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1 Abstract: This review summarises the main numerical models of fuel droplet heating and evapo-
2 ration (DHE) in combustion engines across the different scales by accessing the nano/micro, meso
s and macroscopic fluid elements. The phenomena of multi-physics, multi-scale and multi-phase
4 fluid flow and heat transfer are fully investigated when the fuel droplet (dodecane) is heating and
s evaporated into a background gas (nitrogen) crossing the liquid-vapour (LV) interface, kinetic
¢ region (i.e.,, Knudsen layer) and the bulk regions of liquid and gas in terms of molecular dy-
7 namics (MD) simulations, kinetic theory modelling (i.e., direct numerical solutions of Boltzmann
s equations) and convectional fluid dynamics approach, respectively. The evaporation coefficient
o of fuel evaporating molecules and their velocity distributions at the LV interface derived from
10 MD simulations formulate a new kinetic boundary condition (KBC). Moreover, a novel kinetic
11 model considering the inelastic collision between fuel molecules alongside the new KBC enables
12 us to describe the non-equilibrium gas dynamics of fuel vapour and gas mixture in Knudsen
13 layer (KL). Heat and mass flux analysis of the fuel droplet under combustion engine conditions
14 can be accurately assessed by implementing the inelastic collision between fuel molecules in KL
15 and a temperature-dependent evaporation coefficient at the LV interface into DHE. The surface
16 temperature of fuel droplet and its evaporation time, which play a significant role in resolving
17 the ignition delay and hence the combustion phasing in engines, can also be well estimated. The
15 multi-scale modelling of fuel DHE will make significantly potential input into the cleaner engine
10 targeting the low-carbon emissions and enhance the capability of the existing computational fluid
20 dynamics (CFD) solvers.

21 Keywords: fuel droplet; liquid-vapour interface; molecular dynamics; evaporation coefficient;
22 Knudsen layer; kinetic theory modelling

23 1. Introduction

24 Lockdown measures prompted a clear fall in the planet air pollution as a result
s of the less time spent in vehicles during the pandemic. In the first two decades of the
2¢  21% century, a large portion of the world’s power still comes from burning fossil fuels
2z and burning oil-based fuels generates most of the greenhouse gas emissions as well as
2s  being a major pollutant concerned by the United Nations. Nearly all forms of transport
2 vehicles rely on liquid fossil fuels and the use of fossil fuels is likely to continue in the
o next decade. Therefore, reduction of the fuel consumption in internal combustion (IC)
s engines and CO, emissions produced by transport vehicles (i.e., powertrains and lorries)
52 and off-road carriers (i.e., ships) are of great importance. Hydrocarbon fuels, particularly
ss  the diesel fuel, is responsible for the CO, emissions and is blamed for producing soot.
s« This needs us to better understand the fuel spray and droplets processes, which can
55 offer smart fuel economy and low carbon missions for the environment in combustion
s industries. As a primary stage, exploring the heating and evaporation of fuel droplets in
37 compression-ignition engines can help resolve the CO, emissions and soot in combustion
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phasing. The main purpose of this review is to advance a state-of-the-art investigation
of the fuel droplet heating and evaporation (DHE) process in realistic engine conditions.

-3

Figure 1. Fuel spray (left panel) and atomization (right panel) after the injection [1].

The importance of accurately modelling fuel DHE is well known in IC engine
industry [2,3]. The conventional hydrodynamic approach assumed that the concentration
of fuel vapour near the droplet surface is maintained at a saturation level, and this
approach is universally utilised in computational fluid dynamics (CFD) and heat/mass
communities. However, it should be pointed out that the kinetic effect on the droplet
evaporation is always noticeable, despite the fact that this evaporation takes place at
rather high pressures and temperatures (up to 30 bar and 1,000 K) [4]. The kinetic effect
becomes more pronounced for smaller droplets (i.e., radius of droplet Ry < 5um) than
for larger ones (i.e., Ry < 20um). For example, when the droplet’s radius is smaller than
5um at high ambient gas temperatures and pressures such as 1,000 K and 30 bar, the
kinetic effect is noticeable in the vicinity of the droplet surface. Preliminary comparisons
between the predictions of the simplified kinetic model and the hydrodynamic approach
for the typical fuel DHE under IC engine conditions (gas pressure up to 30 bar) showed
that the hydrodynamic approach underestimated the droplet lifetime by about 5—10% [4],
which led to a corresponding ignition delay and consequently the combustion phasing in
IC engines [5,6]. This is likely to compromise the applicability of currently available CFD
solvers as predictive tools. Moreover, in extreme cases the injected fuel is typically at
transcritical or supercritical state during the injection, mixing and vaporization processes
(see Figure 1). Unfortunately, these processes of hydrocarbon fuels into a supercritical
environment are not yet well understood. They address the limitations of the current
hydrodynamic approach to accurately modelling the fuel DHE.

The hydrocarbon fuel (i.e., dodecane) droplet heating and evaporation (CipHys-
DHE) under IC engine conditions is a multi-physics, multi-scale, and multi-phase
phenomenon, as shown in Figure 2. The liquid fuel and the bulk of its vapour are
divided by a Knudsen layer (KL), which represents the kinetic effect taking place in
small droplets (i.e., Ry < 5¢m) and is solved by the gas kinetic theory. Its thickness is
about several to hundred mean free paths (MFP) of fuel vapour molecules depending
on the evaporation rate. The liquid-vapour (LV) interface is sandwiched by KL and the
liquid phase and is investigated by molecular dynamics (MD) simulations because of
its thickness being at the order of molecular diameter of dodecane, i.e., ~ nanometres.
Theoretically, the hydrodynamic approach is still valid in the bulk of both liquid and
vapour except both the micro (i.e., KL) and nanoscale (i.e., LV interface) regions. This
review will establish a new basis to multi-scale modelling of C;,Hys-DHE under IC
engine conditions. Therefore, it is strongly recommended that the kinetic effects should
be considered when modelling the evaporation process of small fuel droplets in realistic
IC engines. This leads to the introduction of the concept of KL (see Figure 2), which
separates the liquid surface from the bulk of the vapour.
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Figure 2. Multi-scale modelling of the hydrocarbon fuel (dodecane) droplet heating and evapora-
tion (C1pHye-DHE) under IC engine conditions to account for the kinetic effect. The liquid-vapour
(LV) interface is sandwiched by Knudsen layer (KL) and the liquid phase, and KL separates the
liquid surface from the bulk of the vapour. The radius of the fuel droplet Ry is specified as the
characteristic length L, A is the mean free paths (MFP) of fuel vapour molecules, and d is the
molecular diameter of dodecane.

There are two major flaws in the previous kinetic methods. First, ignoring the
inelastic collisions is only justified for mono-atomic molecules, but it appears to be
inaccurate in the case of such complex molecules as fuels (approximated by dodecane).
Moreover, it seems to be no reason to ignore their contributions if the number of internal
degrees of freedom of dodecane molecules exceeds one hundred [7]. Second, the LV
interface separating the liquid and vapour phases is assumed to be infinitely thin and
taken as a thickness of zero [8], which results in the absence of the kinetic boundary
condition (KBC) for solving the Boltzmann transport equation in the vicinity of droplet
surface, i.e., KL. To make well-informed predictions of the injection process and a smart
ignition for combustion phasing, multi-scale modelling of C1,Hys-DHE is desirable.

The practical implementation of the kinetic effects, however, requires the specifica-
tion of boundary conditions at the LV interface and the interface between the kinetic and
hydrodynamic regions (see Figure 2). Furthermore, the evaporation coefficient of the
fuel droplet was taken assumed values [4], which were derived from water droplets [9].
Alternatively, it was assumed that this coefficient is equal to 1 [10,11]. The rigorous
justification of the KBC at the LV interface needs to be based on MD simulations [12,13],
which is an appropriate scientific tool for obtaining molecularly accurate dynamic in-
formation at micro and nanoscales (the magnitude of LV interface thickness). The MD
simulations enable us to explore the mechanism of chain-like molecules (C12Hy) evapo-
rating into the background gas (approximated by Nj) under various temperatures and
pressures, i.e., IC engine-like conditions, aiming to formulate a novel KBC for kinetic
theory modelling of non-equilibrium gas flows near to the fuel droplet surface.

This review will be focused on the numerical analysis of hydrocarbon fuel (dode-
cane) droplet heating and evaporation (C12Hps-DHE) across the different scales, suitable
for practical engineering applications. It is anticipated that meeting these objectives will
lead to a multi-physics, multi-scale, and multi-phase investigation of C1,Hp-DHE under
IC engine conditions. Next section will present the methodologies used to implement
the multi-scale modelling of C1,H2¢-DHE. Sec. 3 will illustrate the mathematical models
developed in each approach crossing each scale, including MD at the LV interface in Sec.
3.1, kinetic theory modelling of KL in Sec. 3.3, and CFD solvers for bulk regions of the
fuel liquid and vapour in Sec. 3.4. The surface temperature of droplet and its evaporation
time under IC conditions are also estimated in terms of the basis of multi-scale modelling.
Conclusions are drawn in Sec. 4.

2. Multi-scale Modelling of Droplet
2.1. Time and Length Scales in Numerical Methods
The time and length scales that are widely used in computational methods are

presented in Figure 3. Based on the length and time scales shown in Fig. 3, the numerical
models are approximately classified into four categories: Macroscopic (i.e., the Navier-
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Stokes-Fourier equations), Mesoscopic (i.e., the Boltzmann equations), Micro/Nano
scales (i.e., MD simulations), and Quantum mechanics (i.e., the first principles). These
computational methods are also used in heat conduction in micro/nanoscale materi-
als [14]. Different methods are used to handle specific fluid dynamics and heat/mass
transfer problems of different range of scales. Although an impressive progress has been
made in multi-scale simulations [], a universal solver is still lacking to deal with fluid
dynamics or gas dynamics at any scale. Next, we will give a brief to each approach and
introduce their applications.

Macroscopic scale Large scale of flow phenomena refer to as the size of vehicles,
aircraft and ships in our life, which is visible to the naked eyes. Commercial CFD soft-
ware such as ANSYS Fluent and open-source codes such as OpenFOAM are commonly
used to solve the macroscopic problems in engineering and industry. More complex
flows are numerically solved by the turbulence models: Reynolds Averaged Navier-
Stokes (RANS) [15], large eddy simulations (LES) [16], and direct numerical simulations
(DNS) [17]. For example, the hydrodynamics of submerged flexible vegetation with
or without foliage was investigated by using a 3D LES model indicating the decrease
of both the vegetation-induced flow resistance force and the vertical Reynolds shear
stress [18].

Mesoscopic scale Inbetween the macro and micro/nano scales lies the mesoscopic
phenomenon, which involves the Boltzmann transport equations such as kinetic models
of gas dynamics at the non-equilibrium state [19]. Besides, the lattice Boltzmann method
(LBM) has been emerged as a powerful solver with high parallel computing efficiency
in CFD, multi-phase flow and heat transfer communities. For example, the natural
convection of solutions under the micro-gravity field [20] and the heat enhancement
of power-law fluids in the presence of wall vibrations were investigated by a thermal
LBM [21]. Based on the phase-field theory, a two-phase LBM was proposed to capture
the migration of supercritical CO; in sandstones under conditions of saline aquifers with
applications to the carbon capture and storage (CCS) [22]. There are other LBM-based
solvers, i.e., the wind analysis simulation with SimScale, and LBSolver/ProLB which
allows engineers to accurately simulate transient aerodynamics and aeroacoustics.

Micro/nano scale Diameter of the macro molecules such as polymers and dimen-
sions of highly confined geometries such as a tight pathway of the shale gas [23]
can be down to several micrometres and even nanometres. Examples include the
micro/nanochannel gas flows with the permeable walls [24,25], the surface acous-
tic wave (SAW) induced fast flow in nanochannels [26] and the effective viscosity
of nanofluidics [27]. Most of the micro gas-flow and nano liquid-flow are based on
MD simulations. One of the most popular open-source codes to perform MD sim-
ulations is LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator (
https:/ /www.lammps.org/)). There are other molecular simulation packages such as
DL_POLY developed by CCP5 (Computational Collaboration Project 5 - simulation of
condensed matter (www.ccp5.ac.uk)) and in-house codes of MD simulations released by
The Art of Molecular Dynamics Simulations [28]. In addition to the micro/nano scale
fluid flows, the heat conduction in micro/nano devices such as the thermal management
also falls into this category [14].

Quantum mechanics refers to an approach to numerically solve Schrodinger equa-
tion. We only focus on the first-principles method [29], which is also known as the ab
initio method. The first-principles method combined with anharmonic lattice dynamics
is a very accurate method to predict the thermal conductivity of materials such as metals
without any fitting parameter and non-Fourier phonon heat conduction [30-32]. There
are first-principles simulation tools such as VASP and Quantum Espresso. The com-
monly used computational methods for heat conduction and their scope of application
were summarised in Ref. [14].
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Figure 3. Schematic presentation of time and length scales in computational methods.

This review has threefold to accessing the nano/micro, meso and macroscopic
fluid elements across the different scales in DHE under IC engines conditions. Firstly,
an MD algorithm for the simulation of hydrocarbon fuel molecules (i.e., dodecane),
with emphasis on the evaporation/condensation process at the LV interface, will be
introduced. Secondly, a kinetic theory modelling of the non-equilibrium gas flow near to
the fuel droplet surface (i.e., KL), which is based on the Boltzmann equations considering
the inelastic collision between fuel molecules, will be presented. The evaporation
coefficient of evaporating fuel molecules and their velocity distributions at the LV
interface obtained in MD simulations are applied to formulate a novel KBC which is
used to solve the gas transport equations. Thirdly, the surface temperature of fuel droplet
and its evaporation time can be accurately estimated by implementing the kinetic effects
into the DHE.

2.2. Molecular Dynamics (MD) Study on Evaporation and Condensation

As mentioned in Sec. 1, rigorous estimation of the evaporation and condensation
coefficients requires the application of MD technique [33-36]. One of the most advanced
MD investigations of these coefficients for water was reported in Ref.[9]. In that pa-
per, two models for intermolecular potential were used: the Carravetta and Clementi
model [37] and the extended simple point charge model [38]. The intermolecular interac-
tions were treated as a combination of the short-range pairwise potential of atoms and
the long-range Coulombic interaction in both models. The predictions of the extended
simple point charge model reached better agreement with the experimental data than
those of the Carravetta and Clementi model. It was also pointed out that the translational
motion is of primary importance for the evaporation/condensation process, whereas the
effect of rotational motion can be ignored.

A number of models were developed to describe the dynamics of complex hydro-
carbon molecules such as dodecane (C12Hyg), including the Optimized Potential for
Liquid Simulation (OPLS) [39-42]. These models were reviewed in Ref. [43] and they
also suggested their new model. The new model was based on the OPLS potentials
but claimed higher accuracy than the previous models. All these models are based on
the observation that the C-H bond in complex hydrocarbon molecules is much shorter
and much stronger than the C-C bond, and also stronger than the van der Waals forces
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between dodecane molecules. Thus, both methyl (CH3) and methylene (CHy) groups
can be regarded as separate atom-like structures in a relatively simple united atom
model (UAM) [44]. The underlying physics of all these models is essentially the same,
but they differ from the energy parameters and diameters of CH3 and CH; groups, and
bond bending and torsion potentials. Ref. [43] applied all the above-mentioned models
to complex hydrocarbons to determine their vapour-liquid coexistence curves using
the Gibbs-ensemble technique and the configuration-bias Monte Carlo (MC) method.
All models gave almost the identical results at standard conditions, but the predicted
critical temperatures differed by up to 100 K. It was also claimed that the new model
better described the phase change of the vapour-liquid coexistence curve over a large
temperature range [43]. Furthermore, Ref. [44] applied the Toxvaerd model [41,42] to
the MD simulation of n-octane. Previous MD simulations of n-alkane LV interfaces
were focused on interfacial properties, such as phase equilibria, interface tension and
thermodynamic parameters [45-49]. However, none of these studies carried on the MD
analysis of the vapour-liquid phase equilibria of dodecane (C1;Hyg) and the estimation
of its evaporation/condensation coefficient.

Besides, the MD simulation of n-dodecane (Cj2Hys) in an equilibrium system
was performed using AMBER version 10.0 (a package of molecular simulation pro-
gramme) [50], where a general Amber force field (GAFF) was applied and the potential
energy was presented as a sum of bending, torsion, van der Waals and Coulomb energies.
As the AMBER takes the hydrogen atoms explicitly into account, it can be called all
atoms model (AAM). Due to the increased number of interactions calculated, this AAM
is much more time-consuming compared to UAM. Hence, the UAM model is more
attractive in practical engineering applications. Moreover, the UAM was successfully
used for modelling the phase behaviour of a large number of n-alkanes ranging from
pentane (CsHjy) to octatetracontane (C4gHog) [43].

In Sec. 3.1, the OPLS potential will be chosen to study the phase transition of
dodecane droplet including the vapour-liquid coexistence, the interface thickness, and
the evaporation/condensation coefficient over a wide range of liquid temperature.

2.3. Kinetic Boundary Condition (KBC)

As discussed in Sec. 1, the practical application of the combined or kinetic modelling
requires the specification of boundary conditions at the droplet surface and at the
interface between the kinetic and hydrodynamic regions. These boundary conditions
include the evaporation/condensation coefficient at the droplet surface and the velocity
distribution function (VDF) of molecules leaving the droplet surface or entering the
kinetic region from the hydrodynamic region. It was implicitly or explicitly assumed
that this distribution function is isotropic Maxwellian in both cases [4,10,11,51,52]. The
values of the evaporation/condensation coefficient were also assumed equal to 0.04 and
0.5 (the minimal and average value of this parameter of water) [4] or unity [10,11,51,53].
None of these assumptions was rigorously justified. The only practical way to perform
this justification is to carry on the MD simulations in the vicinity of fuel droplet surface,
i.e., the LV interface.

The LV interface between the gas and liquid is typically a couple of molecular
diameters wide [12]. Hence, MD simulation is ideally suited to probe the molecular
mechanism of phase change. Ref. [54] used MD to simulate the stationary evaporation
and condensation between two liquid slabs kept at different temperatures and calcu-
lated the evaporation and condensation coefficients for an argon-like fluid. Ref. [55]
simulated the evaporation into vacuum by removing all molecules that left the gas
region of the simulation cell with a completely absorbing wall and found the evapo-
ration/condensation coefficient for simple liquids in a wide range of temperatures. In
addition, Refs. [56] and [57] obtained the condensation coefficients of argon and water
in MD simulations. We aim to further investigate the evaporation and condensation
processes of fuel droplet (i.e., dodecane) with particular emphasis on the determination
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of evaporation/condensation coefficient and the illustration of VDF in various locations
relative to the LV interface, which will be presented in Sec. 3.2.
In kinetic theory, the LV interface is modelled as a surface of zero thickness [4,10]
and molecules hitting it from the vapour phase are condensed or reflected. Using MD
simulations for relatively simple molecules, it had been found that the condensation
probability is independent on the incoming velocity [9,54]. Moreover, the incident angle
of the molecules had no noticeable effect on the condensation coefficient [9]. The VDF
of molecules leaving the interface from the liquid phase f°% is usually presented as
a sum of the distribution functions of the evaporated part cf¢ and the reflected part
(1 —0)f"[58]:
frt=off+(1-0)f, (1)

where ¢ is the evaporation/condensation coefficient, f¢ is the distribution function
of vapour molecules at the temperature of liquid, and vy, is the velocity component
normal to the interface. For evaporated molecules, it is typically assumed that their
distribution function is isotropic Maxwellian with the temperature of liquid without a
drift velocity [59]. The isotropic Maxwellian distributions with drift velocities were also
reported [54,60].

Eq. (1) is called the kinetic boundary condition (KBC) in kinetic theory mod-
elling [10,11]. Alternative formulations of KBC were discussed in Refs. [8,54,60,61].
Previous studies of C1,Hp-DHE under IC engine conditions used the KBC of Eq. (1)
with the evaporation/condensation coefficient set to unity and assuming that the VDF
was isotropic Maxwellian [10,11,51,52]. In addition, Eq. (1) was used for monatomic
molecules (i.e., argon) [62] and polyatomic molecules (i.e., water and methanol) [63] in
MD simulations.

The maximum mass flux density of the molecules evaporated from the liquid
surface, assuming that f* is isotropic Maxwellian, is given by the Hertz formula [64]:

_— [kgT;
Jm = Po m’ (2)

where p, is the density of saturated vapour in equilibrium state at the liquid temperature
T;, m is the molecular mass, and kg is the Boltzmann constant. The ratio of the actual
mass flux density of the evaporated molecules j, to its maximum value j;, is defined as
the evaporation coefficient 0. The condensation coefficient is defined as the ratio of the
actual mass flux of condensed molecules j. to j,;. Under the equilibrium condition, the
condensed mass flux should be equal to the evaporated mass flux, i.e., jo = j., which
implies that 0, = o.. The condensed mass flux j. and the evaporated mass flux j, can be
calculated by counting the number of molecules crossing a unit area per unit time at the
interface zone. In this review, we choose the evaporation coefficient in our discussions.

2.4. Kinetic Formulation of Evaporation and Condensation

The kinetic analysis of gas dynamics needs to be based on the solution to the Boltz-
mann equation, which considers the collision process. Note that the Boltzmann equation
itself approximates the more general chain of Bogolubov-Born-Green-Kirkwood-Yvon
(BBGKY) chain of equations [10,65].

A number of approximate solutions to the Boltzmann equation were suggested. One
of them was based on the replacement of this equation by the system of equations for the
moments of the distribution function [66]. Although the replacement was important from
the point of view of theoretical developments, it had limitations in practical applications
to non-stationary and multi-dimensional problems. An alternative approximation is
widely known as the method of the model kinetic equations. In this method, the actual
collision integral is not calculated but modelled. One of the most widely used variations
of this method was suggested in Ref. [67] and known as Bhatnagar-Gross-Krook (BGK)
method [68,69]. More advanced versions of the method of the model kinetic equations


https://doi.org/10.20944/preprints202204.0067.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 April 2022 d0i:10.20944/preprints202204.0067.v1

8 of 29

were suggested in Ref. [70]. These methods are computationally economical but their
accuracy becomes poor when the distribution of gas molecules or ions/electrons deviates
considerably from the equilibrium distribution. A more detailed analysis of these
approximate methods and the results of their applications were reviewed in a number of
monographs and papers [4,71,72]. Although these solutions had been proven useful in
qualitative analysis of phenomena and understanding of the underlying physics, their
limitations for the quantitative analysis were well known.

It seems that the only way to perform the quantitative analysis of gas dynamics
in a general case should be based on the direct numerical methods [73,74]. For non-
ionised gases such methods were developed [75,76]. Bird based his approach on direct
statistical analyses of the dynamics of individual atoms while Aristov and Tcheremissine
developed a new method of the direct numerical solution to the Boltzmann equation.
These methods were further developed and applied to the analysis of gas dynamics,
including evaporation and condensation problems [76-88]. Attempts to apply these
methods to binary mixtures were also reported [82-87]. Numerical difficulties in the
analysis of these mixtures, however, imposed a number of restrictions on the properties
of molecules: molecules were assumed to be mechanically identical [82,85,86]; the differ-
ence in the masses of molecules was considered, but their diameters were assumed to
be the same [83,86]. These assumptions can hardly be justified in many practical engi-
neering applications, where molecules in binary mixtures have very different diameters,
such as the problem of evaporation of heavy hydrocarbons (i.e., dodecane) into air (i.e.,
nitrogen).

In addjition, the contribution of inelastic collision was ignored in the above-mentioned
models. This assumption could be justified in the case of monoatomic molecules, but
appears to be highly questionable in the case of such complex molecules as dodecane
(C12Hye). Even if the analysis of the dynamics of these molecules is simplified by consid-
ering the UAM [12], the number of its internal degrees of freedom is expected to exceed
one hundred. There seems to be no justification for ignoring the inelastic collisions.

Perhaps the first phenomenological model for the binary collisions in a gas mixture
having continuous internal energy was developed in Ref. [89]. This model was applied
to Monte Carlo (MC) simulation of rarefied gas flows. Since the publication of this
pioneering paper, a substantial number of papers had been published, in which various
models of inelastic collision were introduced [90-101]. Based on the Wang-Chang and
Uhlenbeck results for polyatomic gases [102], Ref. [103] introduced a kinetic model for
gases with the internal degrees of freedom, which is, as in the case of the BGK model,
related to the Boltzmann collision integral. Moreover, Ref. [104] proposed another
solution of Wang-Chang-Uhlenbeck master equation to deal with the non-equilibrium
processes in a gas with the internal degrees of freedom by generalising the Boltzmann
equation. Also, Ref. [105] used the Borgnakke-Larsen collision model to deal with the
steady condensation of a polyatomic gas, and a simpler BGK-type collision model was
proposed for the steady evaporation [106,107].

In Sec. 3.3, a typical kinetic theory modelling considering the inelastic collision
between fuel molecules (i.e., dodecane) will be introduced, and its numerical solution is
also presented.

2.5. Convectional Fluid Dynamics of Droplet

As shown in Figure 2, two regions of gas above the surface of evaporating fuel
droplet are considered: Knudsen layer (KL) and the vapour fuel region. In contrast
to Refs. [4,10,11,51,52], we relax the assumption that the liquid thermal conductivity is
infinitely large and consider the processes in the liquid phase region as well. All three
regions (i.e., the liquid and vapour bulk regions, and KL) are schematically shown in
Figure 2. As in Refs. [10,11,51,52], we assume that the gas consists of two components,
i.e., the fuel vapour and a background air, both in KL and the vapour region. It is
assumed that the contribution of chemical reactions of fuel vapour and oxygen can be
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ignored. Fuel vapour and air dynamics in KL are described by the Boltzmann equations,
while the conventional hydrodynamic analysis (i.e., the Navier-Stokes-Fourier (NSF)
equations) is applied to the bulk liquid and vapour regions. The numerical models used
in all three scales (i.e., LV, KL and the bulk) and the conditions at the interface between
the regions will be discussed in Sec. 3.4.

2.6. Multi-scale Universal Interface (MUI)

For the dynamic process of DHE, i.e., moving interfaces across the different scales,
it is recommended to use a domain-decomposed method (DDM) to simultaneously
couple the classical MD and CFD solver by matching the state variables and/or fluxes
across the hybrid interface. DDM, which was originally from the Schwarz alternating
method to solve the elliptic partial different equations (PDEs), is largely and successfully
extended and proved to play a big role in multi-scale modelling of complex fluids and
materials in terms of computational efficiency and physical accuracy. For simple fluids, a
continuum perspective has been taken to couple the MD and NS equations by matching
the state variables and/or fluxes across the hybrid interface. For complex fluids such as
a dodecane droplet, the complex structure of the molecules is represented by a discrete
perspective and the MD has been coupled with the coarse-grained MD (CGMD) in terms
of the interpolation of forces between the two levels of descriptions [108].

This approach utilises an MPI-based general coupling library, i.e., a multi-scale uni-
versal interface (MUI) [109], which enables us to make a coupling effort in a wide range
of multi-scale simulations. Our aim is to perform the complex multi-scale simulations
involving nano/micro, meso and macroscopic elements in DHE problems. The library
introduces a data sampler concept, which is combined with a hybrid dynamic/static
typing mechanism to create an easily customisable framework for solver-independent
data interpretation. The library integrates the MPI MPMD support and an asynchronous
communication protocol to handle the inter-solver information exchange regardless of
the solvers’ own MPI features. Particularly, the template meta-programming is mas-
sively employed to simultaneously reduce the computing costs and make the coding
friendly. For example, Bian et al considered the conjugate heat transfer between a solid
domain and a fluid domain by coupling the particle-based energy-conserving dissipative
particle dynamics (eDPD) method with the finite element method (FEM) [108]. It also
demonstrated the flexibility of the framework in handling the heterogeneous models and
solvers. More implements of the MUI library into the hybrid algorithm and multi-scale
modelling can be found in its applications to soft matters.

3. Mathematical Models

Based on the multi-scale presentation of fuel DHE, each approach at different scales
will be introduced with the increasing of scales, i.e., MD simulations at the LV interface
(~ nano scale), kinetic theory modelling in KL (~ micro scale), and hydrodynamics in
bulk regions (~ macroscopic scale).

3.1. Liquid-Vapour (LV) Interfacial Dynamics
3.1.1. Intermolecular potentials in MD
We take the dodecane as an example, and the interactions (i.e., the primary forces)

between fuel molecules that are presented in Figure 4 include the bond-angle bending
and the dihedral angle torsion within one molecule.
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Figure 4. Schematic presentation of the molecular interactions: the bond-angle bending and the
dihedral angle torsion within one molecule.

The MD simulation of dodecane droplet in this review is based on UAM, and the
representation of UAM applied to a dodecane molecule is schematically illustrated in
Figure 5.

Hydrogen atom

Figure 5. Schematic presentation of molecular structure of dodecane (Cj,Hyg) (a) and its UAM
approximation with methyl (CH3) and methylene (CHj) groups (b). The bending angle between
neighbouring bonds is 114°. Reproduced from Ref. [13].

As mentioned in Sec. 2.2, the Optimized Potential for Liquid Simulation (OPLS) is
used to describe the dynamics of dodecane. First, the non-bonded interactions between
atoms, which belong to either different chains or the same chain but more than four atoms
apart, are characterised by the truncated Lennard-Jones (L-J) 12-6 potential [28,110]:

o 12 o 6
L Y Yy

The energy parameters of CH, and CHj groups are ecpy, /kp = 47 K and ecp, /kp = 114
K, respectively. According to the geometric rule, the energy parameter between CH; and
CHj3 groups is estimated as ec,—cH, /ks = /EcH,ecH, /k = 73.2 K. The diameters of
CH; and CHj groups are assumed to be equal and estimated as j; = 3.93 A. The L-J] 12-6
interaction is truncated at 13.8 A in MD simulations.
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394

Second, the interactions within the chains include bond bending and torsion with
the bond length constrained at 1.53 A. The bending can take place between any three
neighbouring atoms and the potential is [111]:

ubend gy = %kg(e —6)%, (4)

where the bending coefficient is estimated as kg /kg = 62,500 K/rad?, and the equilib-
rium angle is 8y = 114°(see Figure 5).

Third, the torsion can take place between four neighbouring CH3z and/or CH,
groups (see Figure 2 of Ref. [12]) and the torsion potential is applied to [39]:

ul?s(®) = ¢y + 0.5¢1 (1 + cos @) + 0.5¢5(1 — cos 2®) + 0.5¢c3(1 + cos3P),  (5)

where the coefficients ¢o /kp = 0K, ¢1 /kp = 355K, ¢ /kp = —68.19K, c3 /kp = 791.3 K,
and @ is the torsion dihedral angle. The equilibrium value of ® is 180°.

3.1.2. Equilibrium simulation of a vapour-liquid coexisting system

Based on OPLS, we considered two nanodroplets consisting of 400 [12] and 720 [112]
dodecane (CypHjzg) molecules, respectively. These molecules were initially oriented
along the x-axis and placed at the centre of the simulation box illustrating the zigzag
configurations, as shown in Figure 5 (b). The number of molecules in each direction was
chosen based on the number density of droplet molecules correspondingly.

The equations of motion of the united atoms (i.e., CH3 and CH, groups) were
integrated using the Verlet leapfrog method [28,110]. For the chain-like molecules of
dodecane, the bond length constraint was applied to the neighbouring atoms only, and
the bond length was also constrained by the SHAKE scheme adjusting the atom coordi-
nates one by one cyclically to satisfy a given tolerance [28,110,113]. Periodic boundary
conditions were applied in all directions. To achieve a higher calculation efficiency,
the reduced units were used for the physical parameters [110]. Other thermodynamic
parameters were reported in Ref. [33]. A general expression of the numerical algorithm
for MD simulations is summarised in Figure 6.

Ensemble (constant - NVT) . .
N: number of molecules, V: volume of system (Equatlons used in each Step)

T: temperature

Initial conditions: coordinates r;, d 2}';. )
velocity v, and temperature 7' L dP

I

Computing force F and potential ¢
No (CELLLIST and SHAKE)

[

Computing new velocities (Verlet
leapfrog) and coordinates (PBC)

....... Lennard-Jones (12-6) potential

------- Newton’s equation of motion

{ILequilibrium

Sampling for macroscopic variables

Figure 6. MD algorithm in a constant-NVT ensemble.

The vapour-liquid coexistence curve for temperatures ranging from 400 to 550 K is
shown in Figure 7, based on the equilibrium systems of simulations using 720 molecules.
It indicates that the density of the liquid phase decreases with the increasing of the liquid
temperature, and MD results reach good agreement with both experimental [114] and
MC data [43].
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Figure 7. Vapour-liquid coexistence curves in the equilibrium state as predicted by MD simulations
compared to experimental [114] and MC data [43]. Reproduced from Ref. [12].

The thickness of the transition layer (i.e., the LV interface) is defined as the thickness
of the region where the bulk vapour phase changes to the bulk liquid phase. This refers
to the thickness over which the density of dodecane changes from 0.95p; to (p, + 0.01p;),
where p; and p, are densities of liquid and vapour, respectively. It was found that
the thickness of the transition layer of dodecane ranges from 2.3 to 3.5 nm when the
temperature increased from 400 K to 550 K. These values are noticeably larger than
those of argon [9], water [9] and methanol [63]. The larger thickness of the transition
layer at high temperatures may reduce the evaporation/condensation probability of
dodecane molecules at the liquid surface. For chain-like dodecane molecules, the thick
transition layer would act as a barrier to the condensation of vapour molecules or the
evaporation of molecules leaving the liquid surface. Hence, it is expected that the
increased thickness of the transition layer at high temperatures would result in smaller
evaporation/condensation coefficients. This will be verified by the MD estimation of the
evaporation/condensation coefficient in Sec. 3.1.3.

In addition, it was found [12] that the chains lie preferentially at the LV interface, but
not completely, parallel to the interface, which is consistent with the results obtained for
other polymer or n-alkane chains [46,53,115,116]. This orientation restricts the rotation
of molecules in the immediate vicinity of the interface, which is consistent with the
observation that the translation of the chains contributes more to evaporation than their
rotation does [12].

Based on the evaporation and condensation behaviours of dodecane [13], trapping-
desorption evaporation/condensation had never been reported for simple molecules.
In these cases, the chain-like dodecane molecules were trapped at the LV interface for
a short period. The effect of the translational energy on the evaporation and conden-
sation processes of n-dodecane is similar to its effect on the monatomic molecule of
argon [54] and polyatomic molecules of water and methanol [56]. This supports the
idea of activation energy in the transition layer, which follows from the transition state
theory [56]. The transition layer builds a three dimensional structure at the LV interface
with a kind of interfacial resistance. The fact that the molecules in the transition layer
preferentially lie parallel to the interface is expected to contribute to the blocking of
molecular evaporation and condensation.

3.1.3. Evaporation coefficient

As mentioned in Sec. 1, the evaporation coefficient of dodecane took the minimal
and average values of this coefficient for water, 0.04 and 0.5, or 1 in the previous
work. The measurements and estimations of this coefficient for water were reviewed in
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Ref. [117]. None of these values can be rigorously justified. Although the results of the
previous work enable us to illustrate the kinetic effects on the evaporation processes in
diesel fuel, but we still are unable to use these models as a predictive tool for engineering
applications. Rigorous estimation of the evaporation coefficient should be based on the
MD simulation [33-36]. MD simulations is an appropriate scientific tool for obtaining
molecularly accurate dynamic information at micro and nanoscales (the magnitude of
LV interface thickness). Alternatively, the transition state theory (TST) was suggested
to evaluate the evaporation coefficient for various substances [56]. Based on TST, the
evaporation process at the LV interface is considered as a kind of chemical reaction and
the general theory of rate process is applied [118]. As a result, the average evaporation
coefficient can be expressed by:

AN 1 1
o= 1<V3> exp fiiﬁ , (6)

(Vl)l/?)—l

where V! and V¢ are specific volumes of liquid and gas, respectively. The predicted
value of 7 in Eq. (6) is dependent on the surface temperature of droplet. It is close to one
at the triple point and decreases to zero at the critical point. The evaporation coefficient
in Eq. (6) was shown to be in good agreement with the MD results of argon [54,56],
water [9] and methanol [57,63]. It is not clear, however, whether this approach can be
applied to complex chain-like molecules such as dodecane (Cq;Hjyg). The TST does not
consider the detailed molecular structure and non-translational motion in chain-like
molecules and complex evaporation/condensation behaviours such as trapping and
desorption. The application of Eq. (6) to dodecane needs more rigorous justification,
i.e., based on MD simulations. Thus, the evaporation/condensation coefficient will be
investigated at the LV interface using MD simulations.

The molecular mechanism of droplet evaporation and condensation at the LV
interface is shown in Figure 8. Assuming that the distribution function of molecules
at the interface is isotropic Maxwellian, the maximum flux by Eq. (2) can be justified.
Hence, the evaporation and condensation coefficients have been estimated as the ratios
of evaporated and condensed mass fluxes to the maximum fluxes given by Eq. (2). The
results will be compared with the values of coefficient predicted by TST in Eq. (6).

Evaporation Colliding
flux flux
Reflecting
Vapour phase flux
Interface
Liquid phase .
Condensation
flux

Figure 8. Schematic presentation of the molecular mass flux of evaporation and condensation.

The evaporation coefficient obtained in a droplet consisting of 720 molecules de-
creases from about 0.93 at 400 K to about 0.45 at 550 K. The densities of the liquid and
vapour phases obtained in MD simulations were applied to predict the values of the
evaporation coefficient by TST. It indicates a general agreement of the condensation
coefficient between MD results and TST predictions [50]. The condensation coefficient of
other substances (argon [54,62], water [9,63] and and methanol [63]) in MD simulations
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also illustrates that it decreases with the increasing of the liquid temperature regardless
of the type of molecules. This is consistent with the results for the LV thickness: the
thicker interfaces at higher temperatures are expected to reduce the possibility of the
evaporating molecules from the transition layer.

The evaporation coefficient for complex molecules, like dodecane, would be ex-
pected to be lower than for simpler molecules due to the constraint imposed by the
rotational motion of molecules in the liquid phase [119]. However, it was found in
MD simulations that the rotational energy had no noticeable effect on this coefficient
and its value was mainly controlled by the translational energy in agreement with the
previously reported results [9,12]. On the other hand, based on TST, we can expect that
this coefficient is close to unity at low temperatures when (‘é—f)l/ 3 is large, and decreases

with the increasing temperature due to the decrease of the ratio (“//—f)l/ 3. This trend is
consistent with the prediction of MD simulations. The evaporation coefficient predicted
in MD simulations will be used to formulate a novel boundary condition at the interface
between fuel liquid and its vapour, instead of previously assumed values of 0.04, 0.5 or
1.0.

3.2. Revised Boundary Conditions

As mentioned in Ref. [13], it is generally assumed that the VDFs of the evaporated
molecules and the molecules entering the kinetic region from the vapour phase are
isotropic Maxwellian. In what follows the range of applicability of this assumption is
based on the calculations of VDF in MD simulations. The MD analysis focuses on the
investigation of these distributions in the liquid phase, at the LV interface and in the
vapour phase.

Although we appreciate that this result needs to be confirmed by MD simulations
with a larger number of molecules, we believe that the traditional approach to the
formulation of the boundary conditions in kinetic theory modelling, when the VDF
of the evaporated molecules is assumed to be isotropic Maxwellian with the same
temperatures for all velocity components, needs to be revisited.
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Figure 9. Normalised velocity distributions of evaporated and reflected molecules from the
LV interface and sum of all molecules leaving this surface at the liquid temperature of 500 K.
Reproduced from Ref. [120].

As can be seen from Figure 9, for the velocity component normal to the interface,
vy, the distribution function for all molecules leaving the surface is close to isotropic
Maxwellian, but the distributions for the evaporated and reflected molecules noticeably
deviate from the Maxwellian one. The VDF of evaporated molecules is less than that of
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the Maxwellian for small velocities but greater than that of the Maxwellian for high ve-
locities. The VDF of reflected molecules, however, is greater than that of the Maxwellian
for small velocities but less than that of the Maxwellian for high velocities. Thus, the
main contribution to the molecules leaving the droplet surface at small velocities comes
from the reflected molecules, while the main contribution to these molecules leaving the
droplet surface at high velocities comes from the evaporated molecules.

Moreover, it was found that the VDF of molecules in the liquid phase and at the LV
interface had been shown to be close to isotropic Maxwellian with temperatures equal
to that of the liquid phase [121]. The VDF of molecules in the vapour phase, however,
had been shown to deviate from the classical isotropic Maxwellian distributions. It can
be approximated as bi-Maxwellian with temperatures in the direction normal to the LV
interface larger than those in the directions parallel to the LV interface. Therefore, the
boundary conditions in kinetic theory modelling can be revised in terms of the realistic
VDF of the evaporated molecules in the vapour phase approximated as bi-Maxwellian.

3.3. An Inelastic Collision Model

Despite considerable progress in the development of kinetic models of evapora-
tion, these models are still based on a number of assumptions and their applicability
to combustion engines is not at first evident. For example, it was assumed that the
temperature of the outer boundary of the kinetic region was equal to the droplet surface
temperature and the heat transfer process inside this layer was ignored. In addition,
the contribution of inelastic collisions to the processes in gases was focused either on
the analysis of collisions between inelastic spheres [94,122] or simple diatomic or tri-
atomic molecules [90,123]. The generalisation of these models to complex hydrocarbon
molecules was not feasible at that time. Furthermore, the number of internal degrees of
freedom of dodecane is expected to exceed one hundred, and there is no justification to
ignore their inelastic collisions.

The model proposed in this review is different from those suggested earlier, al-
though it is based on some widely used assumptions. Although this model has been
tested for some rather specific problems, it can be applied to any molecules with arbitrary
large number of internal degrees of freedom. This model is expected to be effective
for the analysis of such complex molecules as dodecane. As in Refs. [10,11,51,52], the
molecules were approximated as hard spheres. In contrast to this approximation, we
adopt a well-known inelastic hard spheres (IHS) model to take into account the inelastic
effects during the collisions of these spheres [98].

The binary collision is still considered between two colliding molecules in this
model. Regardless of the nature of the collision between them, their centre of mass is not
affected by this collision. The state of the molecules after the collision is described in a
reference system linked with this centre of mass. In this reference system, each molecule
has three translational and a certain number of internal degrees of freedom, and the total
number of degrees of freedom of both molecules is N. During the colliding, energies of
each molecule are redistributed among the degrees of freedom, but the total number of
degrees of freedom remains unchanged. It is also assumed that none of these degrees
of freedom has any preference over the others. This allows us to consider a random
redistribution of the total energy among these degrees of freedom during the collision.
For each of these degrees of freedom we allocate one dimension in a N-dimensional
space describing all degrees of freedom. Once we have done this, we consider a sphere
in this space with its centre at the origin where energies of all degrees of freedom are
equal to zero and the energy is conserved at the surface of the sphere which is located in
the system of reference relative to the centre of mass such as dodecane molecules.

Furthermore, we introduce a N-dimensional vector X = (x1, X, ....... xN) to rep-
resent each degree of freedom in a curvilinear coordination (e1, €y, .....eN) under the
conditions that the norm of each vector e; is equal to one and the component x; is
mutually perpendicular to each other.
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s58 The redistribution of energy between the degrees of freedom during the collision
sso  process can be described in terms of the rotation of vector X in the N-dimensional
seo  space. Recall that none of the degrees of freedom has any preference over the others
sex  this rotation of the vector X can be considered as random with uniform probability
se2 distribution. Based on the conservation of the total energy during the collision, the new
ses position of vector X after rotation remains at the surface of the sphere with the same
sea radius. It also implies a rotation matrix relative to the redistribution of energies after
ses the collision. The algorithm for the construction of the rotation matrix can be found in
ses Ref. [7]
567 An example of the temporal evolution of the system with 100 degrees of freedom
ses was investigated in Ref. [7]. The model described above can be generalized to the case
seo When the probabilities of excitation of various degrees of freedom are unequal. This
s7o - could be achieved by introducing a weighting function and/or activating the range limit
snn of degrees of freedom.
572 Following Ref.[76], the numerical solution of the Boltzmann equation (for one or
s7s several components) is performed in two steps to implement the inelastic collisions
s+ between different molecules. Firstly, molecular displacements are calculated without
ss  the occurrence of collisions. Secondly, the collision is relaxed under the assumption of
s76  spatial homogeneity.

Ignoring the effects of collision, a discretised form of the Boltzmann equation

updating molecular displacements for each component is presented as
& + VA—f =0, ?)
At Ar

sz where f = f(v,1,t) is the distribution function of velocity v in physical space r and at
s7s  time f.

In an inelastic collision, the total internal energy in each velocity range should be

conserved, which implies that

A(Eintf) A(Eintf)
At TV Ar

=0, (8)

s where Eint = Eint(V, 1, t) are internal energies of molecules with v at time  and in space r.
sso  Based on the splitting finite-difference scheme, a numerical algorithm of the Boltzmann
se1  equation is described in Ref. [10].

582 The inelastic collision model described had been tested in three simple one-dimensional
se3  examples [19]: shock wave structure in nitrogen, one-dimensional heat transfer through
ssa  a mixture of n-dodecane and nitrogen and one-dimensional evaporation of n-dodecane
ses  into nitrogen. In the first problem, the predictions of the model, taking into account the
sss  contribution of the rotational degrees of freedom, were shown to be close to experimental
se7  data and the predictions of the earlier developed inelastic collision model. This problem
se  had been generalized to a hypothetical case when the number of internal degrees of
se0  freedom of nitrogen (Nint) was assumed to be in the range 0 to 10. It had been shown
soo that the results visibly changed when Nj,; was increased from 0 to 2 but remained
so1 practically unchanged at Njn; > 6. The predicted heat flux for the second problem had
se2  been shown not to depend on the number of internal degrees of freedom of the mixture
s03  Njnt when this number exceeded about 15. In the third problem, the predicted mass flux
sea  Of n-dodecane also remained almost unchanged at Nj,; > 15. These results shed the light
sos for considering systems with arbitrarily large numbers of internal degrees of freedom by
s0s reducing the analysis of these systems to the analysis of systems with relatively small
sz number of internal degrees of freedom.

sos  3.4. Multi-scale Modelling of Droplet

590 As illustrated in Fig. 2, when the kinetic effect is noticeable in DHE, two regions
s0o Of gas above the surface of an evaporating droplet should be considered: KL and the
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vapour region. In the most comprehensive model, it is assumed that the gases consist of
two components, i.e., the fuel vapour and background gas (air), and both mass and heat
transfer processes in KL are taken into account [51]. The analysis of these processes in
KL is based on the numerical solution of the Boltzmann equations for the fuel vapour
and background gas with the relevant boundary conditions.

Ref. [52] suggested simple approximate formulae to describe the temporal evolution
of fuel droplet radius (i.e., lifetime) and temperature predicted by the kinetic model.
These formulae are valid in a range of gas temperatures relevant to the IC engine
conditions and fixed values of the initial droplet radius, or in a range of initial droplet
radii relevant to the IC engine conditions and fixed values of the gas temperature. The
application of these formulae reduces dramatically the CPU requirements of kinetic
modelling, which can potentially open the way to the implementation of the kinetic
models into engineering CFD codes designed to model DHE in a realistic engineering
environment, including that of IC engines [124,125].

Apart from the vapour region, the previous models assumed that there is no temper-
ature gradient inside the droplet using the conventional hydrodynamic approach [3,126-
128]. Furthermore, nobody has considered this effect in conjunction with the kinetic
theory modelling and non-unity evaporation coefficient. Sec. 3.1.3 has shown that this
coefficient can be well below 1 (close to 0.5) especially when the liquid temperature is
close to the critical one [12,112,120].

In this review, we will restrict our analysis of DHE to a stationary droplet and
ignore the effects of the moving boundary [129,129,130], the formation of the thermal
boundary layer around droplets [131] and the effects of thermal radiation [132].

3.4.1. Liquid region

The models for DHE [127,128] were implicitly based on the assumptions that the
evaporation rate of droplets is small and the droplet radius R; does not change during
any time step (although this radius changes from one step to another). This means that
the effect of a moving boundary on droplet heating was ignored. This is a well known
approach used in all available CFD codes. Two approaches were developed to take into
account the changes in droplet radius R; during the time steps. Firstly, it was assumed
that R; is a linear function of time. Secondly, the evolution of droplet temperature was
calculated for an a priori fixed function R;() [129,131]. These effects, however, will not
be considered in present analysis.

Assuming that the droplet heating process is spherically symmetric, the droplet
temperature, T = T(t, R), can be found from the solution to the equation for T in the
form [133,134]:

oT  (9*T 20T
o " <8R2 + RaR> ©)

for0 <t < t, 0 < R < Ry(t), where « is the liquid thermal diffusivity, x = k;/(¢c;0;),
k; is the thermal conductivity, c; is the specific heat capacity, p; is the density, R is the
distance from the droplet centre, and ¢, is the evaporating time. The effect of thermal
radiation is ignored.

Remembering the physical background to the problem, we look for the solution to
this equation in the form of a twice continuously differentiable function, T = T(t, R), for
0 <t <t,0<R < Ry(t). This solution should satisfy the boundary condition:

oT
(klaR + I’ZT>

T is finite and continuous at R — 0, Ts = T(Ry(t), t) is the droplet surface temperature,
L is the latent heat of evaporation, / is the convection heat transfer coefficient, and

= hTg + P LRy (t), (10)
R=R,(t)
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Rge(t) < 0is the rate of change of droplet radius due to evaporation. Eq. (10) is the
energy balance condition at R = Ry(t). The initial condition is taken in the form:

T(t =0) = To(R), (11)

where 0 < R < Rj9 = R;(t = 0). In conventional hydrodynamic models, the value of
R;(t) is controlled by the vapour diffusion from the droplet surface and droplet thermal
swelling. In the present model, it is controlled by the vapour diffusion from the LV
interface between the kinetic and hydrodynamic regions (see Figure 2) and swelling,
and can be found as follows [3]:

= /3
o keIn(1+By) Ry (p(To)>1
d = Rge + Rys orcreRa at | \o(my) (12)
where Ry is the rate of change of droplet radius due to swelling (or contraction), By, =
Yyra/ (1 — Yyra) is the Spalding mass transfer number (assuming that there is no vapour

in the ambient gas), Y,r, is the mass fraction of vapour at the LV interface between the
kinetic and hydrodynamic regions, which is ultimately controlled by gas temperature
Trq in this region [3], Ty and Ty are average droplet temperatures at the beginning and
the end of the time step At, and p are the corresponding densities. When deriving Eq. (
12), we ignored the difference between R; and R; + dr;. The validity of this assumption
was checked by a direct comparison of the results, taking and not taking into account
the effects of the sphericity of droplets for the thickness of the kinetic region equal to
10 MEFPs, calculated for pressure equal to 30 bars (diesel engine-like conditions) and
temperature equal to the fuel droplet surface temperature [11].

Assuming that R; is fixed during the time step, the analytical solution to Eq. (9)
subject to the above boundary and initial conditions is obtained in the form [135]:

R Ho(t) R
T(R) R\/jlz(a” Sm(A”R >+1+h0Rd

(13)

where

2 t 204 _
Ou(t) = ©,(0) exp [— ’?Z"t] + fu /0 dﬂc?f) exp [—Wl dr, (14

do Rflo
_ o52h
wo(t) = R ETg' (15)
fi’l - ||Zlnn||)2L;2/ Un(g) - SIHAng (Tl - 1/2/ )
1 sin2A 1 h
2 L ny _ 1 0
||vn||—2(1 T ) 2<1+h%+A%>. (16)

¢ = R/Ry, Ay are positive solutions to the equation

AcosA +hysinA =0 (17)
presented in ascending order,
ho = i —R;—1 (18)
ki

is assumed to be constant during the time step,

©1(0) = qn + p0o(0) fu,
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= o [ R (ERa)on (O (19)

IIU

The effect of recirculation inside droplets is taken into account based on the effective
thermal conductivity (ETC) model [136], in which the liquid thermal conductivity k; is
replaced by ETC

kege = xki, (20)

where the coefficient y is defined as
x = 1.86 -+ 0.86 tanh [2.245 10, (Ped(,) /30)}, 1)

Pey(;y = Rey()Pr(;) is the droplet Peclet number, in which liquid transport properties
and the maximum surface velocity inside droplets were used. The latter velocity is
calculated [136]:

< Hg
Us = 32Au<m >RedCF, (22)

where AU = |U; — Uy| is the relative velocity between the ambient gas and droplet, (D)
is the dynamic viscosity of gas (liquid), Re, is the droplet Reynolds number based on
the droplet diameter, and Cr is the friction drag coefficient estimated as [136]:

12.
__ 12 -
Re;’”(1+ By)
It can be shown that in the limit k; — oo, Solution of Eq. (13) reduces to [137]:
3ht
Ty =T+ (Tyo — Ty) ex (— >, (24)
4 =Tg+ (Tao — Tg) exp aiRg

where Tj is independent on R.

Eq. (24) was used in the previous kinetic models of DHE [4,10,11,51,52]. The present
model is based on Eq. (13). The results predicted by the models based on both equations
will be compared where appropriate.

The following approximations for dodecane are used [138]:

La = 37440 - (Toe — To)*%®  J/kg,

p; = 74411 —0.771- (T — 300) kg/m?,
c; =2180+4.1- (T —300) J/(kg-K),

where T; = 659 K is the critical temperature of n-dodecane. When calculating average
liquid density and specific heat capacity, T in the last two expressions is replaced with
the average temperature T.

3.4.2. Knudsen layer

In kinetic region, which consists of two components, the evolution of molecular
VDFs of air f, = f,(r,t,v) and fuel vapour f, = f,(r,t,v) is controlled by the corre-
sponding Boltzmann equations [10,11,51,52]:

afﬂ + Vaaafrﬂ = Jaa + Jav
, (25)

9fo ofy
f +Vvafr = Joa + Joo

where Ju5 (¢ = a,v; p = a,0v) are collision integrals, taking into account the contribution
of the collisions between molecules. The general numerical scheme used for the solution
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of these equations, considering the effects of inelastic collisions, has been described in
Sec. 3.3.

Egs. (25) are solved subject to the boundary conditions at the interface between KL
and the liquid phase and at the interface between KL and the vapour phase. The first
boundary condition for fuel vapour can be presented as:

fo (out) = Ofos + (1= 0) for, (26)

where fys is the distribution function of molecules leaving the liquid surface assuming
that o = 1, f, is the distribution function of reflected molecules. Both f,s and f,, are
assumed to be isotropic Maxwellian. Eq. (26) is identical to Eq. (1). The temperature for
fus 1s assumed to be equal to T;, while the temperature for f,, is assumed to be equal
to Try. This is justified by the fact that the thickness of the kinetic region is small and
the gas temperature just above the droplet surface is close to Ty [139]. As introduced
in Sec. 3.2, a more accurate approximation for f,» would have been a bi-Maxwellian
distribution, but this effect is not considered here.

At the boundary between the kinetic and hydrodynamic regions the distribution
function of both fuel vapour and air molecules entering the kinetic region is assumed to
be Maxwellian, controlled by pg; and Tr,. Further details of the boundary conditions
used for kinetic calculations were discussed by [11].

The contributions of both mass and heat transfer in KL are taken into account
following the approach described in Ref. [51]. At first, as in Refs. [10,11,51,52], it is
assumed that the evaporation coefficient o, is equal to 1. Then the effect of a realistic o,
on DHE will be investigated.

3.4.3. Vapour region

In the fuel vapour region, it is assumed that the mass fluxes leaving KL and the
corresponding diffusion fluxes in the vapour phase region are matched. This condition
is presented in the form:

M “+o0 —+o0 “+o00 i D . .
Ni: /700 dvy /700 dvz/o dvxvva(r, t, V) = pml)éd - 11’1(1 + BM) =Jh = Jous (27)

where ppix is the density of the mixture of air and vapour at the inner boundary of
the hydrodynamic region (omix = Pyrd/ Yord), Doa is the binary diffusion coefficient
(diffusion of vapour through air), and j, is the mass flux of evaporated fuel. By; considers

the effect of the finite mass fraction of fuel vapour in the evaporation process. The binary
diffusion coefficient is calculated from the following expression [140]:

1 1 1
Dy, = 1.8583 x 1077 T3( > S — 28
va \/ r Mv Ma p 0%;1 QD,U!Z ( )

where Dy, is in m?2/s, pis inatm, 0y, = 0.5(0y + 0,) is the average diameter of molecules
of vapour and air, Qp ,, is the function of T* = kpT,/€evq, €va = \/€v€a, €v and g, are
Lennard-Jones parameters of fuel vapour and air [136], kp is the Boltzmann constant,
T, =T+ %(Tg — Ts) is the reference temperature, T is the droplet surface temperature,
and Ty is the ambient gas temperature.

Following [140], the following approximation for Qp ,, is used:

Q. 106036 N 0.19300 1.03587 1.76474
Doa = 74015610 " exp(0.47635T*) ' exp(1.52996T*) ' exp(3.89411T*)

Following [51], the following values of parameters are used in most of our analysis:
0o =9.373x 10719 m, 0, = 3.667 x 10710 m, e, /kg = 351.0K, and ¢, /kp = 97.0 K [136].
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The heat flux supplied to the droplet is estimated as:
gs = "(Tg = Tra), (29)
where the convection heat transfer coefficient & is obtained from the equation:
kmi 11‘1(1 + BT)
h=——=—— 2 30
R,  Br (30)

kmix is the thermal conductivity of the mixture of fuel vapour and air, Bt is the Spalding
heat transfer number calculated as [3]:

Br = (14 Bu)? —1, (31)
= C’”“) 1 _ CpoPmixDua 32
¢ (cpg Le kmix (32)

Le = kmix/ (CpgPmixDoa) is the Lewis number, ¢, and ¢, are the specific heat capacities
of fuel vapour and ambient gas (air), respectively. Note that ¢ is independent on cyg. Eq.
32) is only valid for stationary droplets [136]. However, the average droplet temperatures
calculated using this formula are almost indistinguishable from the ones predicted by
the models considering the non-zero droplet velocities [141].

Following [51], the following approximations for ¢y, ky and k, are used

Cpo = 1594.60 + 1.15T — 100.56T% — 28.56T° + 5.07T* — 0.25T° ]/ (kg -K),

ky = 0.02667 - (T,/300)) — 0.02087 W/ (m-K),
ko = 3.227 x 1073 4-8.3894 x 10 °T, — 1.9858 x 10 8T? W/(m-K),
where T = (T, — 300)/300.

The thermal conductivity of the mixture of fuel vapour and air is estimated as

2 Xk
kmix = Z —

———— W/(m-K),
8 Xy

where i and j stand for fuel vapour or air, and X; ; are molar fractions of the species,
-1/2 1/2 17472
o= (142 s (B) (2
M; j are molar masses of the corresponding species (My = 170.3 kg/kmol, M, = 28.97

kg/kmol) [136].
Following [51], the values of the saturated fuel vapour pressure are estimated as:

T, — A
Po (sat) = A1 - €xp (310> Pa, (33)

where
Ap = 300.17542

A =70.44441 when T; <440K
By = 22.36885

Ay = 449.87125
A1 = 46204.48272 when T, > 440 K.
By = 56.97142

Eq. (33) is an alternative presentation of the Clausius-Clapeyron equation [142].
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The processes in kinetic and hydrodynamic regions are linked by the matching
conditions of conservation of mass flux (see Eq. (27)) and heat fluxes at the interface

qx = Gn, (34)

Subscripts i and y, refer to the kinetic and hydrodynamic regions, respectively.

Note that the above model for the hydrodynamic region will be reduced to a sim-
plified version proposed in Ref. [51] if we assume that Qp ,, = T*, ¢ = 1, La = 250,000
J/kg, p; = 586 kg/m3, ¢; = 2,900 J/(kg K), and kpmix = 0.035 J/(m K). These sim-
plifications were justified by the fact that Ref. [51] focused on the comparison of the
predictions of hydrodynamic and kinetic models rather than on the most accurate pre-
dictions of droplet radii and temperature during the heating and evaporation processes.
In the present work, a considerably improved model is used as described above. The
thermophysical properties of n-doedecane (C12Hys) can be found in Ref. [138].

3.5. Droplet Heating and Evaporation (DHE) in Combustion Engines

Heatltransfer
!

S

——

“;;!; —_———
+ . Mass transfer
s *
e’
Temperature gradient®,
A

(Droplet)

-l

(Gas)

0 I;, Ry T (R)

Figure 10. Heat and mass transfer processes in a droplet heating and evaporation (DHE) consider-
ing the temperature gradient inside.

The solution algorithm proposed in Ref. [51] is used to analyse the heat and mass
transfer processes of DHE, as shown in Figure 10. The first step in the solution of Egs.
(25) is to perform an investigation of mass and heat transfer processes in KL for a set
of values of pr; and Try;. Remembering that we consider the problem of DHE in a
hot gas, these parameters are assumed to be in the ranges: prs < ps and Ty > Ts.
During the droplet heating process, the temperature decreases away from the droplet;
the evaporation process is possible when the fuel vapour density decreases away from
the droplet surface. Once the values of pgrs and Tr; are found, the solution of Egs. (25)
in KL enable us to calculate the normalised mass and heat fluxes at outer boundary of
this region.

The algorithm was applied to estimate the surface temperature and lifetime of
C12Hp6-DHE in hot gases of temperatures at 750 K, 1,000 K and 1,500 K. The initial
droplet temperature and gas pressure in the three cases were assumed equal to 300 K
and 30 bar, respectively. The initial droplet radius was 5 ym. The droplet was assumed to
be stationary, but the effect of swelling was taken into account. The previously developed
kinetic model for DHE into a high-pressure background gas (air) had been generalised
to take into account the combined effects of inelastic collisions in the kinetic region, a
realistic evaporation coefficient and temperature gradient inside droplets. Both ITC and
ETC liquid phase models were used in the analysis. The effect of inelastic collisions was
investigated based on the model introduced in Sec. 3.3. Both heat and mass transfer
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in KL were considered. The boundary conditions at the outer boundary of the kinetic
region were introduced by matching the mass fluxes of vapour leaving the kinetic region
and entering into the surrounding hydrodynamic region, and the corresponding heat
fluxes.

It was found that for the parameters typical for diesel engine-like conditions, the
heat flux in the kinetic region is a linear function of the vapour temperature at the
outer boundary of this region, but practically does not depend on vapour density at
this boundary for all models [51], with or without the effect of inelastic collisions, and
regardless of the effect of a non-unity evaporation coefficient. For any given temperature
at the outer boundary of the kinetic region, the values of the heat flux was shown to
decrease with the increasing number of internal degrees of freedom of the molecules. The
rate of this decrease was shown to be strong for a small number of degrees of freedom
but became negligible when the number of degrees of freedom exceeded 20. This enables
us to restrict our analysis to only the first 20 arbitrarily chosen degrees of freedom of
dodecane molecules without paying computational penalty when considering the effect
of inelastic collisions.

The mass flux at this boundary was shown to decrease almost linearly with the
increasing vapour density at the same location for all above-mentioned models. For
any given vapour density at the outer boundary of the kinetic region, the mass flux was
smaller for the model considering internal degrees of freedom than the one ignoring
the inelastic collision. Remembering these properties of heat and mass fluxes and using
the matching conditions at the outer boundary of kinetic region, the temperature and
fuel vapour density at this boundary were found by following the procedure described
in Ref. [51]. It was shown that the effect of inelastic collisions leads to a stronger
increase in the predicted droplet evaporation time relative to the hydrodynamic model,
compared with the similar increase predicted by the kinetic model considering only
elastic collisions. The effect of a non-unity evaporation coefficient was shown to be
weak at gas temperatures about or less than 1,000 K. These effects, however, had been
shown to be noticeable for gas temperatures of 1,500 K. In all cases, the kinetic effect was
shown to be negligible at the initial stage of DHE. At this stage, the surface temperature
predicted by the ETC model was shown to be larger than that predicted by the ITC
model, which was in agreement with the previous results [143].

4. Conclusions
4.1. Summary

Evaporation and condensation of fuel droplet (i.e., dodecane) can be investigated
in MD simulations. The vapour-liquid coexisting curve is recovered and the thickness of
the LV interface was predicted to be several manometers. The evaporation coefficient
varied as a function of the liquid phase temperature, i.e., decreasing with the increasing
of the liquid temperature. The estimated evaporation coefficient and VDF can be applied
to analyse the exchange of the momentum and heat flux at the LV interface, which
enables us to revisit the KBC at the interface of liquid and vapour such as KL.

The kinetic effect on DHE becomes pronounced when the drop radius is only
several micrometres (i.e., 5ym). The non-equilibrium/rarefied gas dynamics cannot be
assessed by the conventional fluid dynamics approach such as the Navier-Stokes-Fourier
(NSF) equations. Instead, a particle method of solving the full Boltzmann equation
can be an alternative. In addition, the contribution of the internal degree of freedom
is noticeable in chain-like molecules such as dodecane. Therefore, a new approach to
the solution of the Boltzmann equation is introduced to consider the inelastic collisions
which redistribute the kinetic and internal energies of fuel molecules.

The numerical models mentioned above have been applied to the simulation of
C12Hp6-DHE under IC engine conditions, including the effects of inelastic collisions
in KL, a realistic evaporation coefficient at the LV interface and temperature gradient
inside the droplet. It indicates that the effect of the inelastic collision in the kinetic
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theory modelling leads to a stronger increase in the predicted droplet evaporation
time compared to the conventional CFD solver. The effect of a realistic evaporation
coefficient is also shown to be noticeable at a gas temperature of 1,500 K. In summary, it
is recommended that a rigorous kinetic theory modelling of inelastic collisions alongside
a realistic evaporation coefficient should be applied to accurately estimate the droplet
surface temperature and its evaporation time under IC engine conditions.

4.2. Concluding Remarks

Droplet heating and evaporation (DHE) is a multi-physics, multi-scale and multi-
phase phenomenon. This review establishes a new basis for the multi-scale modelling of
fuel droplet heating and evaporation (MsM-C1,Hy¢-DHE) under IC engine conditions.
The development of MsM-C1,Hys-DHE is threefold: MD estimates the evaporation
coefficient and VDF of fuel molecules at the LV interface where a new KBC is built;
Kinetic theory modelling of inelastic collisions alongside the KBC is used to describe the
non-equilibrium gas dynamics of fuel vapour and gas mixture in KL; Heat and mass
flux analysis of the fuel droplet under IC engine conditions is assessed after both effects
of inelastic collisions in KL and a temperature-dependent evaporation coefficient at the
LV interface are implemented.

This review has several impacts as follows:

i) It for the first considers the LV interface and inelastic effects of fuel vapour and gas
mixture in combustion engine conditions (up to 30 bar and 1,500 K) within a consistent
framework to unfold the underlying physics of heat and mass transfer phenomenon
during DHE process.

ii) It has pushed the research of DHE from the hydrodynamics to the multiple scales,
i.e., crossing macro, meso, and micro/nanoscales, which are relevant to cognate fields
concerned with the fluid dynamics in bulk regions, non-equilibrium gas flows of fuel
vapour and gas mixture in the vicinity of the droplet surface (i.e., KL), and the interfacial
dynamics in-between them (i.e., LV).

iii) It provides an urgently needed simulation capability to quantify heating and
evaporation of dodecane into nitrogen in IC engine conditions, in particular to predict
the ultimate lifetime and surface temperature of fuel droplets for injection and ignition
processes and make a direct and positive impact which will lead to far less pollution
being emitted by heavy-duty vehicles (i.e., powertrains and lorries) and off-road carriers
(i.e., ships).

Multi-scale modelling of DHE is not only applicable in internal combustion engines
and gas turbines, but in many other industrial (evaporation cooling, surface coating, and
lubrication solutions), medical (pharmaceutical drug manufacturing by spray drying,
inhalers) and environmental applications (atmosphere flows, ocean sprays). For example,
it will provide the in-depth knowledge and understanding of additive manufacturing
(AM) and 3D printing technology. Moreover, the strategy of multi-scale modelling helps
us stretch the challenges of fundamental fluid dynamics in inkjet printing (manipulating
liquid jets and drops, jet break-up and drop formation dynamics in a drop-on-demand
inkjet printing, spreading and breakup of nanodroplet impinging on a surface).

This work has developed a unique new capability in modelling C1,Hs-DHE at
high-temperature and high-pressure conditions, which is relevant to the reduction of
fuel consumption and CO; emissions in IC engines. It will enable us to make well-
informed predictions of fuel droplet lifetime, and in turn help to assess the economic
and environmental value of long-term low carbon emissions targeting carbon neutral;
this is dedicated to investigating the environmental and socioeconomic impacts of low
carbon vehicles compared to the electric or hybrid cars. This research will be a vital
step towards developing multi-scale simulations for economical low carbon emission
vehicles, especially when the major economies in the world to pass net zero emission
laws to end its contribution to global warming by 2050.
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MD Molecular Dynamics
CGMD  Coarse Grain Molecular Dynamics
LV Liquid-Vapour

DHE Droplet Heating and Evaporation
CFD Computational Fluid Dynamics
MC Monte Carlo
KL Knudsen Layer

sas  MFP Mean Free Path
VDF Velocity Distribution Function
DDM Domain Deposition Method

TST Transition State Theory

ITC Infinite Thermal Conductivity
ETC Effective Thermal Conductivity
AM Additive Manufacturing
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