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 A B S T R A C T

Multi-component vaporisation of liquid fuels in combustion processes is typically described using simplified 
approaches for computing time reasons. Existing approaches include surrogate, continuous thermodynam-
ics, quasi-discrete component and distillation curve models. These approaches, however, strongly simplify 
composition and physical properties and hence the vaporisation behaviour when applied to technical fuels 
with numerous species from different chemical classes. Therefore, this study developed a new approach for 
an accurate and efficient mathematical description of single-droplet vaporisation of complex technical fuels. 
This approach utilises the link between distillation and vaporisation, assumes rapid internal mixing and 
isobaric conditions and employs tabulated distillation curve models. These models are based on tabulated 
equilibrium distillation and physical property curves and have thus a theoretical basis in contrast to previous 
distillation curve models. In this study, tabulated distillation curve models are presented for a pure liquid 
compound, a bi-component liquid and a liquid technical fuel assuming ideal atmospheric-pressure conditions. 
In addition, single-droplet vaporisation predictions based on these models are compared with predictions based 
on discrete component models. The comparisons show that tabulated distillation curve models can describe the 
vaporisation of multi-component liquids under ideal conditions with similar accuracy as discrete component 
models when using the same physical property models. The predictions also highlight an often overlooked 
aspect that the development of vaporisation models for technical fuels has to be assisted with the generation 
of appropriate physical property data. Furthermore, the single-droplet vaporisation simulations suggest that, 
for any multi-component liquid, tabulated distillation curve models require similar computing times as discrete 
component models with eight components.
1. Introduction

Vaporisation of single- and multi-component droplets has exten-
sively been studied using experiments and simulations for decades 
due to the wide range of applications of liquid fuels in industrial 
combustion processes. Liquid fuels can consist of up to hundreds of 
species from different chemical classes (e. g. 𝑛-alkanes, iso-alkanes, 
cyclo-alkanes, alkenes, aromatics, alcohols, ethers and naphthalenes). 
Limited only by fuel variability, fuel volatility and peak assignment, the 
contents of these species can nowadays be determined using coupled 
gas chromatography–mass spectrometry (GC–MS) analyses. For exam-
ple, previous studies have provided GC–MS data sets for diesel [1], 
gasoline [2], fossil jet fuels [3] and alternative jet fuels [4]. These data 
sets are an excellent basis for three-dimensional transient vaporisation 
simulations of multi-component droplets. Such detailed simulations, 
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however, can be conducted only for selected operating conditions 
due to computing time reasons [5–10]. In addition, the uncertainties 
and inaccuracies associated with common physical property methods 
and databases have a major impact on the predictions. Therefore, 
numerical simulations of technical processes with multi-component 
vaporisation phenomena are typically conducted using simplified mod-
els. These models assume local thermal equilibria inside droplets as 
well as specific distributions of temperature and species concentrations 
in droplets and film layers. For example, rapid mixing or infinite 
thermal conductivity and diffusivity (ITC/ID) models neglect the in-
ternal heat and mass transfer and are therefore based on uniform 
distributions of droplet temperature and droplet species concentra-
tions at each time step. Effective thermal conductivity and diffusivity
https://doi.org/10.1016/j.icheatmasstransfer.2026.111078
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Nomenclature

Latin symbols
𝐴 area
𝐵 Spalding number
𝐶 coefficient
𝐶̂ specific heat capacity
𝑑 diameter
𝐷 correction factor
𝐷 diffusion coefficient
𝑓 factor
𝐹 correction factor
𝑔 Earth acceleration
ℎ heat transfer coefficient
𝐻̂ specific enthalpy
𝛥vap𝐻̂ specific enthalpy of vaporisation
𝑘 constant
𝐾 equilibrium coefficient
𝐿𝑒 Lewis number
𝑚 mass
𝑀 molar mass
𝑁𝑢 Nusselt number
𝑝 pressure
𝑃𝑒 Peclet number
𝑃𝑟 Prandtl number
𝑟 volume fraction
𝑅𝑒 Reynolds number
𝑆𝑐 Schmidt number
𝑆ℎ Sherwood number
𝑡 time
𝑇 temperature
𝑢 velocity
𝑤 mass fraction
𝒘 mass fraction vector
𝑥 mole fraction
𝒙 mole fraction vector
𝑥 position

Greek symbols
𝛾 activity coefficient
𝛥 difference
𝜖 characteristic Lennard–Jones energy pa-

rameter
𝜀 vaporisation mass fraction
𝝐 vaporisation mass fraction vector
𝜂 dynamic viscosity
𝜆 thermal conductivity
𝜌 density
𝜎 characteristic Lennard–Jones length
𝜏 relaxation time
𝜑 auxiliary model parameter
𝜑 fugacity coefficient
𝜔 acentric factor
Subscripts and superscripts
B Boltzmann
boil boiling
c critical
conv convective
2 
d drag
d for droplet diameter predictions
DC based on the discrete component model
dist distillation
eff effective
evap of the vaporising mixture
film at film condition, film
gas gas, of the gas phase
𝑖 of species 𝑖, of quasi-component 𝑖
inert of inert gas
liq liquid, of the liquid phase, droplet, of the 

droplet
m with respect to mass transfer
max maximum
min minimum
mod modified
𝑝 isobaric
phys physical
s at the surface, surface
sat at the saturated state
T for droplet temperature predictions
T with respect to heat transfer
TDC based on the tabulated distillation curve 

model
u for droplet velocity predictions
vap vapour, of the vapour phase
x for droplet position predictions
0 based on Ranz–Marshall correlation
0 initial
𝛽 recovered

Acronyms

AD absolute deviation
ASTM American Society for Testing Materials
AtJ Alcohol-to-Jet
CFD computational fluid dynamics
CT continuous thermodynamics
DC discrete component
ETC/ED effective thermal conductivity and diffusiv-

ity
GC–MS gas chromatography–mass spectrometry
ID integral deviation
ITC/ID infinite thermal conductivity and diffusivity
QDC quasi-discrete component
RD relative deviation
TDC tabulated distillation curve
UNIFAC Universal Quasichemical Functional Group 

Activity Coefficients

(ETC/ED) models, in turn, assume one-dimensional profiles of droplet 
temperature and droplet species concentrations, while correcting the 
thermal conductivity and the species diffusion coefficients using al-
gebraic expressions derived from detailed simulations [11]. However, 
ETC/ED models already increase significantly the computing times for 
technical processes. Therefore, ITC/ID models are usually employed for 
CFD simulations of these processes [12–14].

Furthermore, simplified models are combined with discrete com-
ponent, surrogate, continuous thermodynamics, hybrid, quasi-discrete 
component and distillation curves models. Discrete component (DC) 
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models account for all (identifiable) species of multi-component mix-
tures and can therefore be considered as reference models. Surro-
gate, continuous thermodynamics, hybrid, quasi-discrete component 
and distillation curves models, in turn, simplify the description of multi-
component mixtures, while maintaining high levels of accuracy and 
efficiency for CFD simulations of technical processes. The advantages 
and disadvantages of these models are discussed in Sections 1.1, 1.2, 
1.3, 1.4 and 1.5, before the objectives of this study are presented in 
Section 1.6.

1.1. Surrogate models

Surrogate models are discrete component models of surrogates, 
i. e. well-defined mixtures. The compositions of the surrogates are 
usually determined considering the characteristic experimental data of 
a technical fuel. These data can include the Research Octane Number 
(according to ASTM D2699-15a), the Motor Octane Number (according 
to ASTM D2700-16), the derived cetane number, the hydrogen/carbon 
ratio, the molar mass, the composition, the heating value, functional 
groups, ignition delay times, flame speeds, emissions, heating and va-
porisation characteristics, distillation curves, and specific gravities [2,
15–24]. Moreover, surrogates can be derived using advanced opti-
misation methods, such as the multiple target approach [17] or the 
minimalist functional group approach [23,24]. The definition of (new) 
surrogates thus requires detailed analyses of the chemical and physical 
properties of both possible surrogates and the technical fuel, while 
accepting that surrogates are strong simplifications of multi-component 
mixtures. However, surrogates allow reproducing experiments and de-
veloping simplified models of technical processes and have therefore 
been suggested for jet fuels [15,16,25], gasolines [2,17,18,26–28], 
diesel [19,20,26,27,29] and heavy fuels [30,31].

1.2. Continuous thermodynamics models

Continuous thermodynamics (CT) models (see Section S1) describe 
the vaporisation of multi-component mixtures using presumed proba-
bility density functions and two (mean and variance) transport equa-
tions for each chemical class. The presumed probability density func-
tions have been developed using gamma or double gamma distributions 
of molar mass or boiling temperature [32–39]. Moreover, CT models 
have provided reasonable mathematical descriptions for the vapor-
isation of multi-component mixtures [32–37,40–44] and have been 
efficient for CFD simulations, including large eddy simulations [14,45] 
and direct numerical simulations [46,47]. However, CT models have 
three deficiencies. Firstly, the accuracy of the probability density func-
tions is not sufficient to describe chemical classes with a few species of 
different carbon number. Secondly, the physical properties have to be 
provided as a function of the distribution quantity or the distribution 
mean [14,32,35,37,44]. Thirdly, representative vapour species have 
to be chosen for the gas species balance equations. For the combus-
tion of Jet A-1, Eckel [14] recently selected 𝑛-dodecane, iso-octane, 
cyclo-hexane and toluene as representative species for the 𝑛-alkanes, 
iso-alkanes, cyclo-alkanes and mono-aromatics, respectively.

1.3. Hybrid models

Hybrid models are combinations of continuous thermodynamics 
models and surrogate models and have been used to describe the 
vaporisation of diesel–bio-oil mixtures, diesel–bio-diesel mixtures and 
gasoline–ethanol mixtures [22,48,49]. The continuous thermodynamics 
approach has been employed for diesel and gasoline, while the surro-
gate/discrete component approach has been used for bio-oil, bio-diesel 
and ethanol [22,48,49]. In comparison with continuous thermody-
namics models and discrete component models, hybrid models have 
provided the best compromise between computational accuracy and 
efficiency [50]. However, these models retain the deficiencies of both 
surrogate models and continuous thermodynamics models.
3 
1.4. Quasi-discrete component models

Quasi-discrete component (QDC) models (see Section S2) describe 
the vaporisation of multi-component mixtures using quasi-components, 
i. e. chemical class-specific model components with well-defined carbon 
numbers. These numbers were determined previously using continuous 
or discrete chemical class-specific composition distributions [51,52]. 
QDC models allow to significantly reduce the number of components 
for vaporisation predictions if numerous species can be assigned to a 
few chemical classes. However, QDC models have three deficiencies. 
Firstly, 15–20 quasi-components are (still) required for accurate ap-
proximations of liquid technical fuels, such as diesel and gasoline [52,
53]. Secondly, approximations are not accurate for technical fuels with 
components that belong to various chemical classes. Thirdly, for each 
chemical class, the physical properties have to be approximated as a 
function of the carbon number [51–54].

1.5. Distillation curve models

Distillation curve models (see Section S3) have been derived to 
describe the multi-component vaporisation of jet fuels under both 
atmospheric- and high-pressure conditions based on single-component 
rapid-mixing models [55–59]. The distillation curve models account for 
the progress of vaporisation and the impact of diffusion. The progress 
of vaporisation is identical to the recovered mass fraction used in 
distillation experiments or simulations. The impact of diffusion, in turn, 
has been incorporated through a distillation Peclet number [55,60], a 
fuel-specific intermittency function [55,56], and fuel-specific expres-
sions for vapour pressure, molar mass of vapour, and molar enthalpy 
of vaporisation at both zero diffusion resistance (corresponding to the 
rapid-mixing model) and infinite diffusion resistance (corresponding to 
the thin-skin model) [55]. The fuel-specific intermittency functions 
were determined using one-dimensional two-component vaporisation 
predictions and subsequent regressions [55,56]. The (empirical) expres-
sions at zero diffusion resistance were derived for gasolines, diesel and jet 
fuels [61–63] using ASTM D86 distillation curves (see Section 2.1) and 
additional empirical correlations. Furthermore, additional correlations 
were used to describe the physical properties of liquid and vapour. 
Chin [55] determined the physical properties of both phases as a 
function of the respective acentric factor and the respective molar 
mass. Prommersberger et al. [56,57] and Burger et al. [59,64], in 
turn, applied (i) correlations based on the critical temperatures and 
pressures of 𝑛-alkanes for calculating the acentric factor and (ii) further 
corresponding-state model equations, such as the Racket equation [65] 
for the density of the liquid phase.

The distillation curve models have maintained nearly the simplicity 
and efficiency of rapid-mixing models and provided results that were 
in good agreement with experimental data and simplified numerical 
predictions [55–59]. The models are thus very promising despite their 
complex empirical nature. However, to the best knowledge of the 
authors, the predictions based on distillation curve models have not 
yet been compared with predictions that were obtained using discrete 
components. Thus, the accuracy of distillation curve models has not 
been fully examined yet.

1.6. Objectives

Surrogate, continuous thermodynamics, hybrid, quasi-discrete com-
ponent and distillation curve models are reasonable compromises be-
tween accuracy and efficiency. However, developing these models re-
quires detailed experimental or numerical analyses as well as fuel-
specific assumptions or correlations. This applies in particular to dis-
tillation curve models, which are based on numerous empirical ap-
proaches. Therefore, these models have been adapted to a few multi-
component mixtures only and have not yet been examined further. 
Only two studies [66,67] focussed recently on both distillation and 
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vaporisation behaviour of multi-component mixtures. Govindaraju and 
Ihme [66] compared fractional and flash distillation curves of jet fuels 
and gasolines with (experimental) advanced distillation curves [68,
69] and analysed the distillation and multi-component vaporisation 
behaviour of gasoline blends. Burke et al. [67] conducted distilla-
tion experiments and simulations for various ethanol–FACE B gasoline 
blends and investigated the effects of blending on vaporisation and dis-
tillation behaviour. Thus, both Govindaraju and Ihme [66] and Burke 
et al. [67] considered distillation and vaporisation as two different 
approaches. However, distillation is strongly linked to vaporisation. 
This link was used in this study for generating models that overcome 
most of the deficiencies of surrogate, continuous thermodynamics, hy-
brid, quasi-discrete component and distillation curve models, assuming 
isobaric conditions and uniform distributions of droplet temperature 
and droplet species concentrations. The new models are based on 
tabulated thermodynamic state and physical property curves and are 
briefly referred to as tabulated distillation curve (TDC) models.

The model fundamentals of experimental and numerical distilla-
tion curves are summarised in Section 2. The methods for generating 
tabulated distillation curves are presented in Section 3. The mod-
els used to conduct single-droplet vaporisation simulations based on 
TDC models or DC models are described in Section 4. The single-droplet 
vaporisation predictions are compared and discussed in Section 5. The 
conclusions are given in Section 6.

2. Distillation curves

Distillation curves are vapour–liquid equilibrium curves providing 
the boiling temperature 𝑇boil as a function of the recovered volume 
fraction 𝑟𝛽 (or the recovered mole fraction 𝑥𝛽 or the recovered mass 
fraction 𝑤𝛽). The curves can be determined using both experimental 
and numerical methods. The experimental methods are presented in 
Section 2.1, while the numerical methods are described in Section 2.2.

2.1. Experimental distillation curves

Experimental distillation curves are measured using batch distilla-
tion apparatus. The most common apparatus is based on ASTM D86
[70] and is used to measure (i) the initial and final boiling tempera-
tures and (ii) the boiling temperatures at recovered volume fractions 
of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90%. Follow-
ing previous reviews [71,72], experimental distillation curves based 
on ASTM D86 [73] are subject to certain restrictions if it comes to 
comparisons with theoretical distillation curves. This is due to the 
methodical measurement uncertainties for pressure, temperature and 
recovered volume fraction. Several recommendations and modifica-
tions have been proposed [71,72,74] to get results that are both more 
reliable and more comparable with theoretical results. For example, 
time-resolved measurements can be used to improve the measured 
temperatures and recovered volume fractions [72]. In addition, minor 
deviations from standard pressure of 1 atm can be corrected using the 
Sydney–Young equation [72]. By introducing new definitions for the 
initial and the final boiling temperatures and by shifting the liquid tem-
peratures at recovered volume fractions between 5% and 95%, Ferris 
and Rothamer [72] recently presented experimental distillation curves 
that were in excellent agreement with theoretical ones. However, most 
of the distillation data has been derived based on ASTM D86 [73]. 
Therefore, distillation data that was used as basis of comparison in this 
study is based on experiments following ASTM D86 [4].

2.2. Numerical distillation curves

Numerical distillation curves can be determined without measure-
ment uncertainties and with high numerical accuracy. However, the 
calculation of these curves requires accurate composition and physical 
4 
property data. While such data are typically given for model mix-
tures, larger challenges are faced for technical fuels. Firstly, GC–MS 
analyses do not always allow to identify all species and to provide 
complete fuel compositions. Secondly, accurate expressions for vapour 
pressures, densities, activity coefficients and fugacity coefficients are 
not available for all fuel compounds and need to be estimated using 
group contribution and corresponding-states methods. Therefore, nu-
merical distillation curves are not necessarily superior to experimental 
distillation curves and are usually given as equilibrium distillation, 
flash distillation and fractional distillation curves. These three differ-
ent curves are introduced in Sections 2.2.1, 2.2.2 and 2.2.3 and are 
compared in Section 2.2.4.

2.2.1. Flash distillation curves
Flash distillation curves are based on equilibrium batch balances, 

which are defined for a pressure 𝑝 and for temperatures between an 
initial temperature 𝑇0 and a maximum temperature 𝑇max. Firstly, the 
recovered mole fraction 𝑥𝛽 is calculated by 
∑

𝑖

𝑥𝑖,liq,0
1

𝐾𝑖−1
+ 𝑥𝛽

= 0 , (1)

where 𝑥𝑖,liq,0 is the initial mole fraction of species 𝑖 in the liquid 
phase and 𝐾𝑖 is the equilibrium coefficient of species 𝑖. Secondly, the 
compositions of the vapour phase (in mole fractions 𝒙vap) and the liquid 
phase (in mole fractions 𝒙liq) are determined using species balances. 
These two steps are repeated until the distillation batch is completely 
vaporised, i. e. until the iteration based on Eq. (1) returns one for the 
recovered mole fraction 𝑥𝛽 . The equilibrium coefficient 𝐾 of species 𝑖
is defined by 

𝐾𝑖 =

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

𝑝𝑖,vap(𝑇 )
𝑝 , if ideal liquid and ideal vapour

𝛾𝑖
𝑝𝑖,vap(𝑇 )

𝑝 , if real liquid (based on activity
coefficients) and ideal vapour

𝛾𝑖
𝜑𝑖,sat 𝑝𝑖,vap(𝑇 )

𝜑𝑖,vap 𝑝
, if real liquid (based on both activity

and fugacity coefficients) and
real vapour

𝜑𝑖,liq
𝜑𝑖,vap

, if real liquid (based on fugacity
coefficients) and real vapour

, (2)

where 𝛾𝑖 is the activity coefficient of species 𝑖 (based on the composition 
of the liquid phase), 𝜑𝑖,liq is the fugacity coefficient of species 𝑖 in the 
liquid phase (based on the composition of the liquid phase), 𝜑𝑖,vap is 
the fugacity coefficient of species 𝑖 in the vapour phase (based on the 
composition of the liquid phase) and 𝜑𝑖,sat is the fugacity coefficient of 
species 𝑖 at the saturated state.

2.2.2. Fractional distillation curves
Fractional distillation curves are determined using the order of the 

species according to their boiling temperatures at a pressure 𝑝. Firstly, 
it is assumed that the species with the lowest boiling temperature 𝑇boil
vaporises from the liquid distillation batch. Secondly, the compositions 
of the vapour phase in mole fractions 𝒙vap and the liquid phase in mole 
fractions 𝒙liq as well as the recovered mole fraction 𝑥𝛽 are updated 
in accordance with the species balances. These two steps are repeated 
until the distillation batch is completely vaporised.

2.2.3. Equilibrium distillation curves
Equilibrium distillation curves are determined assuming phase equi-

libria between liquid and vapour. Firstly, the boiling temperature 𝑇boil
is calculated by 
𝑝 −

∑

𝑖
𝑥𝑖,liq 𝐾𝑖

(

𝑇boil
)

𝑝 = 0 , (3)

where 𝑥𝑖,liq is the mole fraction of species 𝑖 in the liquid phase and 
𝐾  is the equilibrium coefficient of species 𝑖 (see Eq. (2)). Note that 
𝑖
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Fig. 1. Numerical flash, fractional and equilibrium distillation curves for the 
ethylene glycol–water mixture.

the pressure 𝑝 in the second term of the left-hand side of Eq. (3) 
vanishes when substituting the equilibrium coefficient and assuming 
ideal gas behaviour for the vapour phase. Secondly, the composition of 
the vapour phase in mole fractions 𝒙vap is determined assuming equilib-
rium, while the composition of the liquid phase in mole fractions 𝒙liq
is updated in accordance with the change of the composition of the 
vapour phase. These two steps are repeated until the distillation batch 
is completely vaporised.

2.2.4. Comparisons
Flash distillation, fractional distillation and equilibrium distilla-

tion curves were calculated, assuming ideal liquid and vapour phases, 
(i) for a bi-component mixture consisting of 50% ethylene glycol and 
50% water (in mass fractions) using the physical property methods 
and databases of Aspen Properties [75] and (ii) for the technical jet 
fuel AtJ [4] using the group contribution methods of Constantionou and 
Gani [76] and the Lee–Kessler equation [77]. The numerical distillation 
curves are shown for the bi-component mixture in Fig.  1 and for the 
technical jet fuel in Fig.  2. In addition, ASTM D86 distillation data [4] 
is shown in Fig.  2. Firstly, the flash distillation curves approximate the 
equilibrium distillation curves at the initial stages, while the fractional 
distillation curves approximate the equilibrium distillation curves at the 
final stages. This is in agreement with previous observations [66,72] 
and in line with the expectation that equilibrium distillation curves 
should provide the best possible approximation of the distillation be-
haviour. Secondly, the experimental distillation data and the numerical 
equilibrium distillation curve have similar patterns for AtJ but differ 
clearly from each other. This is because the accuracy of the physical 
property models employed is not sufficient for the compounds of AtJ. 
However, these models were applied in the further course of this study 
(see Section 3.2) since (i) it was beyond the objective of this study to 
determine the most appropriate physical property models and (ii) the 
method for generating TDC models is valid for any set of physical 
property models, methods and databases.
5 
Fig. 2. Numerical flash, fractional and equilibrium distillation and experimen-
tal distillation curves for AtJ.

3. Tabulated distillation curves

Tabulated distillation curves comprise adapted equilibrium distilla-
tion curves and physical property curves. These curves are described in 
Sections 3.1 and 3.2 and are obtained using (i) relevant thermodynamic 
conditions of droplet vaporisation, (ii) selected tabulation variables and 
(iii) appropriate grids for the tabulation variables. Further details are 
given in Sections 3.3, 3.4 and 3.5. The tabulated curves are presented 
for three mixtures in Section 3.6, while the access to the tables using 
linear interpolation is described in Section 3.7.

3.1. Adapted equilibrium distillation curves

Adapted equilibrium distillation curves represent possible thermo-
dynamic equilibrium states during the vaporisation of droplets, assum-
ing isobaric conditions and uniform distributions of droplet tempera-
ture and droplet species concentrations. The curves can be generated 
following the approach for standard equilibrium distillation curves 
(see Section 2.2.3). Adapted equilibrium distillation curves, however, 
assume a gas phase consisting of vapour and inert gas, in contrast 
to standard equilibrium distillation curves, which are calculated for a 
system with a liquid phase and a vapour phase at a constant pressure 𝑝
(see Section 2.2.3). Therefore, the total pressure 𝑝 in the first term of 
Eq. (3) is replaced by a partial pressure 𝑥vap 𝑝, where 𝑥vap = 1−𝑥inert is 
the mole fraction of vapour and 𝑥inert is the mole fraction of inert gas. 
The equilibrium distillation temperature is calculated by 

𝑝
(

1 − 𝑥inert
)

−
∑

𝑖
𝑥𝑖,liq 𝐾𝑖 𝑝 = 0 . (4)

All further calculation steps do not change. In particular, the composi-
tion of the vapour phase in mole fractions 𝒙vap is still calculated using 
the total pressure 𝑝.
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3.2. Physical property curves

Physical property curves describe the physical properties at the 
thermodynamic equilibrium states and were calculated using two sets 
of physical property models, methods and databases:

• Set A has been compiled for model mixtures and is based on 
the ideal equation of state, the physical property methods and 
databases of Aspen Properties [75], the Chapman–Enskog equa-
tion for the effective diffusion coefficients of the gas species [78], 
and the corresponding-states equation of Bondi [79] for the spe-
cific heat capacities of some liquid species, which are not ac-
counted for by the methods and databases of Aspen Proper-
ties [75].

• Set B has been composed for technical fuels following the study 
of Govindaraju and Ihme [66], as even the physical property 
methods and databases of Aspen Properties [75] do not include 
all compounds that prevail in technical fuels. Set B is based 
on the ideal equation of state, the group contribution methods 
of Constantionou and Gani [76], the Lee–Kessler equation [77], 
the Chapman–Enskog equations for the dynamic viscosities, ther-
mal conductivities and effective diffusion coefficients of the gas 
species and the corresponding-states equation of Bondi [79] for 
the specific heat capacities of the liquid species. The group con-
tribution methods of Constantionou and Gani [76] were pre-
ferred to more recent methods, such as the methods of Nannoolal 
et al. [80–82] and Moller et al. [83]. This was because the meth-
ods of Constantionou and Gani [76] are based on similar group 
assignments as the UNIFAC method [84–86], which, in turn, may 
be used for the development of tabulated distillation curve models 
for non-ideal conditions in subsequent studies. However, future 
studies may also incorporate more recent group contribution 
methods.

The physical property models, methods and databases of both sets are 
summarised in Table  1.

3.3. Relevant thermodynamic conditions

Droplets in combustion processes are typically generated through 
atomisation of continuous liquids. The droplets enter hot environments, 
such as flame zones, and are heated up under high heating rates, 
while the vaporised species in the film boundary layer may also ignite 
in oxygen-rich atmospheres. The typical initial droplet temperatures 
are approximately 300K, while the final ones seldom reach 1000K in 
simulations. The simulated gas temperatures, in turn, depend on the 
chemistry models and can be up to 3500K when the chemical reactions 
are described using global mechanisms. The film temperatures, which 
are typically based on the 1/3 rule and are calculated for several physi-
cal properties in single-droplet vaporisation simulations (see Section 4), 
are thus between 300K and 2000K.

3.4. Tabulation variables

Adapted equilibrium distillation curves are primarily determined as 
a function of the recovered mass fraction 𝑤𝛽 and the mole fraction of 
vapour 𝑥vap. The recovered mass fraction 𝑤𝛽 is used to describe the dis-
tillation progress (see Section 2), while the mole fraction of vapour 𝑥vap
is applied to adapt the standard equilibrium distillation curve (see 
Section 3.1). Therefore, two-dimensional tables are generated using the 
recovered mass fraction 𝑤𝛽 and the mole fraction of vapour 𝑥vap as 
tabulation variables. Furthermore, several physical properties in single-
droplet vaporisation models are evaluated at various film temperatures. 
Therefore, (additional) three-dimensional tables are created using the 
recovered mass fraction 𝑤𝛽 , the mole fraction of vapour 𝑥vap and the 
temperature 𝑇  as tabulation variables.
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The two-dimensional tables are generated for the distillation tem-
perature 𝑇 , the liquid species mass fractions, the vapour species mass 
fractions as well as the physical properties of the liquid phase, the 
vapour phase and the vaporising mixture. The physical properties 
include the molar mass 𝑀 , the characteristic Lennard–Jones length 𝜎, 
the characteristic Lennard–Jones energy parameter related to the Boltz-
mann constant 𝜖∕𝑘B, the acentric factor 𝜔, the critical temperature 𝑇c, 
the critical pressure 𝑝c, the density 𝜌, the dynamic viscosity 𝜂, the 
thermal conductivity 𝜆, the specific heat capacity 𝐶̂𝑝, the specific phys-
ical enthalpy 𝐻̂phys and the specific enthalpy of vaporisation 𝛥vap𝐻̂ . 
It should be stressed that the physical properties of the vaporising 
mixture at a specific equilibrium distillation state are calculated using 
the composition of the mixture that is vaporising at this state, whereas 
the physical properties of both the liquid phase and the vapour phase 
are determined using the respective phase compositions present at this 
state.

The three-dimensional tables are determined for the density 𝜌, 
the dynamic viscosity 𝜂, the thermal conductivity 𝜆, the specific heat 
capacity 𝐶̂𝑝 and the specific physical enthalpy 𝐻̂phys of the vaporising 
mixture. These three-dimensional tables are realised through several 
two-dimensional tables, where each two-dimensional table provides the 
physical property as a function of the recovered mass fraction 𝑤𝛽 and 
the temperature 𝑇  for a specific mole fraction of vapour 𝑥vap.

3.5. Tabulations grids

The tabulation grids for the recovered mass fraction 𝑤𝛽 , the mole 
fraction of vapour 𝑥vap and the temperature 𝑇  were developed by com-
paring single-droplet vaporisation predictions based on TDC models 
with results based on DC models. The (baseline) grids are defined using 
the methods described below:

• The grid for the recovered mass fraction 𝑤𝛽 is defined using 
1001 grid points and an advanced non-equidistant spacing be-
tween zero and one. Firstly, the standard equilibrium distilla-
tion curve is calculated as a function of the recovered mass 
fraction 𝑤𝛽 , where very small calculation steps provide several 
thousand points. Secondly, the absolute derivative of the standard 
equilibrium distillation curve is determined using the forward 
difference scheme in combination with a parabolic extrapolation 
at the last grid point. Thirdly, a cumulative distribution function 
is calculated for the absolute derivative data of the standard 
equilibrium distillation curve. Finally, inverse interpolation of the 
cumulative distribution function on an equidistant grid provides 
a gradient based grid, which significantly reduced the numer-
ical errors of single-droplet vaporisation predictions based on 
TDC models.

• The grid for the mole fraction of vapour 𝑥vap is determined using 
41 grid points and a linear spacing between a minimum vaporisa-
tion temperature (that corresponds to a minimum mole fraction of 
vapour 𝑥vap,min) and a maximum vaporisation temperature (that 
corresponds to a maximum mole fraction of vapour 𝑥vap,max). 
The maximum possible mole fraction of vapour 𝑥vap,max is given 
by one in accordance with the standard equilibrium distillation 
curve, while the minimum mole fraction of vapour 𝑥vap,min > 0
particularly depends on the operating pressure 𝑝 and the initial 
vapour pressure 𝑝vap at the droplet surface. The latter can be 
calculated using the initial droplet temperature 𝑇liq,0 and the 
initial droplet composition in mole fractions 𝒙liq,0. Therefore, the 
criterion 

𝑥vap,min <
𝑝vap

|

|

|𝑇liq,0 ,𝒙liq,0

𝑝
(5)

was applied to obtain an initial guess for the minimum mole frac-
tion of vapour 𝑥vap,min. Repetitive tabulations and vaporisation 
simulations were subsequently used to optimise this value in or-
der to ensure appropriate tabulations and accurate single-droplet 
vaporisation predictions.
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Table 1
Physical property models, methods and databases of physical property sets A and B.
 Physical property Models, methods and databases
 Set A Set B  
 Molar mass of a species Database of Aspen Properties [75] Database of NASA [87]  
 Characteristic Lennard–Jones length of a species Tee correlation [88] Tee correlation [88]  
 Characteristic Lennard–Jones energy parameter of 
a species 

Tee correlation [88] Tee correlation [88]  

 Acentric factor of a species Database of Aspen Properties [75] Method of Constantionou and Gani [76]  
 Fugacity coefficient of a species Ideal equation of state Ideal equation of state  
 Activity coefficient of a species Raoult equation Raoult equation  
 Critical temperature of a species Database of Aspen Properties [75] Method of Constantionou and Gani [76]  
 Critical pressure of a species Database of Aspen Properties [75] Method of Constantionou and Gani [76]  
 Critical volume of a species Database of Aspen Properties [75] Method of Constantionou and Gani [76]  
 Density of a gas species Ideal equation of state Ideal equation of state  
 Dynamic viscosity of a gas species Methods and databases of Aspen Properties [75] Chapman–Enskog equation [78]  
 Thermal conductivity of a gas species Methods and databases of Aspen Properties [75] Chapman–Enskog equation [78]  
 Effective diffusion coefficient of a gas species Chapman–Enskog equation [78] Chapman–Enskog equation [78]  
 Specific heat capacity of a gas species Methods and databases of Aspen Properties [75] Method of Constantionou and Gani [76]  
 Density of a liquid species Methods and databases of Aspen Properties [75] Method of Constantionou and Gani [76] and 

method of Racket [78]
 

 Dynamic viscosity of a liquid species Methods and databases of Aspen Properties [75] Constant  
 Effective diffusion coefficient of a liquid species Wilke–Chang–Geankoplis equation [78,89] Constant  
 Specific heat capacity of a liquid species Methods and databases of Aspen Properties [75] 

and method of Bondi [79] 
Method of Constantionou and Gani [76] and 
method of Bondi [79]

 

 Characteristic Lennard–Jones length of a mixture van der Waals mixing rule van der Waals mixing rule  
 Characteristic Lennard–Jones energy parameter of 
a mixture 

van der Waals mixing rule van der Waals mixing rule  

 Critical temperature of a mixture Mole-weighted mixing rule Mole-weighted mixing rule  
 Critical pressure of a mixture Mole-weighted mixing rule Mole-weighted mixing rule  
 Critical volume of a mixture Mole-weighted mixing rule Mole-weighted mixing rule  
 Acentric factor of a mixture Mole-weighted mixing rule Mole-weighted mixing rule  
 Dynamic viscosity of a gas mixture Wilke mixing rule [90] Wilke mixing rule [90]  
 Thermal conductivity of a gas mixture Wilke mixing rule [78,90] Wilke mixing rule [78,90]  
 Specific heat capacity of a gas mixture Mass-weighted mixing rule Mass-weighted mixing rule  
 Dynamic viscosity of a liquid mixture Grunberg–Nissan mixing rule [78,91] Grunberg–Nissan mixing rule [78,91]  
 Thermal conductivity of a liquid mixture Vredeveld mixing rule [78] Vredeveld mixing rule [78]  
 Specific heat capacity of a liquid mixture Mass-weighted mixing rule Mass-weighted mixing rule  
Table 2
Numbers of grid points for the recovered mass fraction 𝑤𝛽 , the mole fraction 
of vapour 𝑥vap and the temperature 𝑇 .
 Tabulation Number of grid points
 𝑤𝛽 𝑥vap 𝑇  
 Baseline 1001 41 36  
 Coarse 1001 21 36  
 Fine 10001 81 71  

• The grid for the temperature 𝑇  was defined using 36 grid points 
and a logarithmic spacing between 300K and 2000K.

In addition to the baseline tabulation grids, both coarse and fine tab-
ulation grids have been defined using different numbers of grid points 
for the mole fraction of vapour 𝑥vap, the recovered mass fraction 𝑤𝛽
and the temperature 𝑇  to investigate the impact of the grid spacings. 
These numbers are given in Table  2.

3.6. Graphs

The distillation calculations and tabulations have been carried out 
for three liquids: (i) nonane, (ii) a bi-component mixture (50% ethylene 
glycol and 50% water, in mass fractions) and (iii) a technical fuel 
(AtJ [4]).

Adapted equilibrium distillation curves are shown for the three mix-
tures in Figs. S4 (left), 3 (left) and 4 (left). The distillation temperatures 
are constant for nonane, while they strongly change for the multi-
component mixtures. Therefore, lower temperatures around 300K
are not tabulated at higher recovered mass fractions 𝑤𝛽 for multi-
component mixtures. This is usually not required as such conditions 
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are not to be expected for combustion processes. However, if such 
conditions are likely, different settings and vapour–liquid equilibrium 
models need to be incorporated for calculating adapted equilibrium 
distillation curves.

Examples of the physical property curves are shown in Figs.  5 and
6 as well as Figs. S7–S12. Figs.  5 (left) and 6 (left) show the spe-
cific enthalpy of vaporisation of the vaporising mixtures 𝛥vap𝐻̂ during 
distillation. Due to the steep gradients, accurate adapted equilibrium 
distillation calculations and appropriate tabulation grids are required 
for the recovered mass fraction 𝑤𝛽 (see Section 3.5). Moreover, Figs.  5 
(right) and 6 (right) depict the specific heat capacity of the vaporising 
mixture 𝐶̂𝑝,evap during distillation. Note that (i) the temperature 𝑇  is 
used for the colour bars instead of the mole fraction of vapour 𝑥vap and 
(ii) various curves are plotted using the same colour to demonstrate 
the three-dimensional tabulation, where each curve corresponds to a 
specific mole fraction of vapour 𝑥vap.

Furthermore, Figs.  3 (right) and 4 (right) show the vapour pres-
sure 𝑝vap during distillation. The vapour pressures 𝑝vap were calcu-
lated using the distillation temperatures and the compositions of the 
liquid phase in mole fractions 𝒙liq. The curves are almost constant 
and in agreement with the specified vapour pressures (1 − 𝑥inert) 𝑝. 
This demonstrates that the adapted equilibrium distillation calcula-
tions provided data with small numerical errors. However, if too large 
calculation steps were used for the adapted equilibrium distillation 
calculations, the absolute error between the calculated vapour pres-
sure 𝑝vap and the specified vapour pressure (1 − 𝑥inert) 𝑝 would increase 
with increasing recovered mass fraction 𝑤𝛽 . Moreover, the accuracy of 
single-droplet vaporisation predictions based on TDC models typically 
decreases with increasing errors in vapour pressure 𝑝vap. Therefore, 
Figs.  3 (right) and 4 (right) should be used to check a-priori the 
accuracy of TDC models.
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Fig. 3. Tabulated distillation curves (left) and tabulated curves of the vapour pressure 𝑝vap (right) for the ethylene glycol–water mixture.
3.7. Access to the tables

The thermodynamic state and physical property tables are accessed 
using linear interpolation (for example, during single-droplet vapori-
sation simulations). First, after reading the tables into memory, the 
grids, used for the mole fraction of vapour 𝑥vap and the recovered mass 
fraction 𝑤𝛽 , are extracted from the tables. Then, the mole fraction of 
vapour 𝑥vap and the indices of the nearest tabulated mole fractions of 
vapour are determined for a given droplet temperature 𝑇liq and a given 
recovered mass fraction 𝑤𝛽 using the tabulated distillation tempera-
tures and inverse two-dimensional linear interpolation. Bounding based 
on constant values is applied if the queried droplet temperature 𝑇liq or 
the queried recovered mass fraction 𝑤𝛽 or the resulting mole fraction 
of vapour 𝑥vap is outside the tabulation.

The mole fraction of vapour 𝑥vap (based on the droplet tempera-
ture 𝑇liq) and the recovered mass fraction 𝑤𝛽 can be used to determine 
a physical property at the droplet temperature 𝑇liq, for example, the 
specific enthalpy of vaporisation of the vaporising mixture 𝛥vap𝐻̂ . 
The physical property value is calculated using two-dimensional linear 
interpolation, in combination with bounding based on constant values.

The mole fraction of vapour 𝑥vap (based on the droplet tempera-
ture 𝑇liq) and the recovered mass fraction 𝑤𝛽 can also be employed to 
determine a physical property at a film temperature 𝑇film. Firstly, the in-
dices of the nearest tabulated mole fractions of vapour are determined. 
Secondly, these indices are used to identify the corresponding two-
dimensional tables within the three-dimensional tabulation. Thirdly, 
the physical property value is calculated using three-dimensional linear 
interpolation in combination with bounding based on constant values.
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4. Single-droplet vaporisation simulations

The single-droplet vaporisation simulations were carried out using 
a droplet motion model and a multi-component droplet vaporisation 
model, which was combined with either a tabulated distillation curve 
model or a discrete component model. The tabulated distillation curve 
model is based on the thermodynamic state and physical property ta-
bles, while the discrete component model accounts for all mixture com-
pounds and relies on the physical property models that were used for 
generating the thermodynamic state and physical property tables (see 
Table  1). The model equations were implemented in an in-house soft-
ware in Python and were solved using common numerical methods [92] 
and constant time steps.

4.1. Single-droplet motion model

The single-droplet motion model assumes an one-dimensional
droplet flow in parallel to the gas flow. The droplet position 𝑥liq is 
described by
d𝑥liq
d𝑡 = 𝑢liq , (6)

𝑥liq
|

|

|𝑡=0
= 𝑥liq,0 , (7)

where 𝑡 is the time, 𝑢liq is the droplet velocity and 𝑥liq,0 is the initial 
droplet position. The droplet velocity 𝑢liq is determined by
d𝑢liq
d𝑡 = 1

𝜏liq

(

𝑢gas − 𝑢liq
)

+
(

𝜌liq − 𝜌gas
) 𝜋

6
𝑑3liq 𝑔 , (8)

𝑢 | = 𝑢 , (9)
liq|
|𝑡=0 liq,0
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Fig. 4. Tabulated distillation curves (left) and tabulated curves of the vapour pressure 𝑝vap (right) for AtJ.
where 

𝜏liq =
𝜌liq 𝑑2liq
18 𝜂gas

24
𝐶d 𝑅𝑒liq

, (10)

is the droplet relaxation time, 𝑢gas is the gas velocity, 𝜌liq is the droplet 
density, 𝜌gas is the gas density, 𝑑liq is the droplet diameter, 𝑔 is the earth 
acceleration, 𝑢liq,0 is the initial droplet velocity, 𝜂gas is the dynamic gas 
viscosity, 𝐶d is the drag coefficient and 𝑅𝑒liq = 𝜌liq 𝑑liq

(

𝑢liq − 𝑢gas
)

∕𝜂gas
is the droplet Reynolds number. The drag coefficient 𝐶d is calculated 
using the Morsi–Alexander equation [93].

4.2. Single-droplet vaporisation model

The single-droplet multi-component vaporisation model is based 
on the model of Abramzon and Sirignano [11], extended to multi-
component mixtures but without adaptions or improvements following 
recent findings [10,94,95]. The model assumes a spherical droplet 
with uniform droplet temperature and droplet species concentrations 
at all time steps and describes the film boundary layer using a film 
temperature 𝑇film and a gas film composition in mass fractions 𝒘gas,film. 
The film temperature 𝑇film is given by [11] 

𝑇film = 𝑇liq,s + 𝑓film
(

𝑇gas − 𝑇liq,s
)

, (11)

while the gas film composition in mass fractions 𝒘gas,film =
(

𝑤𝑖,gas,film
)

is determined by [11] 

𝑤 = 𝑤 + 𝑓
(

𝑤 −𝑤
)

, (12)
𝑖,gas,film 𝑖,gas,s film 𝑖,gas 𝑖,gas,s
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where 𝑇liq,s is the droplet surface temperature and is equal to the 
droplet temperature 𝑇liq in the case of a uniform temperature distri-
bution, 𝑓film is the film factor, and 𝑤𝑖,gas,s is the gas species mass 
fraction of species 𝑖 at the droplet surface and is determined using 
the vapour pressure 𝑝vap of species 𝑖 at the droplet surface. Moreover, 
the film factor is assumed to be 1∕3, while larger values up to one 
result in increased vaporisation rates that are not in agreement with 
experimental observations [4,11,96].

In contrast to the classical vaporisation model, the model of Abram-
zon and Sirignano takes into account the thickening of the laminar 
boundary layer due to Stefan flow [11] and uses a modified Sherwood 
number at film condition [11] 

𝑆ℎfilm,mod = 2 +
𝑆ℎfilm,0 − 2

𝐹m
(13)

and a modified Nusselt number at film condition [11] 

𝑁𝑢film,mod = 2 +
𝑁𝑢film,0 − 2

𝐹T
, (14)

where 𝑆ℎfilm,0 is the Sherwood number and 𝑁𝑢film,0 is the Nusselt 
number, each based on the Ranz–Marshall correlation [97,98], and 
𝐹m and 𝐹T are correction factors for mass transfer and heat transfer. 
The Sherwood number 𝑆ℎfilm,0 and the Nusselt number 𝑁𝑢film,0 are 
calculated by [97,98]
𝑆ℎfilm,0 = 2 + 0.6𝑅𝑒1∕2film 𝑆𝑐1∕3film , (15)

𝑁𝑢film,0 = 2 + 0.6𝑅𝑒1∕2film 𝑃𝑟1∕3film , (16)

where 𝑅𝑒film is the Reynolds number, 𝑆𝑐film is the Schmidt number and 
𝑃𝑟  is the Prandtl number, each calculated at film condition.
film
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Fig. 5. Tabulated curves of the specific enthalpy of vaporisation of the vaporising mixture 𝛥vap𝐻̂ (left) and of the specific heat capacity of the vaporising 
mixture 𝐶̂𝑝,evap (right) for the ethylene glycol–water mixture. For reasons of clarity, only a few curves corresponding to the mole fractions of vapour are depicted 
for each temperature. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
The correction factor for mass transfer 𝐹m and the correction factor 
for heat transfer 𝐹T are approximated by [11]

𝐹m =

⎧

⎪

⎨

⎪

⎩

(1 + 𝐵m)0.7 , if 𝐵m = 0

(1 + 𝐵m)0.7 ln
(

1+𝐵m
𝐵m

)

, else
, (17)

𝐹T =

⎧

⎪

⎨

⎪

⎩

(1 + 𝐵T)0.7 , if 𝐵T = 0

(1 + 𝐵T)0.7 ln
(

1+𝐵T
𝐵T

)

, else
, (18)

where 𝐵m is the Spalding mass transfer number and 𝐵T is the Spalding 
heat transfer number. The Spalding numbers 𝐵m and 𝐵T are defined 
by [11,94]

𝐵m =
𝑤vap,gas,s −𝑤vap,gas

1 +𝑤vap,gas,s
, (19)

𝐵T =
(

1 + 𝐵m
)𝜑 − 1 , (20)

where 𝑤vap,gas,s is the (total) gas species mass fraction of vapour at 
the droplet surface and 𝑤vap,gas is the (total) gas species mass fraction 
of vapour in the bulk and 𝜑 is an auxiliary model parameter. The 
gas species mass fractions 𝑤vap,gas,s and 𝑤vap,gas are equal to the mass 
fractions of the vaporising species in the case of single-component 
vaporisation and are the respective sums of the mass fractions of all 
vaporising species in the case of multi-component vaporisation. The 
auxiliary model parameter 𝜑 is defined by 

𝜑 = 1 𝑆ℎfilm,mod 𝐶̂𝑝,vap,film
̂

, (21)

𝐿𝑒film 𝑁𝑢film,mod 𝐶𝑝,gas,film
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where 𝐿𝑒film is the Lewis number at film condition, 𝐶̂𝑝,vap,film is the 
specific vapour heat capacity at film condition and 𝐶̂𝑝,gas,film is the 
specific gas heat capacity at film condition. The Lewis number at film 
condition is defined by 

𝐿𝑒film =
𝜆gas,film

𝜌gas,film 𝐶̂𝑝,gas,film𝐷gas,film
, (22)

where 𝜆gas,film is the gas thermal conductivity, 𝜌gas,film is the gas density 
and 𝐷gas,film is an effective gas diffusion coefficient, each evaluated at 
film condition.

The modified Sherwood number at film condition 𝑆ℎfilm,mod and 
the modified Nusselt number at film condition 𝑁𝑢film,mod are dimen-
sionless auxiliary numbers. The (actual) Sherwood number at film 
condition 𝑆ℎfilm is defined by [11] 

𝑆ℎfilm =

⎧

⎪

⎨

⎪

⎩

𝑆ℎfilm,mod , if 𝐵m = 0

𝑆ℎfilm,mod ln
(

1+𝐵m
𝐵m

)

, else
, (23)

and the (actual) Nusselt number at film condition 𝑁𝑢film is calculated 
by 

𝑁𝑢film =

⎧

⎪

⎨

⎪

⎩

𝑁𝑢film,mod , if 𝐵T = 0

𝑁𝑢film,mod ln
(

1+𝐵T
𝐵T

)

, else
. (24)

The droplet has an initial mass 𝑚liq,0, an initial temperature 𝑇liq,0, an 
initial composition in mass fractions 𝒘liq,0 (or in mole fractions 𝒙liq,0) 
and an initial diameter 𝑑 . The model subsequently predicts the 
liq,0
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Fig. 6. Tabulated curves of the specific enthalpy of vaporisation of the vaporising mixture 𝛥vap𝐻̂ (left) and of the specific heat capacity of the vaporising 
mixture 𝐶̂𝑝,evap (right) for AtJ. For reasons of clarity, only a few curves corresponding to the mole fractions of vapour are depicted for each temperature. (For 
interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
droplet mass 𝑚liq, the droplet temperature 𝑇liq, the droplet composition 
in mass fractions 𝒘liq and the droplet diameter 𝑑liq. The mass transfer 
rate between droplet and gas phase is described by 
d𝑚liq
d𝑡 = −

𝐴s,liq 𝜌gas,film𝐷gas,film

𝑑liq
𝑆ℎfilm,mod ln

(

1 + 𝐵m
)

, (25)

where 𝐴s,liq is the droplet surface area. The mass transfer rate of 
species 𝑖 between droplet and gas phase is given by 
d𝑚𝑖,liq

d𝑡 = 𝜀𝑖
d𝑚liq
d𝑡 , (26)

where 𝑚𝑖,liq is the droplet mass of species 𝑖 and 𝜀𝑖 is the vapori-
sation mass fraction of species 𝑖. The droplet composition in mass 
fractions 𝒘 =

(

𝑤𝑖,liq
) is defined by 

𝑤𝑖,liq =
𝑚𝑖,liq

𝑚liq
, (27)

while the composition of the vaporising mixture 𝜺 =
(

𝜀𝑖
) is described 

by [14] 

𝜀𝑖 = 𝑤𝑖,gas,s +
𝑤𝑖,gas,s −𝑤𝑖,gas

𝐵m
. (28)

The composition of the vaporising mixture 𝜺 =
(

𝜀𝑖
) is also ap-

plied to determine the physical properties at film condition (see also 
Section 3.4).

The heat transfer between droplet and gas phase neglects the pres-
sure change work, the pressure dependency of enthalpy and radiative 
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heat transfer. The heat transfer rate is described by 

𝑚liq 𝐶̂𝑝,liq
d𝑇liq
d𝑡 = 𝐴s,liq

(

ℎconv,liq
(

𝑇gas − 𝑇liq
)

−
d𝑚liq
d𝑡 𝛥vap𝐻̂

)

, (29)

where ℎconv,liq is the convective heat transfer coefficient and 𝛥vap𝐻̂
is the specific enthalpy of vaporisation. The latter is calculated using 
the vaporisation mass fractions 𝜺 =

(

𝜀𝑖
)

. The convective heat transfer 
coefficient ℎconv,liq is calculated by 

ℎconv,liq =
𝑁𝑢film 𝜆gas,film

𝑑liq
, (30)

where 𝜆gas,film is the gas thermal conductivity at film condition. The 
droplet diameter 𝑑liq is obtained by 

𝑑liq =
(

6
𝜋
𝑚liq
𝜌liq

)1∕3
. (31)

4.3. Absolute deviations, relative deviations and integral deviations

The predictions based on a TDC model are compared with the pre-
dictions based on a DC model using absolute deviations AD, relative de-
viations RD, integral deviations ID, droplet lifetime differences 𝛥𝑡liq,max
and maximum droplet temperature differences 𝛥𝑇liq,max. The DC models 
were applied as reference models and account for all species prevailing 
in the respective mixtures. The absolute deviations AD and the relative 
deviations RD are given by
AD = 𝑋 − 𝑋 , (32)
𝑋 |TDC |DC
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RD𝑋 =
𝑋|TDC − 𝑋|DC

𝑋|DC
, (33)

where 𝑋 is an arbitrary quantity (such as the droplet position 𝑥liq, 
the droplet velocity 𝑢liq, the droplet temperature 𝑇liq or the droplet 
diameter 𝑑liq), TDC refers to the results based on a tabulated distillation 
curve model and DC refers to the results based on a discrete component 
model.

The integral deviations for predictions of droplet position IDx, 
droplet velocity IDu, droplet temperature IDT and droplet diameter IDd
are defined by

IDx =
∫
𝑡liq,max
0 𝑥liq

|

|

|TDC
− 𝑥liq

|

|

|DC
d𝑡

∫
𝑡liq,max
0 𝑥liq

|

|

|DC
d𝑡

, (34)

IDu =
∫
𝑡liq,max
0 𝑢liq

|

|

|TDC
− 𝑢liq

|

|

|DC
d𝑡

∫
𝑡liq,max
0 𝑢liq

|

|

|DC
d𝑡

, (35)

IDT =
∫
𝑡liq,max
0 𝑇liq

|

|

|TDC
− 𝑇liq

|

|

|DC
d𝑡

∫
𝑡liq,max
0 𝑇liq

|

|

|DC
d𝑡

, (36)

IDd =
∫
𝑡liq,max
0 𝑑liq

|

|

|TDC
− 𝑑liq

|

|

|DC
d𝑡

∫
𝑡liq,max
0 𝑑liq

|

|

|DC
d𝑡

, (37)

where the droplet lifetime 
𝑡liq,max = min

(

𝑡liq,max
|

|

|TDC
, 𝑡liq,max

|

|

|DC

)

(38)

is used as an upper integration bound. The droplet lifetime differ-
ences 𝛥𝑡liq,max and the maximum droplet temperature differences
𝛥𝑇liq,max are defined by

𝛥𝑡liq,max = 𝑡liq,max
|

|

|TDC
− 𝑡liq,max

|

|

|DC
, (39)

𝛥𝑇liq,max = max
(

𝑇liq
|

|

|TDC
− 𝑇liq

|

|

|DC

)

. (40)

5. Discussion

Single-droplet vaporisation simulations were carried out for the 
verification, analysis and validation of TDC models. The accuracy and 
the efficiency of TDC models are discussed in Sections 5.1 and 5.2. 
The effects of (i) internal heat and mass transfer, (ii) tabulation and 
time step and (iii) physical property models are analysed in Sections 
5.3, 5.4 and 5.5. The predictions are compared with measured data 
in Section 5.6, while the differences between distillation curve and 
TDC models and the limitations of TDC models are finally discussed 
in Sections 5.7 and 5.8.

5.1. Accuracy of tabulated distillation curve models

The accuracy of TDC models is presented for nonane, the ethylene 
glycol–water mixture and AtJ (see Section 3.6) considering three test 
cases.

In test case 1, an initially non-moving spherical droplet with an 
initial temperature of 300K and an initial diameter of 100 μm is con-
sidered in a stationary, moving gas phase consisting of nitrogen with 
a velocity of 2m∕s and a temperature of 950K at a constant pressure 
of 1 bar. In test case 2, the gas temperature is increased to 1400K. 
In test case 3, the initial droplet diameter is changed to 200 μm. The 
initial droplet diameters 𝑑liq,0, initial droplet temperatures 𝑇liq,0 and 
gas temperatures 𝑇gas of the test cases are summarised in Table  3. The 
single-droplet vaporisation simulations were conducted using constant 
time steps of 10−2 ms and baseline tabulations for the TDC models (see 
also Section 5.4).

The simulated droplet temperatures are shown for the three mix-
tures and the three test cases in Figs.  7–9, while the simulated droplet 
velocities and the simulated droplet diameters are shown in Figs. S13–
S21. In Figs.  7–9, the predictions based on the DC models are depicted 
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Table 3
Initial droplet diameters 𝑑liq,0, initial droplet temperatures 𝑇liq,0 and gas 
temperatures 𝑇gas of the test cases.
 Test case 𝑑liq,0

μm
𝑇liq,0
K

𝑇gas
K

 1 100 300 950
 2 100 300 1400
 3 200 300 950

Fig. 7. Droplet temperatures 𝑇liq: predictions based on DC and TDC models 
for nonane and test cases 1, 2 and 3. (For interpretation of the references to 
colour in this figure, the reader is referred to the web version of this article.)

Fig. 8. Droplet temperatures 𝑇liq: predictions based on DC and TDC models for 
the ethylene glycol–water mixture and test cases 1, 2 and 3. (For interpretation 
of the references to colour in this figure, the reader is referred to the web 
version of this article.)

as coloured lines, while the results based on the TDC models are shown 
as dashed lines. The curves completely overlap, which indicates the 
necessity of absolute deviations AD or relative deviations RD as quality 
measures (see Section 4.3). The absolute deviations are used for the 
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Fig. 9. Droplet temperatures 𝑇liq: predictions based on DC and TDC models 
for AtJ and test cases 1, 2 and 3. (For interpretation of the references to colour 
in this figure, the reader is referred to the web version of this article.)

temperatures, while the relative deviations are applied to the other 
quantities.

The absolute deviations for the droplet temperature predictions 
are shown in Figs.  10–12 (each at the centre) and are between −2K
and 2K. These deviations can be accepted and are mainly connected 
with non-linear relationships in the vaporisation model, such as the 
non-linear mixing rules for dynamic liquid viscosity and liquid thermal 
conductivity. Therefore, the deviations are typically larger for liquid 
mixtures with species whose liquid thermal conductivities are quite 
different at constant temperature.

The relative deviations for the droplet velocity and droplet diameter 
predictions are shown in Figs.  10–12 (each on the left side and the 
right side, respectively). These deviations are mainly small. Larger 
deviations for the droplet diameter predictions are only found for the 
final vaporisation stages due to different droplet life times.

The relative deviations for the vapour pressure predictions are 
shown in Figs.  13–15 (each on the left side) demonstrating again quite 
small relative deviations between the simulation results. Some larger 
relative deviations are observed for the initial vaporisation stages and 
in the presence of strong composition changes. Furthermore, note that 
the vapour pressure was bounded by a minimum value of 10−2 kPa for 
nonane, by a minimum value of 1 kPa for the ethylene glycol–water 
mixture and by a minimum value of 10−2 kPa for AtJ, as minimum mole 
fractions of vapour of 10−4, 10−2 and 10−4, respectively, were used for 
the tabulations (see Section 3.6), resulting in higher relative deviations 
at the initial vaporisation stages.

Finally, the relative deviations for Spalding heat transfer number 
predictions are compared in Figs.  13–15 (each at the centre). The 
Spalding heat transfer number 𝐵T is calculated using various physical 
properties (see Eqs. (19)–(21)). Therefore, its prediction can be affected 
more strongly by model errors compared to the individual physical 
properties. However, the relative deviations are up to 6% only and 
are at largest for the bi-component mixture, which is because of the 
strong changes of the liquid thermal conductivity during vaporisation. 
Therefore, TDC models have provided excellent predictions compared 
to discrete component models.

5.2. Computing times of tabulated distillation curve models

The droplet models were incorporated in an in-house software in 
Python. This software enables rapid testing of new models or new 
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implementations at various conditions but has also a huge overload 
of methods and outputs. This is appreciated for tests but increases the 
computing times of simulations. Therefore, the efficiency of TDC mod-
els was only investigated in a first approximation in this study. The re-
sults showed that, for any multi-component liquid, TDC models (based 
on the baseline tabulation) require similar computing times as DC mod-
els with approximately eight components. TDC models for mixtures 
with dozens or even hundreds of species are thus significantly more 
efficient than DC models at a similar level of accuracy. Future studies 
may provide a more detailed analysis.

5.3. Effect of internal heat and mass transfer

Uniform distributions of droplet temperature and droplet species 
concentrations are assumed for the TDC models (in line with
ITC/ID models). Thus, internal heat and mass transfer is neglected in 
contrast to ETC/ED models or distillation curve models. However, in 
order to show the possible impact of internal heat and mass transfer, the 
distillation Peclet number 𝑃𝑒dist (see Section S3) has been determined 
using the mass transfer rate between droplet and gas phase d𝑚liq∕d𝑡, 
the droplet density 𝜌liq and a constant effective droplet diffusion 
coefficient 𝐷liq,eff. The mass transfer rate between droplet and gas 
phase d𝑚liq∕d𝑡 and the droplet density 𝜌liq were obtained from the 
droplet vaporisation simulation results. The effective droplet diffusion 
coefficient 𝐷liq,eff, in turn, was assumed by a value of 10−9 m2∕s, which 
is the typical magnitude of diffusion coefficients in low-viscous multi-
component liquids. It is expected that this approach is sufficient to 
determine the magnitude of the distillation Peclet number 𝑃𝑒dist.

The distillation Peclet numbers 𝑃𝑒dist are shown for the ethylene 
glycol–water mixture in Fig.  14 and for AtJ in Fig.  15 (each on the right 
side). The distillation Peclet numbers 𝑃𝑒dist are significantly larger than 
one, which indicates a large impact of internal mass transfer. Therefore, 
internal heat and mass transfer should not be neglected even though it 
is a common approach for large-scale CFD simulations. Future studies 
may develop approaches based on TDC models and distillation curve 
models to account for internal heat and mass transfer (see Eq. S14).

5.4. Effect of tabulation and time step

The single-droplet vaporisation predictions presented in Section 5.1 
were obtained using the baseline tabulation and constant time steps 
of 10−2 ms. However, for test case 2, additional simulations were per-
formed (i) using the coarse or the fine tabulation and (ii) using constant 
time steps of 1ms, 10−1 ms or 10−3 ms. The integral deviations for 
predictions of droplet position IDx, droplet velocity IDu, droplet temper-
ature IDT and droplet diameter IDd are compared for the bi-component 
mixture in Table  5 and for the technical fuel in Table  6.

The results show that (i) the droplet lifetimes 𝑡liq,max and the droplet 
temperatures 𝑇liq are well predicted for all tabulations using constant 
time steps below 10−1 ms and (ii) the integral deviations usually do 
not decrease with a decrease in time step below 10−1 ms. In particular, 
constant time steps of 10−3 ms do not significantly improve the predic-
tions based on TDC models compared to constant time steps of 10−2 ms. 
Therefore, the accuracy of the simulation results is restricted equally by 
the time step and by the tabulated distillation curve data. Furthermore, 
the integral deviations for droplet diameter predictions IDd mainly 
decrease with improved tabulation at constant time step, while similar 
effects are not observed for the integral deviations for predictions of 
droplet position IDx, droplet velocity IDu and droplet temperature IDT. 
Therefore, the baseline tabulation and constant time steps of 10−2 ms
have been appropriate for the single-droplet vaporisation simulations 
using TDC models presented in Section 5.1 and are recommended for 
future studies.

The results also demonstrate that single-droplet vaporisation simula-
tions using TDC models can be performed for a wide range of time steps 
between 10−3 ms and 1ms without any challenges. This is primarily 
because constant values are assigned outside the tabulated data, which, 
in turn, provides numerical stability. Larger numerical deviations might 
be only observed for the final vaporisation stages.
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Fig. 10. Relative deviations for droplet velocity predictions RD𝑢liq  (left), absolute deviations for droplet temperature predictions AD𝑇liq  (centre) and relative 
deviations for droplet diameter predictions RD𝑑liq  (right), each obtained for nonane and test cases 1 (top), 2 (centre) and 3 (bottom).

Fig. 11. Relative deviations for droplet velocity predictions RD𝑢liq  (left), absolute deviations for droplet temperature predictions AD𝑇liq  (centre) and relative 
deviations for droplet diameter predictions RD𝑑liq  (right), each obtained for the ethylene glycol–water mixture and test cases 1 (top), 2 (centre) and 3 (bottom).
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Fig. 12. Relative deviations for droplet velocity predictions RD𝑢liq  (left), absolute deviations for droplet temperature predictions AD𝑇liq  (centre) and relative 
deviations for droplet diameter predictions RD𝑑liq  (right), each obtained for AtJ and test cases 1 (top), 2 (centre) and 3 (bottom).

Fig. 13. Relative deviations for vapour pressure predictions RD𝑝vap  (left) and for Spalding heat transfer number predictions RD𝐵T  (centre), each obtained for 
nonane and test cases 1 (top), 2 (centre) and 3 (bottom).
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Fig. 14. Relative deviations for vapour pressure predictions RD𝑝vap  (left) and for Spalding heat transfer number predictions RD𝐵T  (centre) as well as distillation 
Peclet numbers 𝑃𝑒dist (right), each obtained for the ethylene glycol–water mixture and test cases 1 (top), 2 (centre) and 3 (bottom).

Fig. 15. Relative deviations for vapour pressure predictions RD𝑝vap  (left) and for Spalding heat transfer number predictions RD𝐵T  (centre) as well as distillation 
Peclet numbers 𝑃𝑒dist (right), each obtained for AtJ and test cases 1 (top), 2 (centre) and 3 (bottom).
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Fig. 16. Normalised squared droplet diameters (𝑑liq∕𝑑liq,0
)2: experimental data 

from microscopic double-pulse shadowgraphy measurements in free-falling 
droplet experiments [99] and predictions based on DC and TDC models for 
nonane and AtJ and accounting for the experimental conditions.

5.5. Effect of physical property models

The single-droplet vaporisation simulations were conducted using 
fixed sets of physical property models. For example, considering set B, 
the characteristic Lennard–Jones length of the vapour 𝜎vap and the 
characteristic Lennard–Jones energy parameter of the vapour related 
to the Boltzmann constant 𝜖vap∕𝑘B were calculated using the van der 
Waals mixing rule and the Tee correlations [88]. However, the Dooley 
correlations [100] may be used instead of the Tee correlations [88]. 
In order to show the impact of physical property models on the pre-
dictions, single-droplet vaporisation simulations were conducted based 
on the discrete component model and the Dooley correlations [100] 
and considering the liquid technical fuel AtJ and test case 2. The 
predictions are depicted in Fig.  9 and show the strong impact of a single 
physical property model on the predictions (see Section 2.2). Therefore, 
physical property models induce uncertainties that can be larger than 
those of TDC models. Furthermore, the comparison shows that phys-
ical property models should be carefully chosen for TDC models, as 
wrongly selected models may require an elaborative re-generation of 
the thermodynamic state and physical property tables or might result 
in an unfair comparison with DC models.

5.6. Comparison with experimental data

Predictions based on DC models were employed in Section 5.1 
to verify the predictions based on TDC models, where DC models 
were considered as reference models in agreement with previous stud-
ies [52]. However, the vaporisation of several surrogate and technical 
fuels, including nonane and AtJ, was recently investigated using free-
falling droplets and microscopic double-pulse shadowgraphy measure-
ments in a laminar flow channel [99]. The gas temperatures were 
up to 1300K, while the free-falling droplets exhibited initial diame-
ters of 77 μm and axial velocities between 0.75m∕s and 1m∕s [99]. 
For nonane and AtJ, additional single-droplet vaporisation simulations 
were conducted assuming the measured initial droplet diameters and 
the derived profiles for axial gas temperature and droplet velocity [99]. 
The predictions are compared with the experimental data using the 
normalised squared droplet diameter (𝑑liq∕𝑑liq,0

)2 and the normalised 
time 𝑡∕𝑑2  in Fig.  16. For nonane, the predictions are in excellent 
liq,0
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agreement with the experimental data, whereas large deviations be-
tween measured and predicted data are found for AtJ. The technical 
fuel has shown much higher vaporisation rates in the experiments than 
predicted by both DC and TDC models, which is in agreement with the 
deviations between the experimental and numerical distillation curves 
(see Section 2.2.4). The deviations are therefore linked to inappropriate 
physical property data. Neither DC nor TDC models can overcome such 
deficiencies.

5.7. Comparison of tabulated distillation curve models with distillation 
curve models

Distillation curve models and tabulated distillation curve models are 
both named after distillation curves. This suggests that both modelling 
approaches have significant similarities. However, both approaches are 
based on different methods. For example, distillation curve models 
mimic the experimental distillation behaviour based on experimental 
distillation data and empirical approaches, whereas tabulated distil-
lation models describe the theoretical distillation behaviour based on 
numerical equilibrium distillation curves. Therefore, distillation curve 
models might be referred to as experimental distillation curve models, 
while tabulated distillation curves might be described as tabulated 
numerical distillation curve models. The main differences are summarised 
in Table  4.

5.8. Limitations of tabulated distillation curve models

The single-droplet vaporisation simulations with TDC models have 
provided excellent results if compared to DC models and have been 
more efficient for liquids with more than eight components. This is ben-
eficial for CFD simulations of large-scale systems with multi-component 
droplet vaporisation phenomena. However, the simulations have also 
shown various limitations which are summarised below:

1. Significant computing resources are required to generate and 
tabulate distillation and physical property curves. Therefore, 
these curves should be based on the most appropriate physical 
property data.

2. TDC models cannot provide excellent predictions of experiments 
when physical property data are inappropriate.

3. TDC models require high load times when reading the tables into 
memory. Therefore, neural networks may be employed instead, 
accepting a loss in accuracy but shortening computing times.

4. Isobaric conditions have been assumed to simplify pre-
computations and tabulations as such conditions are applicable 
to most chemical and high-temperature processes.

5. Ideal vapour–liquid equilibria have been assumed to simplify the 
distillation calculations. However, TDC models are also applica-
ble to non-ideal vapour–liquid equilibria.

6. TDC models neglect internal heat and mass transfer, which is 
questionable for larger droplets. Therefore, TDC models may be 
extended by new approaches based on previously underlined 
interpolation concepts [55].

7. TDC models were presented for three liquids and were tested for 
three atmospheric-pressure conditions. However, TDC models 
are applicable to a wide range of multi-component liquids and 
conditions.

8. TDC models were only employed in single-droplet simulations 
but may also be incorporated into CFD simulations of large-scale 
technical systems.
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Table 4
Differences between distillation curve models and tabulated distillation curve models.
 Distillation curve models Tabulated distillation curve models  
 Data basis Experimental distillation data Numerical equilibrium distillation data 
 Internal heat and mass transfer Yes (based on interpolation) No  
 Fluids Jet fuels, diesel, gasoline All liquids  
Table 5
Set-ups and results of the single-droplet vaporisation simulations considering the ethylene glycol–water mixture and test case 2: time steps 𝛥𝑡, integral 
deviations IDx, IDu, IDT and IDd, droplet lifetimes 𝑡liq,max, droplet lifetime differences 𝛥𝑡liq,max, maximum droplet temperatures 𝑇liq,max and maximum 
droplet temperature differences 𝛥𝑇liq,max.
Test case Tabulation 𝛥𝑡

ms
IDx
%

IDu
%

IDT
%

IDd
%

𝑡liq,max
ms

𝛥𝑡liq,max
ms

𝑇liq,max
K

𝛥𝑇liq,max
K

2 Coarse 1 0.003 12 0.004 94 −0.055 95 0.138 49 1.14 ⋅ 102 1.0 432.99 0.00
2 Baseline 1 0.002 91 0.004 94 −0.045 00 0.144 60 1.14 ⋅ 102 1.0 432.99 0.00
2 Fine 1 0.002 88 0.004 99 −0.040 74 0.147 53 1.14 ⋅ 102 1.0 432.99 0.00
2 Coarse 10−1 0.000 01 −0.001 63 0.001 38 −0.048 40 1.15 ⋅ 102 −1.0 ⋅ 10−1 432.99 1.39
2 Baseline 10−1 −0.000 27 −0.001 65 0.012 46 −0.042 56 1.15 ⋅ 102 −1.0 ⋅ 10−1 432.99 1.41
2 Fine 10−1 −0.000 31 −0.001 61 0.016 80 −0.040 13 1.15 ⋅ 102 0.0 432.99 1.41
2 Coarse 10−2 −0.000 29 −0.002 30 0.007 41 −0.064 78 1.15 ⋅ 102 −8.0 ⋅ 10−2 432.99 1.61
2 Baseline 10−2 −0.000 57 −0.002 33 0.018 49 −0.058 86 1.15 ⋅ 102 −8.0 ⋅ 10−2 432.99 1.63
2 Fine 10−2 −0.000 61 −0.002 29 0.022 84 −0.056 28 1.15 ⋅ 102 −7.0 ⋅ 10−2 432.99 1.63
2 Coarse 10−3 −0.000 34 −0.002 35 0.007 85 −0.065 67 1.15 ⋅ 102 −8.0 ⋅ 10−2 432.99 1.63
2 Baseline 10−3 −0.000 62 −0.002 38 0.018 92 −0.059 82 1.15 ⋅ 102 −7.7 ⋅ 10−2 432.99 1.65
2 Fine 10−3 −0.000 66 −0.002 34 0.023 27 −0.057 05 1.15 ⋅ 102 −7.5 ⋅ 10−2 432.99 1.65
Table 6
Set-ups and results of the single-droplet vaporisation simulations considering AtJ and test case 2: time steps 𝛥𝑡, integral deviations IDx, IDu, IDT
and IDd, droplet lifetimes 𝑡liq,max, droplet lifetime differences 𝛥𝑡liq,max, maximum droplet temperatures 𝑇liq,max and maximum droplet temperature 
differences 𝛥𝑇liq,max.
Test case Tabulation 𝛥𝑡

ms
IDx
%

IDu
%

IDT
%

IDd
%

𝑡liq,max
ms

𝛥𝑡liq,max
ms

𝑇liq,max
K

𝛥𝑇liq,max
K

2 Coarse 1 0.006 34 0.000 47 −0.129 90 −0.296 10 5.80 ⋅ 101 −1.0 647.39 54.26
2 Baseline 1 0.004 70 −0.000 36 −0.140 13 −0.282 98 5.80 ⋅ 101 −1.0 647.39 47.68
2 Fine 1 0.004 20 −0.000 55 −0.127 57 −0.272 48 5.80 ⋅ 101 −1.0 647.39 49.38
2 Coarse 10−1 0.005 19 0.002 68 −0.038 91 −0.055 41 5.78 ⋅ 101 0.0 579.46 0.36
2 Baseline 10−1 0.003 33 0.001 78 −0.014 78 −0.033 59 5.78 ⋅ 101 0.0 579.46 0.37
2 Fine 10−1 0.002 77 0.001 56 −0.011 78 −0.023 72 5.78 ⋅ 101 0.0 579.46 0.36
2 Coarse 10−2 0.005 11 0.002 99 −0.025 62 −0.034 96 5.79 ⋅ 101 −1.0 ⋅ 10−2 580.86 0.29
2 Baseline 10−2 0.003 22 0.002 07 −0.001 38 −0.013 10 5.79 ⋅ 101 0.0 580.86 0.52
2 Fine 10−2 0.002 65 0.001 84 0.001 67 −0.003 31 5.79 ⋅ 101 0.0 580.86 0.52
2 Coarse 10−3 0.005 10 0.003 02 −0.024 21 −0.032 78 5.79 ⋅ 101 −4.0 ⋅ 10−3 580.76 0.31
2 Baseline 10−3 0.003 21 0.002 10 0.000 03 −0.011 04 5.79 ⋅ 101 3.0 ⋅ 10−3 580.76 0.53
2 Fine 10−3 0.002 63 0.001 87 0.003 10 −0.001 27 5.79 ⋅ 101 7.0 ⋅ 10−3 580.76 0.53
6. Conclusions

A new approach was developed for an accurate and efficient mathe-
matical description of the single-droplet vaporisation of complex tech-
nical fuels. This approach utilises the link between distillation and 
vaporisation, assumes rapid internal mixing and isobaric conditions 
and employs models based on tabulated equilibrium distillation and 
physical property curves. The models are referred to as tabulated 
distillation curve models and were derived for a pure liquid com-
pound, a bi-component liquid and a liquid technical fuel assuming ideal 
atmospheric-pressure conditions.

Single-droplet vaporisation simulations showed that tabulated distil-
lation curve models provide predictions that are in excellent agreement 
with results based on discrete component models and are more efficient 
for liquids with more than eight components. In addition, the simula-
tions demonstrated, through the application to a liquid technical fuel, 
that tabulated distillation curve models are applicable to any liquid 
multi-component mixture if composition and physical property mod-
els are given. Therefore, tabulated distillation curve models can out-
perform surrogate, continuous thermodynamics, hybrid, quasi-discrete 
component and distillation curve models.

However, similarly to continuous thermodynamics or quasi-discrete 
component models, the accuracy of tabulated distillation curve models 
is restricted by the accuracy of mixture composition and physical 
property data. Therefore, future (experimental) studies should improve 
18 
upon the physical property models, methods and databases for techni-
cal fuel compounds. In addition, the accuracy and efficiency of multi-
component vaporisation simulations using tabulated distillation curve 
models may be investigated using CFD simulations.

Future studies should also apply tabulated distillation curve models 
to real gas and real liquid conditions. Fugacity coefficient models 
based on real gas equations of state, such as the Soave–Redlich–Kwong 
equation of state, or activity coefficient models, such as the UNIFAC 
model [84–86], may be coupled with adapted equilibrium distillation 
calculations.

Future studies may finally compare predictions based on tabu-
lated distillation curve models with those based on distillation curve 
models and may develop new (general-purpose) approaches to incor-
porate internal heat and mass transfer based on previously underlined 
interpolation concepts [55].
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