
HAL Id: hal-03615012
https://hal-ifp.archives-ouvertes.fr/hal-03615012

Submitted on 21 Mar 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Numerical Investigation of Droplet Evaporation in
High-Pressure Dual-Fuel Conditions Using a Tabulated

Real-Fluid Model
Hesham Gaballa, Sajad Jafari, Chaouki Habchi, Jean-Charles de Hemptinne

To cite this version:
Hesham Gaballa, Sajad Jafari, Chaouki Habchi, Jean-Charles de Hemptinne. Numerical In-
vestigation of Droplet Evaporation in High-Pressure Dual-Fuel Conditions Using a Tabulated
Real-Fluid Model. International Journal of Heat and Mass Transfer, 2022, 189, pp.122671.
�10.1016/j.ijheatmasstransfer.2022.122671�. �hal-03615012�

https://hal-ifp.archives-ouvertes.fr/hal-03615012
https://hal.archives-ouvertes.fr


Numerical investigation of droplet evaporation in
high-pressure dual-fuel conditions using a tabulated

real-fluid model

Hesham Gaballa∗, Sajad Jafari, Chaouki Habchi∗, Jean-Charles de Hemptinne
IFP Energies Nouvelles, Institut Carnot Transports Energies, 1 et 4 Avenue de

Bois-Préau, 92852 Rueil-Malmaison, France

Abstract
The substitution of diesel by cleaner renewable fuels such as short-chain alcohols in dual-
fuel internal combustion engines is considered an attractive solution to reduce the pollu-
tant emissions from internal combustion engines. In this context, two-phase flow models
for multi-component mixtures considering the real-fluid thermodynamics are required for
further understanding the evaporation and mixing processes in transcritical conditions.
The present study proposes an efficient real-fluid model (RFM) based on a two-phase, fully
compressible four-equation model under mechanical and thermal equilibrium assumptions
with a diffused interface and closed by a thermodynamic equilibrium tabulation approach.
Compared to previous research limited to binary mixtures tabulation, the proposed pre-
tabulation approach can further handle ternary mixtures using a thermodynamic table
that has been coupled to the CONVERGE CFD solver. The newly developed RFM model
has been applied to investigate the evaporation of an n-dodecane droplet in a mixed ambi-
ent (methanol and nitrogen) relevant to dual-fuel configuration compared to pure nitrogen
ambient. The four equation model is closed by a tabulated Cubic Plus Association (CPA)
and Peng-Robinson (PR) equations of state for the droplet evaporation in a mixed and
single component ambient, respectively. Numerical predictions show that the n-dodecane
droplet lifetime decreases monotonically with increasing the methanol ambient concen-
tration under the considered transcritical conditions. The performed thermodynamic
analysis demonstrates that the droplet follows a different thermodynamic path as a func-
tion of the methanol ambient concentration. The different mechanisms contributing to
the droplet lifetime behavior under varying ambient conditions are discussed.
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1 Introduction

The recent strict emissions legislation in Europe [22] or the US [16] poses new challenges
on the continuous use of internal combustion engines (ICE), owing to their carbon diox-
ide (CO2) and soot emissions, which respectively accelerates climate change and leads
to severe health problems [49]. Dual-fuel internal combustion engines (DFICE) using al-
ternative renewable fuels are among the promising solutions for reducing emissions from
fossil fuel combustion. Indeed, dual-fuel engines are employed in various applications such
as cargo ships, heavy-duty trucks, and marine engines [29], where electrification is not yet
considered a feasible solution to the emissions problem. In dual-fuel engines, primary
fuels such as natural gas or short-chain alcohols (methanol/ethanol) are employed, along
with a moderate amount of pilot diesel fuel to ignite the premixed air-primary fuel mix-
ture. A review of the different primary fuel injection strategies in dual-fuel engines can be
found in [54]. Recent experimental studies [34, 13, 40] have demonstrated the potential
of employing primary fuels such as methanol or ethanol in DFICE to reduce the soot and
nitrogen oxides (NOx) emissions. These fuels offer several advantages, including being
renewable, lower cost, and can be produced from biomass. Despite the aforementioned
advantages, the effective design of the fuel injection equipment (FIE) for DFICE is a chal-
lenging task and a key priority for the further development of these engines. To this goal,
fuel injection and mixing need to be further understood. In this work, the evaporation
and mixing of spray fuel droplets relevant to the dual-fuel configuration are investigated
due to their direct impact on the combustion process and resulting emissions.
Extensive numerical and experimental investigations can be found in the literature re-
garding single or multi-component droplet evaporation of particular interest to those at
high ambient pressures more relevant to realistic operating conditions. The droplet sup-
port method is one of the experimental techniques that has been widely used to study
isolated droplet evaporation [38, 17]. However, a well-known problem of the support fiber
method is the increase of the droplet evaporation rate due to the heat conduction through
the support fiber when employing large fiber diameters [7, 8, 14]. Besides, the suspended
droplet technique cannot be employed for supercritical fluid states, as the approach re-
quires surface tension to attach the droplet onto the fiber. To circumvent these issues,
Crua et al. [11] employed a fuel injector to generate droplets of normal alkanes (n-heptane,
n-dodecane, n-hexadecane) in transcritical conditions, where the ambient temperature
and pressure are higher than the critical point of the injected fuel. They performed a
high-resolution microscopic visualization of individual droplets tracked at the end of the
fuel injection event until they were completely vaporized. In addition, they proposed a
transition criterion from the classical subcritical phase change to diffusive mixing regime.

On the numerical side, various investigations of droplet evaporation can be found in
the literature. These investigations included detailed numerical models solving the Navier-
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Stokes (NS) equations to simpler models employing correlations to predict the heat and
mass transfer processes. Schlottke et al. [48] studied the evaporation of deformed droplets
based on the Volume of Fluid (VOF) method along with solving the incompressible NS
equations, and the evaporation rate was computed based on the mass fraction gradient at
the interface [47]. Strotos et al. [51] presented a model that solves the NS equations, energy
conservation and species transport equations, and the VOF methodology to capture the
liquid-gas interface. The simulated ambient temperatures range from 0.56 to 1.2 fuel's
critical temperature under atmospheric pressure conditions. A local evaporation rate
model was used based on the local vapor concentration gradient at the liquid-gas interface
and assuming local thermodynamic equilibrium. Extensive reviews of single or multi-
component droplet evaporation models can be found in [46, 5, 37]. The research mentioned
above has mainly focused on single or multi-component droplet evaporation in a non-
condensable ambient (usually consisting of a single component), but in the present work,
the ambient is considered as bi-component, including methanol and nitrogen, which is
relevant to the dual-fuel strategy.

Regarding the evaporation modeling under elevated ambient pressures, many effects
that are assumed negligible at low, moderate ambient pressures becomes important such
as the solubility of the ambient gas in the liquid phase, non-ideal transport and thermo-
dynamic properties, the transient character of both the liquid and gas phases, and the
real gas effect on the vapor-liquid equilibrium (VLE) condition at the droplet interface
[25, 27]. Jia and Gogos [26] have investigated the effect of the solubility of the ambient
gas on the evaporation of n-hexane droplets. It was found that at ambient pressures
lower than the critical point of the fuel, the droplet lifetime predicted with or without the
ambient gas solubility agrees. However, as the ambient pressure exceeds the fuel's critical
point, neglecting the ambient gas solubility leads to underestimating the droplet lifetime.
Ebrahimian and Habchi [14] proposed an evaporation model for multi-component hydro-
carbon droplets, where they demonstrated that at high ambient pressures, the mixture's
non-ideality becomes significant, and the employment of real-gas equation of state (EoS) is
needed. Accordingly, a real-fluid EoS is essential for accurate modeling of the fluid proper-
ties at such conditions. The application of droplet evaporation models from the literature
at high-pressure conditions in dual-fuel configurations could be questioned. Indeed, the
evaporation models predict the heat and mass transfer processes using correlations, which
may require further adjustments to consider the interaction and mixing between the pilot
and primary fuels in dual-fuel engines, which subsequently affects the heat transfer and
vaporization rates. Therefore, it is highly desirable to have computational fluid dynamics
(CFD) software capable of performing highly resolved numerical simulations for dual-fuel
conditions, considering the real-fluid thermodynamics, for further understanding of the
interaction between the different fuels involved. The current work aims at providing such
simulation tool, which after validation, could also offer an alternative for the cases that
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experimental techniques are not available.
In addition, the multi-component two-phase flow involved in such DFICE may exhibit

different thermodynamic regimes based on the local pressure, temperature, and species
composition compared to the mixture’s critical point. Indeed, it cannot be determined
from an a priori analysis whether the Spatio-temporal variation of the involved thermo-
dynamic states are subcritical or supercritical during the entire fuel injection event. As
a matter of fact, both subcritical and supercritical regimes may exist simultaneously, as
discussed by [57, 35, 24]. Thereby, two-phase flow models that can handle such multi-
component mixtures accurately and robustly are required for the further development of
DFICE.

Several two-phase flow models have been proposed in the literature in the framework of
the diffuse interface model (DIM) approach with transport equations ranging from four to
seven based on the initial equilibrium assumptions [2, 44, 28, 20]. Among them, the four-
equation model, which have been employed for cavitation and spray simulations [45, 21]
owing to its high efficiency. The main challenge in such models is estimating the phase
change source term for the classical subcritical phase change and the ability to transit
to a supercritical single-phase mixing regime. Indeed, several researchers [57, 35, 9] have
coupled the four-equation model with a VLE solver to estimate the phase change source
term. However, it has been proved that the direct evaluation of VLE using a complex
real-fluid EoS during the two-phase simulations run-time is computationally demanding
[57, 60].

Accordingly, different solutions have been proposed in the literature to overcome the
cumbersome and costly VLE solver. A first approach involves tabulating the VLE calcu-
lation before the CFD simulation, where an efficient interpolation of the stored quantities
can be performed during the simulation based on the inputs provided by the flow solver.
Several contributions based on pre-tabulated thermodynamic closures have been presented
in the literature for two-phase flow simulations. Yi et al. [59] investigated n-dodecane
droplets evaporation in transcritical conditions using a three-dimensional (3D) uniform
tabulation approach based on the (VLE) solver developed by [60, 57]. Besides, Koukouvi-
nis et al. [32] employed a tabulated thermodynamic approach based on (log10P−T ) tables
to investigate the high pressure/temperature injection of n-dodecane in ECN spray A con-
dition [1]. The aforementioned studies have proved that the pre-tabulation approach can
be efficient and reliable, especially for complex cases, allowing for significant savings in
terms of computational cost. However, the storage requirements for the tables may impose
difficulty as the table dimensions are extended for multi-species systems. Recently, other
alternatives to the pre-tabulation approach have also been proposed. Zhang and Yang [61]
employed an in situ adaptive tabulation (ISAT) approach, where the table is constructed
during the CFD simulation. Besides, Koukouvinis et al. [33] employed an artificial neural
network (ANN) as a regression model for the thermodynamic properties. However, these
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approaches are still under investigation and their efficiency for multi-component problems
is not evaluated.

Therefore, the current work adopts an efficient pre-tabulation approach as initially
proposed by Yi et al. [59], for binary systems. In this work, the tabulation approach is
further developed to handle ternary mixtures as those encountered in dual-fuel engines, in
contrast to the previous research limited to binary mixtures tabulation. More specifically,
a four-dimensional (4D) thermodynamic table is generated for ternary mixture by the
IFPEN-Carnot thermodynamic library, where the thermodynamic table is coupled to
the CONVERGE CFD solver [43]. The newly developed real-fluid model (RFM) has
been applied to investigate the evaporation of an n-dodecane droplet in a (methanol and
nitrogen) bi-component ambient relevant to dual-fuel configuration compared to pure
nitrogen ambient. The thermodynamic closure of the two-phase system is achieved using
a tabulated Cubic Plus Association (CPA) [31] and Peng-Robinson (PR) [41] equations
of state for the simulation of droplet evaporation in bi and single component ambient,
respectively.

The main aim is to investigate the impact of the primary fuel (methanol) ambient
concentration on the n-dodecane droplet evaporation characteristics under the transcrit-
ical ambient conditions of Crua et al. [11] experimental work. Moreover, to analyze the
effect of the different solubilities of methanol and nitrogen on the droplet evaporation
at the high ambient pressures considered. Besides, whether the evaporation and mixing
processes take place at a subcritical or supercritical thermodynamic regime will also be
investigated.

This paper is organized as follows. Section 2 describes the RFM model, including
the set of transport equations and the new thermodynamic equilibrium tabulation ap-
proach for ternary systems. Section 3 presents a description of the simulated test cases,
the employed numerical setup, and qualitative validation of the reference case with the
experiments of [11]. Section 4 presents the results of droplet evaporation in mixed ambi-
ent under the considered ambient conditions. Finally, the conclusions are summarized in
Section 5.

2 The real-fluid model (RFM) description

2.1 Governing equations

The diffused interface two-phase flow model adopted in the current study is a four equation
model that is fully compressible and considers multi-component in both phases under the
assumptions of thermal and mechanical equilibrium. The set of governing equations as
employed in the CONVERGE CFD solver [43] are presented through Equations (2.1-2.4),
including the density transport equation, mixture momentum equation, mixture specific
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internal energy equation, and species transport equation, respectively.
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where τij corresponds to the viscous stress tensor (τij = µ(∂ui/∂xj + ∂uj/∂xi) −
2
3
µ(∂uk/∂xkδij). (ρ, ui, P, T, e) are the mixture’s density, velocity, pressure, temperature,

and specific internal energy, respectively. (Yk, hk) are the mass fraction and specific en-
thalpy of the individual species k, respectively. (λ) and (µ) are the thermal conductivity
and dynamic viscosity, respectively. (Dkm) is the averaged diffusion coefficient of species
k into the mixture m. The details of the evaluation of the thermodynamic and transport
properties are gathered in Appendix A.3.

2.2 Tabulated thermodynamic closure

The fully compressible multi-component two-phase flow system described above is closed
by a real-fluid EoS and adopting a thermodynamic equilibrium hypothesis, where using a
real-fluid EoS is essential at high pressure and temperature conditions far from the ideal
gas behavior. In order to consider the phase change phenomenon, the EoS is not suffi-
cient, but a VLE calculation is also included in this study. The main aim of this work is
to investigate the evaporation and mixing of fuel droplets in a configuration relevant to
dual-fuel, and thus a minimum of three species is required to mimic two different fuels
and nitrogen as an air surrogate. Therefore, the current work proposes a pre-tabulation
approach, where before the CFD simulation, a 4D-thermodynamic table is generated for
a ternary mixture based on the IFPEN-Carnot thermodynamic library. The thermody-
namic library performs the VLE calculation using a robust isothermal-isobaric (TP) flash
[36] coupled to a real-fluid EoS. Using the IFPEN-Carnot thermodynamic library, it is
possible to employ the appropriate EoS (such as PR, CPA) to calculate and tabulate
all required properties for the specified ranges of temperature, pressure, and feed of the
species. The tabulated properties include the thermodynamic equilibrium density, inter-
nal energy, fluid-phase state and composition, and necessary thermodynamic derivatives
as heat capacity, sound speed, and transport properties, as described in Appendix A.3.
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The thermodynamic table axes are the temperature (T ), pressure (P ), and species mass
fraction (Yk, k = 1, ..., Ns − 1, where Ns is the total number of species). Accordingly, the
thermodynamic table is 3D for a binary mixture (Ns = 2) and 4D for a ternary mixture
(Ns = 3) as depicted in the schematic shown in Fig. 2.1.

Figure 2.1: 3D table for binary mixture (left) and 4D table for ternary mixture (right),
where T: Temperature, P: Pressure , Y1 : mass fraction of first species, Y2 : mass fraction
of second species.

The interpolation of the 3D and 4D tables is carried out based on the inputs (T, P, Yk, k =

1, .., Ns−1) using the inverse distance weighting (IDW) method [53]. This method is based
on the assumption that the value of the un-sampled point is the average weight of the
known values in the neighborhood, and the weight is inversely proportional to the distance
between the prediction location and the sampled location. A general form of finding an
interpolated value (p) at a given point (x) based on samples pi = p(xi) for i = 1, 2, ..., N

using IDW can be expressed as follows,

p(x) =


∑N

i wi(x) pi∑N
i wi(x)

, if d(x, xi) 6= 0 for all i

pi, if d(x, xi) = 0 for some i
(2.5)

where wi(x) = 1
d(x,xi)

, x denotes an interpolated (arbitrary) point, xi is an interpolat-
ing (known) point, d is the given distance from the known point xi to the unknown point
x, and N is the total number of known points used in interpolation. The thermodynamic
table is coupled to the CONVERGE CFD solver [43] as described in the author's recent
work [24], where it is used during the simulation for two main tasks:

• Properties look-up: compute the thermal and transport properties, phase state,
and composition as a function of (T, P, Yk, k = 1, .., Ns− 1) obtained from the flow
solver.

• Temperature reverse look-up: compute the temperature from the (e, P, Yk, k =

1, .., Ns − 1) obtained from the flow solver.
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The thermodynamic closure of the two-phase system is achieved in this study using
a tabulated PR and CPA EoSs to simulate the n-dodecane droplet evaporation in pure
nitrogen ambient and mixed (methanol and nitrogen) ambient, respectively. The theoret-
ical formulas of the CPA and PR EoSs along with the different parameters required for
each pure compound are detailed in Appendix A.1.

Besides, the accuracy of the VLE computation performed by the thermodynamic li-
brary using the CPA and PR EoSs has been validated for two different binary mixtures of
the involved species in the current work against published experimental data, as demon-
strated in Appendix A.2. The obtained results have shown a satisfactory agreement with
the experimental data, which demonstrates the reliability of the thermodynamic library
along with the different employed real-fluid EoSs to model the considered mixtures accu-
rately.

3 Description of the simulated test cases

The simulated test cases represent the evaporation of an isolated stationary n-dodecane
droplet in quiescent pure nitrogen or mixed (methanol and nitrogen) ambient, where
the considered ambient temperatures and pressures are selected to match the typical
transcritical conditions that can be found in modern diesel engines and were taken from
the experimental work of [11]. The initial conditions of the simulated test cases are
summarized in Table. 3.1.

The performed simulations are carried out in two steps. In the first step, the temporal
evolution of the n-dodecane droplet evaporation in a pure nitrogen ambient at the reference
condition (case 1 in Table. 3.1) is qualitatively compared with the experimental images
of [11]. A qualitative comparison is only made since the initial temperature and diameter
of the droplet are not known from the experiments. Thereby, the comparison is for the
droplet behavior during its lifetime under the same ambient conditions.

In the second step, the n-dodecane droplet evaporation in a mixed (methanol and
nitrogen) ambient relevant to the dual-fuel configuration will be investigated at the ref-
erence case condition (case 1 in Table 3.1) by adding methanol in the ambient gas with
various initial concentrations. Besides, the ambient temperature and pressure are varied
to investigate the effect of the methanol ambient concentration on the droplet evaporation
at a relatively higher temperature and pressure (case 2 in Table 3.1).

Case Tamb (K) Pamb (bar) do (µm) Ud,o (m/s) Td,o (K)
1 (Reference case) 700 62 60 0 363

2 1200 106 60 0 363

Table 3.1: Operating conditions of the simulated test cases including the ambient temper-
ature (Tamb), ambient pressure (Pamb), initial droplet diameter (do), initial droplet velocity
(Ud,o), and initial droplet temperature (Td,o).
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It is worth noting that the current model based on the local thermodynamic equi-
librium assumption could lose its validity in the presence of significant non-equilibrium
effects, which depend on various factors. Indeed, Miller et al. [37] investigated the sig-
nificance of thermodynamic non-equilibrium effects on n-decane droplets evaporation as
a function of the initial droplet size, gas temperature, and convective droplet Reynolds
number. It has been found that non-equilibrium effects are essential for small initial
droplet sizes < 50µm. Besides, the influence of non-equilibrium behavior is enhanced un-
der higher gas temperature and convective Reynolds number. Similar investigation to that
of [37] has been performed by Yi et al. [58] for ethanol droplets with an initial size range
of (20 - 1400 µm), a gas temperature of 723K and zero Reynolds number. Results showed
that the non-equilibrium effects tend to be significant as the initial droplet size is < 50 µm
and further increases at 20 µm. According to the previous discussion, non-equilibrium ef-
fects could have a contribution to the droplet evaporation under the considered conditions
(Table. 3.1), with an initial droplet size of 60 µm, and relatively high gas temperatures.
However, the model can still provide valuable insights for the considered droplet size and
ambient conditions and their relevant physics. Further investigation of the crucial non-
equilibrium effects is essential but requires non-equilibrium two-phase models such as the
7-Equation non-equilibrium model [2, 44, 20].

3.1 Computational set-up and numerical methods

The computational domain comprises a cube of edge length (10 do) as depicted in Fig.
3.1a, where the droplet is placed at the domain center and accounts for less than 1% of
the domain volume so that the changes in the ambient conditions due to the ongoing
evaporation are negligible. The base grid size is set to (16 µm) at the droplet’s far-field
along with different embedding levels to achieve a mesh resolution at the droplet interior
and interface of (2µm) corresponding to 30 cells/diameter (Fig. 3.1b). The total cell
count is approximately 0.55million cells. The employed grid size is chosen based on a grid
sensitivity study using different levels of grid refinement, as will be demonstrated in the
next section. Regarding the boundary conditions, the computational domain boundaries
(Fig. 3.1a) are set as adiabatic walls with zero gradients for pressure and species mass
fraction.

The newly developed RFM model implemented in the CONVERGE CFD code [43]
has been used to perform the present simulations. The numerical solution of the transport
equations (2.1-2.4) is based on a modified Pressure Implicit with Splitting of Operator
(PISO) method [23] for the pressure-velocity coupling. A second-order central difference
scheme with flux limiter is used for the spatial discretization of each equation. The time
discretization is achieved by the second-order Crank-Nicolson scheme for the momentum
equation and the first-order Euler scheme for the rest of the equations. The time step is
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automatically controlled by a maximum Courant-Friedrichs-Lewy (CFL) number of 0.9,
reaching a value in the range (1 ns−4 ns). The computational cost of the simulation using
the newly developed tabulation approach is 48 h of wall clock time for a simulation time
of 4ms using 100 cores of the latest generation Intel Skylake G-6140 processors running
at 2.3 GHz (ENER440 IFPEN Supercomputer).

The RFM model thermodynamic closure for the (n-dodecane/ nitrogen) binary mix-
ture is based on the PR-EoS, with thermodynamic table resolution in [P , T , YC12H26 ] axes
of [21×201×101] points, respectively. However, for the droplet evaporation in a mixed
ambient, the thermodynamic closure for the (n-dodecane/ nitrogen/ methanol) ternary
mixture is based on the CPA-EoS, with thermodynamic table resolution in [P , T , YC12H26 ,
YN2 ] axes is [21×201×101×101] points, respectively. Compared to the PR-EoS, the CPA
EoS with its additional association term can be efficiently used to model mixtures includ-
ing hydrocarbons and polar compounds (methanol) [12].

It is worth noting that the surface tension effect was not considered in the current
simulations and assumed to be negligible at the considered high ambient temperatures and
pressures. However, this assumption will be further investigated in future work. Indeed,
the main objective of this work is to study the effect of the presence of methanol in the
ambient medium relevant to the dual-fuel configuration on the evaporation characteristics
of an n-dodecane droplet under transcritical conditions.

(a) (b)

Figure 3.1: (a) Computational domain size in terms of the initial droplet diameter (do),
(b) Grid topology with different levels of grid refinement in the central section of the
computational domain. The minimum cell size (2 µm) is located at the refinement region
with a radius of (1.5 do).

3.2 Droplet evaporation in pure nitrogen at the reference condi-

tion

A grid sensitivity study is performed at the reference case condition using different grid
refinement levels to achieve a minimum cell size of (4, 2, 1 µm) corresponding to (15,
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30, 60 cells/diameter) at the droplet interior and interface. Fig. 3.2 shows that a grid
independent solution is achieved for the dimensionless droplet volume (V/Vo) temporal
evolution with the grid of minimum cell size of (30 cells/diameter). Accordingly, it has
been employed for further calculations as a compromise between accuracy and computa-
tional cost.

0 1 2 3 4 5 6 7

0

0.2

0.4

0.6

0.8

1

1.2

Figure 3.2: Temporal evolution of the dimensionless droplet volume (V/Vo) for case 1
(Pamb = 62bar, Tamb = 700K) using different levels of grid refinement.

The temporal evolution of the n-dodecane droplet evaporation under the reference
condition (Table 3.1) is qualitatively compared with the experimental images [11] under
the same ambient conditions.

Fig. 3.3 shows the temporal variation of the liquid volume fraction (αL) obtained from
the simulation at the central cut-section of the droplet compared with the experimental
images. The initial time of the comparison is similar to that of the published experimental
video sequence (t≈ 0.03ms). Overall a good qualitative agreement can be observed.
Indeed, the droplet is decreasing in size due to the ongoing evaporation, as illustrated by
the blue isoline of (αL = 0.5) depicted on the simulation images. This comparison shows
that the RFM model proposed in this work is capable of providing detailed characteristics
of droplet evaporation under such transcritical conditions and can therefore be applied
with sufficient confidence to the study of ternary mixtures that are more representative
of the dual-fuel configuration.
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Figure 3.3: Qualitative comparison of the temporal evolution of the liquid volume fraction
(αL) obtained from the simulation in the central cut-section of the evaporating n-dodecane
droplet (first row) with the experimental images [11] (second row) under the same ambient
conditions (Pamb = 62bar, Tamb = 700K). The blue line depicted on the simulation images
represents an isoline of (αL = 0.5). The size of the numerical images is (300µm×300µm)
similar to the experimental ones. The initial time of the comparison is similar to that of
the published experimental video sequence (t≈ 0.03ms).

4 Droplet evaporation in dual-fuel configuration

4.1 Effect of the methanol ambient concentration

In this section, the n-dodecane droplet is evaporating in a homogeneously mixed ambient
of Nitrogen (N2) and methanol (CH3OH) at the same ambient pressure and temperature
as the reference case (case 1 in Table 3.1). However, the initial methanol mass fraction
(YCH3OH) in the ambient mixture is varied from 0.2 to 0.6, and accordingly, the initial
mass fraction of nitrogen in the ambient is (YN2 = 1− YCH3OH).

The effect of the methanol ambient concentration on the temporal variation of the
dimensionless squared droplet diameter (d/do)

2 is depicted in Fig. 4.1a. In this figure,
the droplet diameter is computed from the simulations based on the liquid volume (VL)

as [d = (6/π
∑

cells αLVcell)
1/3]. Two main observations can be drawn from this figure.

On the one hand, a higher methanol ambient concentration causes a greater rise in the
droplet size during the early evaporation phase. On the other hand, a reduction in droplet
lifetime can be observed with increasing methanol ambient concentration compared to the
reference case (YCH3OH = 0).
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Figure 4.1: (a) Temporal evolution of the dimensionless squared droplet diameter (d/do)
2,

and (b) mean mass fraction of dissolved ambient gases (methanol + nitrogen) in the
liquid phase (Yamb,liq) at (Pamb = 62bar, Tamb = 700K) for different methanol ambient
concentrations (YCH3OH).

Regarding the initial droplet size increase, this phenomenon has been classically at-
tributed to the liquid thermal expansion at the beginning of the evaporation [? ]. However,
in the current study, a larger droplet size increase at the beginning of the evaporation is
found by increasing the methanol ambient concentration. This behavior can be explained
through Fig. 4.1b, which shows the temporal evolution of the mean mass fraction of
dissolved ambient gases (methanol + nitrogen) in the liquid phase (Yamb,liq), computed as[
Yamb,liq =

∑
cells(YCH3OH,liq+YN2,liq

)αlVcell∑
cells αlVcell

]
, where (YCH3OH,liq) and (YN2,liq) are the mass frac-

tion of methanol and nitrogen dissolved in the liquid phase, respectively. An increase of
the mean mass fraction of dissolved ambient gases can be observed throughout the droplet
lifetime with increasing the methanol ambient concentration, which would explain the ini-
tial droplet size increase behavior (Fig. 4.1a). Besides, this behavior demonstrates that
methanol exhibits a relatively higher solubility in the liquid phase compared to nitro-
gen. Fig. 4.1b also shows a non-trivial amount of dissolved gases, which emphasizes that
considering the solubility of the ambient gases in the liquid phase at such high-pressure
conditions is essential and cannot be neglected, for instance, in Lagrangian droplets evap-
oration models.

Fig. 4.2a presents the temporal variation of the mean droplet temperature (Td) com-
puted from the simulations as

[
Td =

∑
cells TcellαlVcell∑

cells αlVcell

]
, where (Tcell) is the cell temperature.

It can be seen that the mean droplet temperature is relatively higher throughout the
droplet lifetime for higher methanol ambient concentrations. This temperature trend
suggests that the droplet follows a different thermodynamic path based on the methanol
ambient concentration.

For further understanding of the mean droplet temperature behavior, Fig. 4.2b shows
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the adiabatic mixing temperature (TAM) variation with the fuel (n-dodecane) mole frac-
tion along with the two-phase region for the different methanol ambient concentrations.
The adiabatic mixing temperature is formulated as,

hmix(TAM , Pamb, YC12H26) = YC12H26 hC12H26(TC12H26 , Pamb) + Yamb hN2(Tamb, Pamb) (4.1)

where h, YC12H26 , Yamb are the specific enthalpy, mass fraction of the n-dodecane, and
the ambient gases, respectively. TC12H26 , Tamb, Pamb denote the initial temperature of
the fuel (n-dodecane), the initial temperature of the ambient, and the ambient pressure,
respectively. The ambient mass fraction is formulated as (Yamb = YCH3OH + YN2), where
YCH3OH = C Yamb, YN2 = (1 − C) Yamb, and C = {0, 0.2, 0.4, 0.6}. The adiabatic mixing
temperature is computed taking into account the phase change based on the VLE solver.
Fig. 4.2b shows the variation of the adiabatic mixing temperature as a function of the fuel
(n-dodecane) mole fraction. The (TAM) starts at the initial droplet temperature (363K)
on the right-hand side and increases to the ambient temperature (700K) on the left-
hand side. It can be seen that the adiabatic mixing temperature is relatively higher with
increasing the methanol ambient concentration, which would explain the mean droplet
temperature trend obtained from the simulations (see Fig. 4.2a). Besides, Fig. 4.2b
shows that the two-phase region along the adiabatic mixing temperature lines shrinks
noticeably as methanol ambient concentration increases, which would contribute to the
relative reduction of the droplet lifetime observed in Fig. 4.1a.
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Figure 4.2: (a) Temporal evolution of the mean droplet temperature (Td) and (b) adiabatic
mixing temperature (TAM) along with the two-phase region represented by the blue lines
at (Pamb = 62bar, Tamb = 700K) for different methanol ambient concentrations (YCH3OH).
The blue lines in (b) show how the two-phase region shrinks as the methanol increases in
the ambient gas. The right side of (b) shows a smaller dodecane mole fraction at the start
of the two-phase region (ie. higher mole fraction of dissolved gases in the liquid phase) as
the methanol ambient concentration increases.

4.2 Effect of the ambient temperature and pressure

The effect of the variation of the ambient temperature and pressure on single or multi-
component droplet evaporation has been extensively investigated in the literature [19, 14,
3, 25], whereas, in the current study, the main focus is to monitor the methanol ambient
concentration effect on the droplet evaporation characteristics at various ambient temper-
atures and pressures. Accordingly, the impact of the methanol ambient concentration is
investigated at a higher ambient temperature and pressure (case 2 in Table 3.1) compared
to the reference case condition (case 1 in Table 3.1).

Fig. 4.3a shows the temporal variation of the dimensionless squared droplet diameter
for the second ambient condition. It can be seen that the droplet exhibits a relatively
higher evaporation rate and shorter lifetime as the methanol ambient concentration in-
creases. Besides, Fig. 4.3b shows a higher total amount of dissolved ambient gases than
the reference case (Fig. 4.1b) as the ambient pressure and temperature increase.
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Figure 4.3: (a) Temporal evolution of the dimensionless squared droplet diameter (d/do)
2

and (b) mean mass fraction of dissolved ambient gases (methanol + nitrogen) in the
liquid phase (Yamb,liq) at (Pamb = 106bar, Tamb = 1200K) for different methanol ambient
concentrations (YCH3OH).

The temporal variation of the mean droplet temperature (Fig. 4.4a) for the different
methanol ambient concentrations tends to follow the adiabatic mixing temperature vari-
ation depicted in Fig. 4.4b. In addition, the relative reduction of the two-phase region
along the adiabatic mixing temperature curves (Fig. 4.4b) with increasing the methanol
ambient concentration is more significant than the reference case (Fig. 4.2b) at lower
ambient pressure and temperature.
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Figure 4.4: (a) Temporal evolution of the mean droplet temperature (Td) and (b) adiabatic
mixing temperature (TAM) along with the two-phase region represented by the blue lines at
(Pamb = 106bar, Tamb = 1200K) for different methanol ambient concentrations (YCH3OH).

Fig. 4.4a also shows that the mean droplet temperature keeps increasing during the
entire droplet lifetime without reaching a steady temperature, the so-called wet-bulb tem-
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perature for the different methanol ambient concentrations. This behavior has also been
observed in the literature [25, 27] when the ambient pressure is higher than the fuel critical
pressure. It can be attributed to the simultaneous occurrence of the droplet vaporization
and heating-up processes, due to the relatively low latent heat of vaporization, in contrast
to the low or moderate pressure conditions, where the droplet heating process takes place
almost separately from the vaporization process. The behavior of not reaching a steady
temperature can also be seen through Fig. 4.2a at the reference case condition, but it is
more pronounced at the ambient conditions of case 2 (Fig. 4.4a).

To summarize the results of the considered ambient conditions, the droplet evaporation
characteristics are evaluated in terms of evaporation rate constant (k), initial heat-up
time (tH), and droplet lifetime (tL). The definitions of (k, tH/d

2
o, tL/d

2
o) are similar to

previous experimental [17, 38] and numerical [19, 56] studies as illustrated in Fig. 4.5.
The evaporation rate constant is defined as the slope of the best-fit straight line obtained
by the least-squares linear fitting method in the range of (d/d2o) = (0.1 − 0.8), after the
initial heat-up period. The time at the intersection point of the fitting line and the straight
line (d/d2o = 1) is regarded as the initial heat-up time, whereas the time at the intersection
point of the fitting line and the straight line (d/d2o = 0) is regarded as the droplet lifetime.
The previous definition of (k) is adopted (instead of mass evaporation rate (ṁ)) in the
current analysis, as it can be directly determined from the droplet diameter temporal
evolution obtained from the simulation (see Fig. 4.5). In addition, a mass evaporation
rate can be deduced from (k) using (ṁ = −ρmπ

4
kD) as demonstrated in [18], where (ρm)

is assumed to be a constant mean density of the liquid droplet. Thus, to avoid such
assumption, only (k) was considered for the analysis of the current results.
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Figure 4.5: Definition of the droplet evaporation rate (k), initial heat-up time (tH) and
lifetime (tL) at (Pamb = 62bar, Tamb = 700K, YCH3OH = 0).

Fig. 4.6 shows the variation of (k, tH/d
2
o, tL/d

2
o) as a function of the initial methanol

ambient concentration (YCH3OH) for the considered ambient conditions. Fig. 4.6c shows
that the droplet lifetime decreases monotonically with increasing methanol ambient con-
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centration. The droplet evaporation rate and heat-up time variation with the methanol
ambient concentration are investigated to further understand the droplet lifetime behav-
ior. The contribution of the evaporation rate and initial heat-up time to the droplet
lifetime can be understood through Eq. 4.2, where the droplet lifetime is written as the
sum of the heat-up time and the inverse of the evaporation rate constant.

tL/d
2
o = tH/d

2
o + 1/k (4.2)
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Figure 4.6: Variation of the (a) evaporation rate constant, (b) initial heat-up time, and (c)
evaporation lifetime with the initial methanol ambient concentration (YCH3OH) at different
ambient temperatures (Tamb) and pressures (Pamb). The droplet evaporation lifetime and
the initial heat-up time are divided by the squared initial droplet diameter d2o.

Fig. 4.6a shows a monotonic increase of the evaporation rate with increasing the
methanol ambient concentration. This behavior can be explained through Fig. 4.7, which
shows the equilibrium mole fraction of vaporous n-dodecane (fuel) at the two-phase states
along the adiabatic mixing temperature curves (bold blue lines of Figs. (4.2b, 4.4b)). A
relative increase in mole fraction of vaporous n-dodecane can be observed as the methanol
ambient concentration increases, which is accompanied by a higher spatial gradient of the
vaporous n-dodecane outside the droplet, enhancing the mass transport away from the
droplet. Besides, the increase of the ambient mixture thermal conductivity (Fig. 4.8a)
as the methanol ambient concentration increases, would contribute to the increase of the
evaporation rate (Fig. 4.6a).

Regarding the initial heat-up time depicted in Fig. 4.6b, it shows an initial decrease
with increasing the methanol ambient concentration, then it tends to be less sensitive
to the variation of the methanol ambient concentration and eventually tends to slightly
increase at (YCH3OH = 0.6). The increase of the ambient mixture thermal conductivity
with the methanol ambient concentration would contribute to the reduction of the heat-up
time. Meanwhile, Figs. (4.2b, 4.4b) shows that, as the methanol ambient concentration
increases, the droplet will be heated to a higher temperature before entering the two-
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phase region, which would contribute to a longer heat-up time. Accordingly, the above
competing mechanisms would determine the heat-up time.
Thus, for the considered transcritical conditions, the contribution of the evaporation rate
and the heat-up time leads to a monotonic reduction of the droplet lifetime with increasing
the methanol ambient concentration.
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Figure 4.7: Variation of the equilibrium mole fraction of vaporous n-dodecane in the
two-phase region along the adiabatic mixing temperature lines for the various methanol
ambient concentrations (YCH3OH) at (a) (Pamb = 62bar, Tamb = 700K), (b) (Pamb =
106bar, Tamb = 1200K).

For a given methanol ambient concentration, the droplet lifetime decreases, with in-
creasing the (Pamb, Tamb) as shown in Fig. 4.6c. This reduction in the droplet lifetime is
consistent with the increase in the evaporation rate (Fig. 4.6a) and the reduction of the
heat-up time (Fig. 4.6b) as the ambient pressure and temperature increase compared to
the reference case condition (Pamb = 62bar, Tamb = 700K).
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Figure 4.8: Variation of (a) the ambient mixture thermal conductivity (λamb) and (b)
the ambient gas to liquid phase density ratio (ρamb/ρliq) as a function of the methanol
ambient concentration (YCH3OH) at the ambient temperatures (Tamb) and pressures (Pamb)
considered and the initial droplet temperature (363K).

It is worth mentioning that the increase of the methanol ambient concentration is
accompanied by an increase in the gas-phase density for a given ambient temperature and
pressure. Thus, the gas to liquid phase density ratio increases as the methanol ambient
concentration increases, as shown in Fig. 4.8b. The densities of the gas and liquid phases
are computed for a given ambient pressure and initial temperature of the ambient gas and
liquid droplet, respectively. This increase of the gas to liquid phase density ratio implies
that the widely used gas-phase quasi-steady assumption in classical droplet evaporation
models needs to be revised in such transcritical conditions as the density ratio increases
towards unity [25].

In addition, the thermodynamic analysis has shown that droplet exhibits two-phase
states during its lifetime (see Figs. (4.2b, 4.4b)), and the evaporation doesn’t take place
entirely in a supercritical regime, although the considered ambient temperatures and
pressures are higher than the critical point of pure n-dodecane (Tc = 658.1K, Pc =

18.2 bar). This behavior is due to the multi-component mixture critical point variation
compared to that of the pure component. For instance, Yi et al. [59] have demonstrated
that the transition from subcritical evaporation to diffusive mixing regime, is based on
the mixture’s critical point for the multi-species problem, not the pure-fuel critical point.
It also implies that considering the vapor-liquid equilibrium theory is essential for the
correctness of the modeling as subcritical and supercritical states may exist simultaneously
based on the local temperature, pressure, and species composition [24, 57, 35].
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5 Conclusions

This work presents a real fluid modeling approach applied to ternary mixtures relevant
to dual-fuel internal combustion engine configuration. The Real-fluid model (RFM) em-
ployed by the IFPEN group [24] is based on a two-phase fully compressible four-equation
model under mechanical, thermal, and thermodynamic equilibrium assumptions. In the
current study, the RFM model tabulation approach is further developed to ternary mix-
tures tabulation, where the IFPEN-Carnot thermodynamic library is used to generate the
thermodynamic tables. The thermodynamic library employs a robust isothermal-isobaric
(TP) flash coupled with different real-fluid EoS to compute the required thermodynamic
and transport properties as well as the phase state and composition. The RFM model
tabulation approach has been implemented in the CONVERGE CFD code. The main goal
of the current work is to investigate the evaporation characteristics of a single n-dodecane
droplet in a bi-component ambient (methanol + nitrogen) through highly resolved simu-
lations considering the real-fluid thermodynamics. The RFM model closed by a tabulated
CPA EoS has been employed to investigate the effect of the methanol ambient concen-
tration on the droplet evaporation at various transcritical ambient conditions. The main
conclusions obtained in this study include:

• A qualitative comparison of the numerical results with the experiments [11] has
shown that the RFM model can capture well the evolution of the n-dodecane droplet
evaporation throughout its lifetime under the considered transcritical conditions.

• For the considered ambient temperatures and pressures, the n-dodecane droplet life-
time decreases monotonically with increasing the methanol ambient concentration.
The thermodynamic analysis shows that the droplet follows a different thermody-
namic path based on the methanol ambient concentration. The different mechanisms
contributing to the droplet lifetime behavior have been thoroughly discussed.

• A higher droplet size increase at the initial stage of the evaporation process has been
found with increasing the methanol concentration for a given ambient temperature
and pressure, which can be attributed to a relatively higher solubility of methanol
in the liquid phase compared to that of nitrogen.

• Increasing the ambient temperature and pressure is accompanied by a more signifi-
cant reduction of the two-phase region along the adiabatic mixing temperature lines
and an increase of the dissolved ambient gases.

• The methanol and nitrogen exhibit different behavior in terms of solubility in the
liquid phase, which demonstrates that these two compounds cannot be lumped in a
single surrogate.
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• The droplet exhibited two-phase states during its lifetime even if the considered
ambient temperatures and pressures are higher than the n-dodecane critical point,
which implies that considering the vapor-liquid equilibrium theory is indeed required
for the correct modeling of such transcritical conditions.

• For a given ambient temperature and pressure, the gas to liquid phase density
ratio increases as the methanol ambient concentration increases, suggesting that
the widely used quasi-steady gas-phase assumption in classical evaporation models
could be revised for such conditions, where the density ratio is not small compared
to unity.

• The newly developed RFM model closed by a tabulated CPA EoS for ternary mix-
tures shows great potential for the computation of two-phase multi-component mix-
tures problems, avoiding the direct evaluation of costly phase equilibrium solver
during the simulation run-time [57].

• The obtained results could be used to further adjust or develop improved Lagrangian
droplet evaporation models for such dual-fuel configurations.
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A Appendix

A.1 Real-fluid equations of state (EoS)

The theoretical formulas of the Cubic Plus Association (CPA) [31] and Peng-Robinson
(PR) [41] equations of state are detailed in the current section to highlight the differences
between these two EoSs. Compared to the PR-EoS, the CPA-EoS combines the cubic
Soave–Redlich–Kwong (SRK) EoS [50] and an association term for modeling of associating
compounds. Thus, in the absence of associating compounds, the SRK cubic equation is
recovered, and the existing cubic EoS correlations can be used

Generally, the EoS formulation (Equation (A.1)) includes repulsive and attractive con-
tributions, and it may have additional contributions, such as the association contribution
included in the CPA EoS. The different contributions are introduced in Table (A.1) for
the two EOSs.
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P = repulsive contribution+ attractive contribution+ association contribution (A.1)

EOS repulsive contribution attractive contribution association contribution

PR RT
v−b − a(T )

v (v+b)+b (v−b) −

CPA RT
v−b − a(T )

v (v+b)
−1

2
RT
v

(
1 + ρ∂ ln g

∂ρ

)∑
i xi
∑

Ai
(1−XAi

)

Table A.1: Expressions for the different contributions in the EOS

where R is the ideal gas constant, T is the temperature, v is the molar volume, a(T ) is
the energy parameter, b is the co-volume parameter, ρ is the molar density, g is the radial
distribution function, XAi

is the mole fraction of molecule i not bonded at site A and
xi is the mole fraction of the component i. The key element of the association term is
XAi

which is related to the association strength ∆AiBj between 2 sites belonging to two
different molecules (e.g. site A on molecule i and site B on molecule j) is expressed as:

XAi
=

1

1 + ρ
∑

i xj
∑

Bj
XBj

∆AiBj

where the association strength term in the CPA EoS is expressed as:

∆AiBj = g(ρ)

[
exp

(
εAiBj

RT

)
− 1

]
bijβ

AiBj

with the radial distribution function (g(ρ)) and bij expressed as:

g(ρ) =
1

1− 1.9η
, η =

1

4
bρ, bij =

bi + bj
2

The energy parameter ai(T ) of the EoS for a pure component (i) is formulated as:

ai(T ) = (a0)i

[
1 + (c1)i

(
1−

√
Tr

)]2
, Tr =

T

Tc

where Tc is the critical temperature.

The parameters εAiBjand βAiBj are called the association energy and the association
volume, respectively. These two parameters are only used for associating components such
as alcohols and, together with the three parameters of the SRK term (ao, b, c1), represent
the five pure compound parameters of the CPA model. They are usually obtained by
fitting vapor pressure and liquid density data. However, for inert components such as
hydrocarbons, only the three parameters (ao, b, c1) of the SRK term are required, which
can be obtained either from vapor pressures and liquid densities or calculated based on
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the critical point (Tc, Pc) and the acentric factor (ω) similar to the PR EoS as presented
in Table (A.2).

EOS (ao)i bi (c1)i

PR 0.45724R
2T 2

c

Pc
0.07780RTc

Pc
0.37464 + 1.5422ω − 0.26992ω2

CPA 0.42747R
2T 2

c

Pc
0.08664RTc

Pc
0.48508 + 1.55171ω − 0.15613ω2

Table A.2: Pure component parameters used in the CPA (for non-associating compounds)
and PR EOSs

when the CPA or the PR EoS are used for mixtures, Van-der Waals mixing rules are
applied for the energy and co-volume parameters (a(T ), b) as:

a(T ) =
∑

i

∑
j xi xjaij(T )

aij(T ) =
√
ai(T )aj(T ) (1− kij)

b =
∑

i xi bi

(A.2)

where (kij) is the binary interaction parameter that can be fitted to experimental data
to well represent the phase diagram of a binary system.

A.2 Validation of the vapor-liquid equilibrium (VLE) computa-

tion

The current section presents a validation of the vapor-liquid equilibrium (VLE) calculation
using the IFPEN-Carnot thermodynamic library in conjunction with the employed real-
fluid EOSs. The VLE is computed for two different binary mixtures of the species involved
in the current simulations and compared with available experimental data. The VLE
of a binary mixture of (n-dodecane/nitrogen) is computed for using the PR EoS with
a binary interaction parameter (kij = 0.19) and compared with the experimental data
[15]. The critical parameters for each pure compound are summarized in Table. A.3.
The comparison of the calculation results with the experimental data for the different iso-
therms is depicted in Fig. A.1a, showing a satisfactory agreement between the calculations
and the experiments for the majority of the considered pressures.

Besides, the VLE of a binary mixture of (methanol/nitrogen) has been computed using
the CPA EoS and compared against the experimental data [6]. The CPA EoS parameters
for methanol are listed in Table. A.4. Fig. A.1b presents the comparison of the calcu-
lation results with the experimental data. It shows that the VLE calculation agrees well
with the experimental data for the different iso-therms, which demonstrates the reliability
of the CPA EoS with its additional association term to model mixtures including polar
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compounds (methanol).
The performed VLE calculations illustrate the reliability of the IFPEN-Carnot thermody-
namic library along with the different real-fluid EoSs to accurately model the considered
mixtures.
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Figure A.1: Phase diagram of binary mixtures (a) n-dodecane (C12H26) and nitrogen (N2)
using PR EoS, (b) methanol (CH3OH) and nitrogen (N2) using CPA EoS.

Species Tc (K) Pc (bar) ω
n-dodecane 658.1 18.2 0.57344
nitrogen 126.2 33.9 0.0403

Table A.3: Critical parameters of n-dodecane and nitrogen including, the critical temper-
ature (Tc), critical pressure (Pc), and the acentric factor (ω).

ao (Pa.m3/mol) c1 b (m3/mol) εOH/R (Pa.m3/mol) βOH

0.40531 0.431 3.1e-05 2957.604 0.0161

Table A.4: CPA EoS parameters for the polar compound (methanol).

A.3 Thermodynamic and transport properties

The calculation of the thermodynamic properties is performed based on the residual ap-
proach [12]. In this approach, any thermodynamic function (f) is computed from the
sum of an ideal gas part (f o) and a residual part (f res). The ideal gas part is determined
from a specific polynomial equation [39] . While the residual part, which represents the
deviation from the ideal gas behavior is deduced from the employed equation of state
(EoS).
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Regarding the evaluation of the transport properties, the thermal conductivity (λ) and
dynamic viscosity (µ) are computed by the Chung et al. [10] correlations. The binary diffu-
sion coefficients (Dkj) are calculated in CONVERGE [43] as [lnDkj =

∑N
n=1 dn,kj(ln T )n−1],

where (T ) is the temperature and (dn,kj) are the diffusion parameters. Then, the mixture
averaged diffusion coefficient of species k into the mixture (Dkm) is obtained from the
binary diffusion coefficients according to [30] as [ 1

Dkm
=
∑K

j 6=k
Xj

Dkj
+ Xk

1−Yk

∑K
j 6=k

Yj
Dkj

], where
X and Y are the mole fraction and mass fraction of the species, respectively. The (Dkm)
is obtained at pressures other than unity by dividing the calculated diffusion coefficient
by the actual pressure.

The tabulated two-phase mixture properties are computed from the liquid and gas
phase properties as described through Equations (A.3-A.9)

ρ =
∑
p

αpρp (A.3)

e =
1

ρ

∑
p

αpρpep (A.4)

λ =
1

ρ

∑
p

αpρpλp (A.5)

µ =
∑
p

αpµp (A.6)

Cp =
1

ρ

∑
p

αpρpCpp (A.7)

Cv =
1

ρ

∑
p

αpρpCvp (A.8)

1

ρC2
s,mix,Wood

=
∑
p

αp
ρpC2

s,p

(A.9)

where (αp) is the phase volume fraction and (p = l, v) stands for liquid and va-
por phases, respectively. (ρ, e, λ, µ, Cp, Cv, Cs,mix,Wood) are the two-phase mixture density,
specific internal energy, thermal conductivity, dynamic viscosity, specific heats at constant
pressure and volume, and Wood speed of sound [55], respectively. Fig. A.2 shows the
variation of the mixture thermodynamic and transport properties for the ternary mixture
of (n-dodecane/nitrogen/methanol) at P = 106bar and T = 500K. These results show
the variation of the different properties as a function of the species composition. Besides,
it demonstrates that the employed real-fluid EoS can capture the non-linearity of some
properties at the considered transcritical regime. Indeed, Fig. A.2e shows the peak of
the isobaric heat capacity, which takes place around the widom-line [4] in the region,
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where the methanol mole fraction is approaching unity. In addition, Fig. A.3 depicts the
pressure-temperature diagram of pure methanol colored with the density and the isobaric
heat capacity. It shows that the point (P = 106 bar and T = 500K) is located at the
vicinity of the widom line, where the isobaric heat capacity starts to increase and reaches
a peak value when crossing the widom line. It is important to note that calculating the
mixture’s specific heats (Cp, Cv) in the VLE region is done by linearly blending the liquid
and vapor phases specific heats [42, 59]. However, it has been recently demonstrated
by Tudisco and Menon [52] that such an approach leads to significant departures from
the actual definition of the specific heats. Besides, they showed that the sound speed
computed from the Wood formula could exhibit low accuracy. Thereby, in future work, a
more accurate evaluation of such properties will be considered.
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(a) (b)

(c) (d)

(e) (f)

Figure A.2: Contour plots of the ternary (n-dodecane/nitrogen/methanol) mixture ther-
modynamic and transport properties at (P = 106bar, T = 500K). (a) density (b) sound
speed (c) thermal conductivity (d) dynamic viscosity (e) isobaric heat capacity (f) iso-
choric heat capacity.
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(a) (b)

Figure A.3: Pressure-temperature diagram of pure methanol (CH3OH). (a) Density
contours mapped with the widom line and the critical point (CP) (b) isobaric heat capacity
contours. The red cross indicates that (P = 106bar and T = 500K) is at the vicinity of
the widom line, where the isobaric heat capacity reaches a peak value.
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