
shows agreement between experimental data, the proposed group
contribution method and the distillation curve method, which is
used in current literature for transportation fuels. Jet-A predomi-
nantly consists of non-polar molecules and yields similar results
when simulated using an ideal or non-ideal evaporation model.
The effect of interactions between pure components is discussed
next.

3.2. Evaporation at ambient conditions

This subsection considers the evaporation of a spherical fuel
droplet of diameter d0 = 639 lm initialized at temperature
Td;0 = 298 K, which is the same as the ambient temperature Tamb

at pressure of pamb = 1 bar. A constant velocity ud is imparted to
the droplet in an ambient medium moving at uamb. The important
physical quantity which influences the evaporation rate due to
convection is the slip velocity jud � uambj. The experimental data
was obtained from suspended droplet measurements presented
in [44].

One of the advantages of the current method is the ability to
predict droplet mass transfer in a purely convective case, a partic-
ular case in which it is not possible to obtain evaporation rates
solely through the usage of distillation curves as the ambient tem-
perature is not in the region where the recovered mass fraction is
non-zero. Fig. 3 shows agreement between the experimental and
calculated values for non-dimensional droplet diameter as a func-
tion of time.

The evaporation time is much longer compared to the case in
Fig. 2 and takes about 80 s for just 40% of the droplet mass to evap-
orate. This is due to the relatively small temperature difference
between the ambient and droplet.

3.3. Distillation

The method in Section 2 is applied to predict distillation curves,
which form the basis for existing methods on multicomponent
droplet evaporation. A standardized method, ASTM D86 [26], is
commonly used to experimentally measure distillation curves.
However, this method introduces biases due to reasons outlined
in Section 1 and an advanced distillation approach [27] improves
upon this by providing speciation measurements during the distil-
lation procedure. It is therefore recommended to use these mea-
surements. Due to heat losses and imperfections in the heat
supply control while experimentally carrying out distillation,
transient effects contaminate the results of the experimental
distillation procedure. The effect of various physical quantities,
including the specific heat capacity of the fuel and heat supply rate
to the fluid also contribute to the measured physical quantities.
Thus, it is appropriate to express the experimental data in relation
to the limiting cases of distillation, namely, Flash Distillation and
Fractional Distillation. The following computational procedure is
used to compute the distillation curves.

� For flash distillation, the non-ideal Raoult’s law is used to
account for the interactions between different components.
Conservation of species i and conservation of total number of
moles in gaseous, vapor and liquid phase gives:
nf Xf ;i ¼ nvXv ;i þ nlXl;i ð22aÞ
nf ¼ nv þ nl ð22bÞ
Vapor and liquid mole fractions are related through Raoult’s law
and can be written as

KiXl;i ¼ Xv ;i ð23aÞ

Ki ¼ ci
psatðTÞ

p
ð23bÞ

On simplifying Eq. (22) by substituting for nv in terms of nf and
nl along with Eq. (23), an equation for the recovered mole frac-
tion b�, which is the ratio between the number of vaporized
moles to total number of moles in the system is obtained. This
can in turn be converted to recovered mass fraction b using
the molecular weights of each compound and is the convention
followed in this paper. The recovered mole fraction b� is given by

XNc

i¼1

Xf ;i
1

Ki�1 þ b� ¼ 0 ð24Þ

� In case of fractional distillation, temperature is varied across a
range and at each temperature, the species whose saturated
vapor pressure is greater than the ambient (Ki > 1) are con-
verted to vapor phase. The recovered mass fraction is then given
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by the ratio of moles vaporized to that present in the initial
sample. For ambient conditions, the group contribution method
[34] provides a correlation (26) to evaluate the boiling point of a
species at each temperature, the species above their boiling
point are converted to vapor phase. This method is identical
for hydrocarbon fuels and is more accurate due to the error
accumulation in the previous procedure from the method to
calculate vapor pressure (discussed in Appendix B.6) and the
group contribution method

Fig. 4 compares experimental and calculated distillation
curves for a common aviation fuel (POSF 10289) along with a
high-viscosity candidate fuel (POSF 12341). It is seen that the
experimental values fall within two asymptotic limits previously
discussed in both cases. The range of applicability of the current
method extends that of SUPERTRAPP [45], which is a commercial
software used for obtaining distillation curves, but is restricted to
a limited number of hydrocarbons and involves estimating physi-
cal properties by applying corrections to a baseline compound
whose experimentally determined values are utilized.

The fractional distillation is always composed of a combination
of step functions. The number of steps in the fractional-distillation
indicates the number of compounds in the fuel composition and
longer steps indicate the abundance of a particular compound. This
is sometimes the result of lumping of isomers and leads to inade-
quate descriptions of the outer envelope. The flash-distillation
curve, on the other hand, is continuous as it follows from the con-
tinuity of coefficients in Eq. (24). Note that the flash-distillation
limit better describes experimental results at lower temperatures
and fractional-distillation limit at higher temperatures. This is
due to the heating profile employed in the distillation procedure,
which biases higher recovered mass fractions to slower heating.

3.4. Speciation

This subsection illustrates the fact that the above proposed
method is accurately able to predict the droplet composition as a
function of time using two simulation test cases. The first simula-
tion is that of a spherical fuel droplet of diameter d0 initialized at a
particular temperature Td;0 in an ambient region at pressure pamb

and temperature Tamb. In addition, the mass of each species in
the droplet is tracked to evaluate its composition as a function of
time. The second simulation is a distillation calculation, where
the experimental mole fractions as a function of the recovered
mass fraction is found to lie within the flash and fractional-
distillation limits.
Fig. 4. Comparison between experimental distillation curves and those obtained through
estimated for (a) POSF 10289 (JP-8 class) and (b) POSF 12341 (high viscosity candidate
Fig. 5 shows how the current method is able to predict evapora-
tion rates for each individual species in the droplet. For represen-
tation purposes, profiles for Alkylbenzenes are provided and it is
interesting to note that this predicts the expected trend of heavier
compounds evaporating later on despite being present in smaller
quantities. Note that in Fig. 5, phenylalkanes are assumed to be
the only form of alkylbenzenes in POSF 10325. This simplification
is due to the ambiguity of fuel descriptions obtained from gas chro-
matography studies which cannot distinguish between structural
isomers.

Recent advances in distillation procedure [27], which include
combining high-fidelity distillation measurements and gas chro-
matography analysis have enabled accurate measurements of dis-
tillate composition at various stages. Data relevant to commonly
used transportation fuels in the aviation sector [46] have been used
to further validate the above procedure and is shown in Fig. 6. It is
seen that the experimental mole fractions lie between the two
bounds imposed by flash and fractional distillation. The fact that
experimental values are closer to the flash-distillation lines indi-
cate that measurements are carried out in the transient regime.

3.5. Effect of non-ideal mixtures

This subsection examines the evaporation of fuel mixtures with
polar compounds, which are also known as non-ideal mixtures due
to attractive or repulsive forces existing between various com-
pounds in the mixtures. This is of particular importance as trans-
portation fuels are being blended with oxygenated compounds
since the removal of alkyl-lead compounds for health and environ-
ment reasons. In addition, they have been noted to increase octane
ratings and reduce emissions [47]. The computations are performed
using the UNIFAC approach discussed in Section 2.3 to account for
the effect of non-ideal mixtures through the evaluation of activity
coefficients for each species in the mixture. This section discusses
the effect of polarity on distillation and presents a practically
relevant case of ethanol blended gasoline, which also serves as val-
idation for the current method. This is followed by a discussion on
the effect of polarity on droplet evaporation as a function of time.

3.5.1. Distillation of non-ideal mixtures
The procedure to calculate the distillation curve of a mixture

containing polar compounds was already discussed in Section 3.3.
The fractional-distillation curve does not distinguish between
polar and non-polar compounds as it is based only on the physical
properties of a particular compound and not on its properties
within a mixture.
flash and fractional-distillation calculations with properties and activity coefficients
fuel).



Fig. 5. Distillation curve along with numerical mole fractions for Alkylbenzenes using group contribution for POSF 10325. Initial droplet diameter d0 = 100 lm, droplet
temperature Td;0 = 298 K, ambient temperature Tamb = 800 K and ambient pressure pamb = 1 bar (color online).

Fig. 6. Comparison between mole fractions obtained from advanced distillation experiments [46] and numerical results using group contribution for POSF 4658 obtained
through flash and fractional-distillation calculation (color online).
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Two Eurosuper-type gasoline fuels based on the EN 228 stan-
dard are analyzed in the current subsection. They are denoted as
G1 and G2 henceforth and have different chemical compositions,
which are discussed in detail in [47]. The two fuels were blended
with ethanol 4% (by volume) and results obtained using both
non-ideal and ideal vapor–liquid equilibrium are presented (see
Fig. 7).

The agreement with experimental results at low temperatures
is better in the non-ideal case, thus highlighting the importance
of accounting for non-ideal interaction while evaluating distilla-
tion characteristics of fuels. The asymptotic limits better describe
the experimental distillation curve at the extreme limits of mass
fraction. This is due to the experimental procedure used for
obtaining the distillation curve which involves transient heating
for a certain period before maintaining uniform temperature for
a prolonged period. This makes the initial portion of the distillation
occur in the transient regime and is hence better described by the
flash-distillation limit. The final portions of the distillation main-
tains a constant temperature for a prolonged period, which implies
that it is carried out in the equilibrium limit and is thus better
described by the fractional-distillation curve.

The current method can be used to study the effect of
various fuel blends and their effect on distillation characteristics
depending on their proportion. Fig. 8 analyzes the effect
of ethanol on the distillation curve of the G1 base-gasoline.

With increasing proportion of ethanol in the fuel mixture, the
flash-distillation curve shifts to lower temperatures, which indi-
cates an increase in the volatility of the mixture. The slope of
the solid arrow can in fact be used to quantify the efficacy of
an additive in changing the evaporation characteristics of a mix-
ture. An ideal suppressant additive would shift the distillation
curve for negligible change in the recovered mass fraction and
would correspond to an arrow parallel to the ordinate. An ineffec-
tive additive would just add to the recovered mass fraction and
lead to a uniform shift along the abscissa for the distillation
curve. This characterization is however very simplistic as addi-
tives can have an effect on the curvature of the flash-distillation
curve by having a stronger interaction with certain components
of the fuel in comparison to others, thus leading to complications
in defining the normal direction to the flash-distillation curves. In
addition, the above analysis is restricted to a single additive and
the usage of multiple polar compounds for creating fuel blends
warrants a separate discussion. The relative shift between each
line in the fractional-distillation curves, however, is only indica-
tive of the proportion of the blend. Along the recovered mass
fraction co-ordinate, the shift commences after the blended



Fig. 7. Comparison between experimental results and distillation curves obtained through flash and fractional-distillation calculations using both ideal and non-ideal vapor–
liquid equilibrium models for two base gasolines G1 and G2 [47] blended with 4% ethanol (by volume) (color online).

Fig. 8. Comparison between distillation curves obtained through (a) flash and (b) fractional-distillation calculations using non-ideal vapor–liquid equilibrium model for base
gasoline G1 [47] blended with 4%, 12%, 20%, 28% ethanol (by volume) (color online).

Fig. 9. Comparison between quiescent evaporation results using UNIFAC activity
coefficients and ideal evaporation model for 50% 2-propanol, 25% ethanol and 25%
acetone. Initial droplet diameter is d0 = 100 lm, droplet temperature Td;0 = 298 K,
ambient temperature Tamb = 800 K and ambient pressure pamb = 1 bar (color online).
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components are fully evaporated, which in this case is 6th out of
34 compounds.

3.5.2. Evaporation of non-ideal mixtures
This subsection considers the case of a spherical fuel droplet of

diameter d0 = 100 lm initialized at a particular temperature
Td;0 = 298 K in an ambient region at pressure pamb = 1 bar and tem-
perature Tamb = 800 K for different fuel compositions.

Fig. 9 illustrates the change inmass for each component in a dro-
plet, initially consisting of 50% 2-propanol, 25% ethanol and 25%
acetone. The alcohols form hydrogen bonds with the ketone group
in acetone and are hence predicted to evaporate at a slower rate
compared to the ideal calculation without consideration of these
interactions. Acetone, on the other hand, evaporates at a faster rate
compared to the ideal calculation due to its strong dipole moment,
which leads to an activity coefficient consistently greater than unity
despite the presence of other compounds in the mixture suppress-
ing its polarity. Note that the activity coefficient is sensitive to the
mole fraction of each component in the solution, which explains
the difference between the non-ideal and ideal solution with time.

Fig. 10 illustrates the change in mass of different families of
organic compounds contained in POSF 10325 aviation fuel. The
compounds present are non-polar and significant differences



Fig. 10. Comparison between quiescent evaporation results using UNIFAC activity
coefficients and ideal evaporation model for POSF 10325. Initial droplet diameter is
d0 = 100 lm, droplet temperature Td;0 = 298 K, ambient temperature Tamb = 800 K,
and ambient pressure pamb = 1 bar (color online).

842 P.B. Govindaraju, M. Ihme / International Journal of Heat and Mass Transfer 102 (2016) 833–845
between the calculations from the ideal and non-ideal models are
not observed. Thus, simulations of multicomponent evaporation
for such aviation fuels can be performed at a significantly lower
computational cost as the activity coefficients can be assumed to
be equal to unity for engineering calculations.

Fig. 11 illustrates the squared non-dimensional droplet
diameter as a function of the evaporation time for a single droplet
using both non-ideal and ideal evaporation models. As previously
discussed, the latter part of the evaporation follows a linear trend,
which is similar to single component droplets. The evaporation
increases with addition of ethanol despite the increased overall
volatility of the mixture, shown in Fig. 8. This is due to the presence
of two competing effects, namely, larger reduction in radius for
blends with higher proportion of ethanol due to its larger specific
volume and slower evaporation of the hydrocarbons after ethanol
due to the smaller surface area. The competition between them
leads to the presented trend, thus showing that the latter effect
dominates over the former, and is due to the relatively smaller
proportion of ethanol in comparison to the less volatile
hydrocarbons in the fuel.
Fig. 11. Comparison between quiescent evaporation results using (a) non-ideal (based on
[47] blended with 4%, 12%, 20%, 28% ethanol (by volume). Initial droplet diameter is d0

ambient pressure pamb = 1 bar (color online).
4. Conclusions

This paper presents a method for the prediction of multicompo-
nent evaporation using only the functional groups present in the
fuel mixture, which are readily available from its composition. This
is in contrast to commonly employed methods for multicompo-
nent evaporation, which require separate experimental calibration
for each fuel or are based on idealized compositions which are
assumed to obey commonly used probability distribution func-
tions along with appropriately adjusted parameters. The present
method is based on a more fundamental description in comparison
to existing literature and readily handles blends of interest to the
fuel community. Calculations performed for common transporta-
tion fuels are presented, all of which are in support of the above
presented method. The ability of the group-contribution method
to reproduce individual species mole fractions and advanced distil-
lation curves are to be noted in particular. The limits of distillation
obtained using the group-contribution can be used to guide exper-
imental measurements in the future. Also, the effect of non-ideal
mixtures has been discussed along with comparative studies on
the influence of different polar components on the distillation
curve with its relevance to transportation fuels. Suggestions for
future work include studying the effect of non–homogeneous
droplet composition and is required to conclusively comment on
particular physical phenomena like droplet microexplosion, which
arise from it.
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Appendix A. Group contribution method equations

The key step in the procedure outlined in this work is the
evaluation of critical properties and acentric factors from the
UNIFAC activity coefficients) and (b) ideal evaporation model for base-gasoline G1
= 100 lm, droplet temperature Td;0 = 298 K, ambient temperature Tamb = 800 K and
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functional groups present in the fuel. Using the group contribution
method presented in [34], the properties for each compound in the
fuel can be obtained. Apart from this, the latent heat of vaporiza-
tion Lv ;stp, specific heat capacity cp;stp and specific molar volume
vm;stp are calculated at standard conditions using similar equations,
which are necessary for evaluating the evaporation characteristics
of fuels. All quantities in this section are expressed in SI units with
the exception of molecular weight M, which is expressed in
kg kmol�1.

pc ¼
XNg

k¼1

Nkðpc1kÞ þ 0:10022

" #�2

þ 1:3705

0
@

1
A� 105 ð25aÞ

Vc ¼ �0:00435þ
XNg

k¼1

Nkðvc1kÞ
" # !

� 10�6 ð25bÞ

Tc ¼ 181:28 ln
XNg

k¼1

Nkðtc1kÞ
" #

ð25cÞ

x ¼ 0:4085 ln
XNg

k¼1

Nkðw1kÞ þ 1:1507

" #1:9802
ð25dÞ

Lv ;stp ¼ 6:829þ
XNg

k¼1

Nkðhf1kÞ
" # !

� 103 ð25eÞ

cp;stp ¼
XNg

k¼1

NkðCpA1kÞ � 19:7779

" #
ð25fÞ

þ
XNg

k¼1

NkðCpB1kÞ þ 22:5981

" #
h

þ
XNg

k¼1

NkðCpC1kÞ � 10:7983

" #
h2

vm;stp ¼ �0:00435þ
XNg

k¼1

Nkðv liq1kÞ
" # !

� 10�3 ð25gÞ

h ¼ T � 298:15
700

ð25hÞ

For the fractional-distillation curve at 1 bar, the boiling point
can be evaluated using

Tb ¼ 204:359 ln
XNg

k¼1

Nkðtc1kÞ
" #

ð26Þ

The group contribution coefficients in (25) and (26) are
obtained from [34].

Appendix B. Correlations for physical properties

This section presents the corrections required to evaluate phys-
ical properties at specific conditions of pressure and temperature.
Note that the group contribution method outputs the values of var-
ious physical properties at standard conditions and the corrections
elaborated in this section are necessary for calculations at other
conditions.

B.1. Enthalpy of vaporization

The heat of vaporization for each component corresponding to
the normal boiling point is obtained using the correlation from
[48]. At this point, it is useful to introduce the reduced temperature
Tr ¼ T=Tc. The reduced temperature at the normal boiling point for
species i denoted by Tr;nb;i is defined based on the boiling point of
species i at standard pressure. With this, the enthalpy of vaporiza-
tion can be evaluated in terms of the enthalpy of vaporization Lv ;stp;i
at standard temperature and pressure as
Lv;i ¼ Lv;stp;i
1� Tr

1� Tr;nb;i

� �0:38

ð27Þ

Note that variation of latent heat with pressure has not been
considered. Additional corrections can be performed using the
Peng-Robinson equation of state and are described in [49].

B.2. Molar liquid volume

The molar liquid volume (vm) at a specified temperature is
obtained using the correlation [50,51]

vm;i ¼ vm;stp;iZ
/i
c;i ð28Þ

with

Zc;i ¼ 0:29056� 0:08775xi ð29aÞ
/i ¼ ð1� Tr;iÞ2=7 � ð1� Tr;stpÞ2=7 ð29bÞ

The pressure correction is deemed not necessary for liquid
density. This is due to the high bulk modulus of liquids, which is
typically of the order of 109 Pa and corresponds to a change of
1% in density for every 100 bar in pressure. Note that the bulk
modulus also increases with pressure, thus making the approxima-
tion more valid at higher pressure.

Once the liquid volume is obtained, it is a straightforward calcu-
lation to estimate the liquid density.

B.3. Lennard–Jones parameters

Lennard–Jones parameters (�;r) are essential for obtaining vis-
cosity and diffusivity coefficients at required temperature and
pressure after the group contribution method gives the physical
properties at standard conditions. Essentially, these two parame-
ters contain the information regarding the structure of the
compound and determine the interaction with other molecules.
The equations for the Lennard–Jones parameters are given as [52]

�=kB ¼ ð0:7915þ 0:1693xÞTc ð30aÞ

r ¼ ð2:3551� 0:0874xÞ Tc

pc

� �
� 10�10 ð30bÞ

with pc; Tc and x evaluated from Eq. (25a), (25c) and (25d)
respectively.

B.4. Gas viscosity

The gas viscosity is obtained from [37] along with pressure cor-
rection described in [38]. The binary diffusion coefficient into air is
obtained using the Wilke–Lee approximation [53]. The expressions
for the viscosity of gas l are

ln ¼ 0:807T0:618
r � 0:357 expð�0:449TrÞ

þ 0:340expð�4:058TrÞ þ 0:018 ð31Þ
with

n ¼ 0:176
Tc

M3p4
c

 !1=6

� 10�10=3 ð32Þ
B.5. Binary diffusion coefficients

This subsection discusses the procedure for calculating binary
diffusion coefficients between components A and B. Note that
MAB is the harmonic mean of molecular weights MA and MB, which
are here expressed in kg kmol�1. XD denotes the collision integral,
which is a function of the non-dimensional temperature



Table 1
Coefficients for Eq. (33) to calculate gaseous binary diffusion coefficients from [53].

A B C D E F G H

1.06036 0.15610 0.19300 0.47635 1.03587 1.52996 1.76474 3.89411
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T� ¼ kBT=�AB. In addition, the correlations depend on the Lennard–
Jones radius (r) and potential (�). The expressions for the binary
diffusion coefficients are given by

MAB ¼ 2MAMB

MA þMB
ð33aÞ

�AB ¼ ð�A�BÞ1=2 ð33bÞ
rAB ¼ rA þ rB

2
ð33cÞ

T� ¼ kBT=�AB ð33dÞ

XD ¼ A

ðT�ÞB
þ C
expðDT�Þ þ

E
expðFT�Þ þ

G
expðHT�Þ ð33eÞ

DAB ¼ ½3:03� ð0:98=M1=2
AB Þ�T3=2

pM1=2
AB r2

ABXD

 !
� 10�18 ð33fÞ

The coefficients A to H are provided in Table 1.

B.6. Saturated vapor pressure

The saturated vapor pressure as a function of temperature is
calculated using Lee–Kesler [54] method. This relation is used in
favor of Clausius–Clapeyron relation due to its exponential
dependence, which leads to large deviations in quantities like
enthalpy of vaporization, that are estimated rather than employing
an experimental value. The saturated vapor pressure is evaluated
in non-dimensional form through the use of reduced pressure pr

defined as pr;sat ¼ psat=pc .

ln Pr ¼ f ð0Þ þxf ð1Þ
� �

� 105 ð34aÞ

f ð0Þ ¼ 5:92714� 6:09648
Tr

� 1:28862 ln Tr þ 0:169347T6
r ð34bÞ

f ð1Þ ¼ 15:2518� 15:6875
Tr

� 13:4721 ln Tr þ 0:43577T6
r ð34cÞ
Appendix C. Supplementary information

The composition of each fuel under consideration in this paper
is provided along with the MATLAB code for the group contribution
method, 0D droplet evaporation and distillation at https://bit-
bucket.org/gpavanb/0d_multicomp.
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