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The evaporation of a six-component fuel droplet under supercritical conditions is investigated using molecular
dynamics (MD) simulations. The focus here is on effects of multicomponent ambient gases and the relative
motion between the droplet and the ambient. The ambient pressure ranges from 8 MPa to 36 MPa and the
ambient temperature ranges from 750 K to 3600 K. In the lower range of the temperature and pressure, the
average displacement increment (ADI) per fuel atom gradually increases with time and the classic evaporation is
observed. In the higher range of the temperature and pressure, the ADI profile has a unimodal distribution with
time and the diffusive mixing between the droplet and the ambient gases dominates. Based on the ADI profile of
fuel atoms, a criterion (tg gp) for mode transition from evaporation to diffusion is proposed. Among the ambient
gases investigated, the mode transition is the most difficult in the nitrogen ambient but the easiest in combustion
exhaust gases. For multicomponent fuel droplets close to or in diffusion mode, with higher relative velocities, the
relative difference between evaporation rates for light/heavy fuel components is reduced. This study demon-

strates that supercritical conditions alone are insufficient for mode transition of evaporation.

1. Introduction

For most power devices such as liquid rocket engines, to meet more
stringent industry requirements, the maximum ambient temperature
and pressure in the combustion chamber are getting higher, even
exceeding the critical points of injected fuels [1]. The evaporation mode
of fuel may transition from classic evaporation to diffusive mixing via
transitional mixing under such cases [2]. Many research efforts have
been motivated by this phenomenon.

The fuel in combustion chambers is mixed with the ambient gas
mainly in the form of droplet evaporation under subcritical conditions,
as shown in photographs obtained in typical droplet experiments [3].
However, details about the transition from evaporation to diffusive
mixing are hard to obtain by optical measurements [2,4,5]. In the
meantime, progresses have been made in CFD simulations of droplet
evaporation under supercritical conditions [6-9]. In conventional CFD,
it is always assumed that a sharp interface exists between the liquid
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phase and the gas phase, and the vapor-liquid equilibrium (VLE) is valid.
As reported [10], on the other hand, obvious non-VLE behaviors can be
observed in single-component fuels under supercritical environments
and in binary fuels even in subcritical environments. Moreover, CFD
simulations are based on estimated critical points of a chosen system of
fuels and ambient gases [11], although these parameters are not accu-
rately determined [12]. These problems are compounded by the fact that
theoretical analyses are usually based on the steady-state hypothesis
[13] and fail to account for the unsteady nature of evaporation and
mode transition [14]. With the rapid development of supercomputers,
recent attention has turned to a fundamental method [15], molecular
dynamics (MD). Based on Newton’s second law, MD computes the mo-
tion of individual atoms and/or molecules, which can resolve the
vapor-liquid interface with a thickness of a few nanometers, without
additional thermodynamic assumptions [16]. As reported [17], drastic
changes in the physical properties of a fluid across its thermodynamic
critical point make it difficult for CFD to choose the right equation of
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state (EoS), especially for complex multicomponent fluid systems [12].
MD, on the other hand, makes no assumptions about the physical
properties of multicomponent fluids in subcritical and supercritical
states [16]. The physical properties are obtained using first-principle
methods, and reliable physical property data of supercritical fluids can
be obtained [18]. As a result, the fluid property data obtained in MD
simulations can provide a reliable benchmark for CFD to employ the
correct EoS and mixing rules of components under subcritical and su-
percritical conditions [19]. Moreover, evaporation is an interfacial
behavior that happens in a very thin layer [20]. However, present ex-
periments and conventional CFD are not able to resolve the vapor-liquid
interface with a thickness of a few nanometers and thus not suitable to
study the mode transition of evaporation. In contrast, MD can exactly
resolve the vapor-liquid interface at an atomic level [12]. In this context,
MD is a complement to experimental and CFD techniques [19,21].
Because of the large gap in the droplet size investigated in MD simula-
tions and experiments, respectively, efforts have been made to study the
size effects in MD simulations [10,17,20,22,23]. In Ref. [17], the droplet
size effects on evaporation of single-component fuels have been inves-
tigated, no qualitative differences are observed but there are gradual
quantitative changes. Similar conclusions have been drawn in Ref. [22].
Due to the complexity of modeling and analysis for multicomponent
systems [12,24], most investigations so far have focused on the evapo-
ration of single-component fuels [17,20,25-27]. A few MD studies have
focused on surrogate fuels with multi-components (>2) which match
better with real fuels [16]. By MD simulations, Zhang et al. [10]
concluded that the evaporation of two-component fuels did not meet the
assumption of vapor-liquid equilibrium (VLE) under both sub- and su-
percritical conditions. Gong et al. [12,16] investigated the molecular
distributions based on Voronoi tessellations and the molecular in-
teractions between fuel components in multi-component fuels using MD
simulations.

Even when multi-component fuels were used, most previous in-
vestigations [10,12,16,17,20] replaced actual multi-component
ambient gases in the combustion chamber with pure nitrogen (Ny).
Such a simplification could be problematic under certain cases. Chak-
raborty et al. [28] found that when the n-heptane liquid film evaporated
in the ambient gas composed of nitrogen and water, the increase in
water content promoted the mode transition. Vishnyakov et al. [26,27]
considered the VLE of alkanes, and found that results varied significantly
among different air components. Wei et al. [29] investigated the injec-
tion of sub- and supercritical heptane in a multicomponent ambient
composed of water, oxygen and nitrogen; nonetheless, the multicom-
ponent effects on the transition behaviors of fuels were not revealed in
detail. He et al. [30] studied the evaporation of fuel droplets and found
that the ambient compositions had non-negligible effects on the evap-
oration rate.

In real engine conditions, there is a large relative velocity between an
evaporating droplet and the ambient gas [2,31]. However, in most
studies [10,12,16,17,20,25,28], the evaporating film/droplet has no
bulk velocity relative to the ambient gas. Direct evidence of the impact
of relative velocity on the transition from evaporation to diffusive
mixing, especially for multi-component fuels, have been lacking. By
theoretical analyses of time scales for several single-component fuels,
Poursadegh et al. [31] found that when injected fuels had a high relative
velocity, it was inferred the dense-fluid mixing was promoted. Ray et al.
[32] investigated the effect of forced convection velocity on the evap-
oration of a two-component droplet and concluded that the evaporation
became faster with increasing relative velocity at all pressures. Recently,
Liu et al. [33] studied the effects of forced convection on the preferential
vaporization (PV) of multicomponent droplets in detail, however, their
research did not cover the supercritical regime.

Building on our previous work on multi-component fuels [12], the
present study scrutinizes the evaporation processes of a six-component
fuel (a surrogate for diesel) droplet under supercritical conditions
using MD simulations. A criterion for mode transition from evaporation
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to diffusion is introduced, based on the profile of the average displace-
ment increment (ADI) of fuel atoms. According to the ADI criterion, the
mode transition map for the six-component fuel droplets in the nitrogen
is obtained and is compared with that from experiments [34]. Moreover,
effects of ambient multi-component gases on mode transition of evap-
oration are investigated. Finally, effects of the relative velocity between
the droplet and the ambient on the evaporation are revealed.

2. Simulation details
2.1. Interatomic potentials

The MD simulations were carried out using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS). The United Atom
Model (UAM) was chosen to simulate the evaporation of fuels [12]. In
this model, an atom group, such as methyl (CHs), was treated as a
specific pseudo-atom. Following our previous work [12], the in-
teractions of fuel molecules are described by the Transferable Potentials
for Phase Equilibria United Atom (TraPPE-UA) Model [35]. According to
previous reports [35,36], compared with other potential models, the
TraPPE-UA model is more suitable for the simulation of long-chain
alkane molecules. As the present study focuses on the diesel fuel mole-
cules with long chains, the choice of the TraPPE-UA is justified. The
truncated 12-6 Lennard-Jones (LJ) potential is used to describe the
non-bonded interaction between pseudo-atoms separated by more than
three bonds or belong to two different molecules :

L Oij . Oij ‘
UY (ry) =4ey W)\ 1

where UY denotes the non-bonded LJ interaction potential, &; is the
energy parameter, o; is the size parameter, and r; is the distance be-
tween the two interacting pseudo-atoms. The intermolecular cut-offs
were set to 14 A. The LJ parameters, the bond-stretching, bond
bending and bond torsion parameters for alkanes can be found in au-
thors’ previous publications [12,16]. The Coulombic pairwise interac-
tion U was added on charged molecules:

1 qiq; 2

Coul
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where U denotes the Coulombic pairwise interaction, &, is the
permittivity of free space. q; and g; represent the charges on the two
interacting atoms. The coulomb interaction of hydrocarbon fuel mole-
cules and linear diatomic molecules was ignored in the calculation [12].
The force field parameters of molecules of ambient gases are listed in
Table 1. The bond lengths of nitrogen molecules and oxygen molecules
are fixed as 1.106 A [17] and 1.21 A [37] respectively. The bond length
of CO5 (Ic.o) is 1.149 A [38]. The bond length of H20 (Ijy.0) is 1 A [39].
The bond angles of CO2 and H30 are 180°and 109.47° respectively [39].
To investigate effects of ambient gases with multi-components on the
mode transition of evaporation, this study considers four different
ambient gases, marked as “Al”, “A2”, “A3” and “A4” in turn, whose
compositions are shown in Table 2. Al represents pure Ng, the most
commonly used ambient gas during fuel evaporations in MD simula-
tions. According to the simplest air model with multi-components, A2

Table 1

Force field parameters of molecules of ambient gases [16,17,37-39].
atom e/kg[K] ol A] q [e]
N(in Ny) 36.42 3.32 0
O(in Oy) 49.048 3.013 0
C(in CO5) 28.129 2.757 +0.6512
O(in COy) 80.507 3.033 —0.3256
O(in H,0) 78.18 3.166 —0.8476
H(in H;0) 0 0 +0.4238
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Table 2

Composition of ambient gases (A1-A4).
Species Al A2 A3 A4
Ny 100% 79% 82.2% 87%
(2% 0 21% 12.6% 0
CO, 0 0 3.5% 8.7%
H,0 0 0 1.7% 4.3%

consists of only N and O in the standard proportion. Finally, this study
referred to the ambient gas composition in the experiment of pre-
combustion vessel used by Crua et al. [2], and determined the compo-
sition of A3 and A4. The composition was determined by the complete
combustion of a mixture composed of acetylene (C2Hy), O2 and N3 in
certain proportions:

CyHp+2.50,42.5XN,; = 2C0O,+H,0+2.5XN, 3)

where X denotes the dilution ratio. Similar to the experimental case by
Crua et al. [2], the composition of A4 was determined by the exhaust gas
produced by the combustion of CoHy when X = 8 in Equation (3). A3
represents the case where there are some exhaust gases in the ambient
gas, which is intended to simulate the exhaust gas recirculation (EGR)
that is common in engines. 40% of A3 is exhaust gas from the previous
combustion (A4) and the remaining 60% is fresh air (A2).

In earlier studies [12,16], the intermolecular potential model and the
surrogate fuel model adopted in the present study were both carefully
validated by comparing the VLE data, distillation curves, D? curves and
evaporation rate constants with experiments. Results have been shown
to be in good agreement with experimental data obtained by Ra et al.
[40,41]. Moreover, a further comparison was made between the distil-
lation curve of the diesel alternative fuel studied here and that of Fuel
CFA (a reference diesel fuel) with thousands of components studied by
Charles et al. [42], as shown in Fig. 1. At the whole intermediate stage of
distillation, the MD results agree well with the experimental data. At the
beginning and near the end of the distillation process, the MD results had
acceptable discrepancies with the experimental data (the maximum is
around 4%). Overall, the distillation profile of the six-component fuels
studied here is in good agreement with that of Fuel CFA [42], suggesting
that evaporation data of Fuel CFA [34] can be used for comparisons with
simulations results here, which will be discussed later.
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Fig. 1. Comparison of distillation curves of diesel obtained by MD (6-compo-

nent fuel) and experiments (Fuel CFA). The experimental data are from
Ref. [42]. The MD data are from Ref. [12].
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2.2. Simulation configurations

The initial configuration of the droplet evaporation system is shown
in Fig. 2. In Fig. 2a, a single suspended fuel droplet was located in the
center of a cubic box and surrounded by ambient gas molecules. Before
the simulation of droplet evaporation, the fuel droplet and the ambient
gas were simulated separately using the canonical ensemble (NVT). The
boundary of the droplet was defined as the contour surface where the
fluid density was equal to the average of the maximum and the mini-
mum densities of the mixing system [12,16,17]. The diameter of the
droplet was defined as that of a sphere with the same volume as the
droplet [17]. The two were combined together after reaching their own
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Fig. 2. Initial configurations of the six-component fuel droplet. Ambient gas
molecules surround the droplet, which are not shown here: (a) Quiescent case
and (b) Non-quiescent case.
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thermodynamic equilibrium states. The initial temperature of the fuel
was set to 363 K [12]. The side length of the simulation cubic box was
80 nm, and periodic boundary conditions were used in three di-
mensions. The simulations were performed using the micro-canonical
ensemble (NVE). The region outside of the sphere with a radius of
39.9 nm (namely mixing region) was named “thermostat region”, in
which molecular velocities were rescaled every time step using a speed
reset method [16]. A fuel molecule would be deleted when it reached the
thermostat region to simulate the evaporation of the droplet taking place
in an infinite space [17]. The different initial configurations have been
tested before formal simulations. Four replica runs were also had. All
other simulation details about the quiescent case (configuration 1) in
Fig. 2a can be found in authors’ earlier work [12] and are not repeated
here. The six-component droplet had an initial diameter of 24.3 nm. The
six-component fuel was composed of toluene (13.16 mol %), n-decane
(13.81 mol %), n-dodecane (22.30 mol %), n-tetradecane (24.60 mol %),
n-hexadecane (14.66 mol %) and n-octadecane (11.47 mol %). More
discussions about the size effect in MD simulations and the fuel prop-
erties can also be found in Ref. [12]. Considering potential supercritical
conditions occurring in rocket engines [20], the target ambient tem-
perature and ambient pressure simulated for the six-component fuel
droplet were in the range of 750-3600 K and 8-36 MPa, respectively.
Compared with the previous studies [10,12,17,28], the investigated
maximum ambient pressure and temperature here were much higher.
The time step was 2.0 fs in all cases. The total time steps for a case
ranged from 500,000 to 2,500,000 determined by droplet lifetimes [16].

The configuration of the non-quiescent case (configuration 2) was
shown in Fig. 2b. The initialization and simulation details of configu-
rations 2 and 1 are the same except for the following two differences.
Firstly, in the configuration 2, the center of mass of the droplet moved
along the x-direction at a constant speed, and the ambient gas had no
macroscopic movement speed. Secondly, the setting of the thermostat
region was different. As shown in Fig. 2b, in configuration 2, the mixing
region was a rectangular block of 80 nm x 57.68 nm x 57.68 nm. The
region outside of the mixing region was exactly the thermostat region,
whose volume was kept the same as that in configuration 1. Referring to
the experiments by Crua et al. [2], three initial relative velocities of
droplets were studied, which were 0 m/s, 30 m/s and 100 m/s, marked
as “S”, “V1” and “V2” for convenience.

3. Results and discussion
3.1. Effects of ambient pressure and temperature

Ambient temperature and pressure are crucial factors for subcritical
to supercritical transition. This study investigated the histories of
dimensionless average displacement (AD) and ADI per fuel atom under
varied conditions to identify the transition. As mentioned above, the
diameter of the droplet was 24.3 nm. The AD and ADI of fuel atoms, as
well as the mixing time, have been normalized here. The dimensionless
AD and ADI were obtained by dividing their respective values at each
moment by the droplet radius (11.75 nm). The dimensionless mixing
time, indicated by t, was obtained by dividing the mixing time by the
droplet lifetime. The equations of AD and ADI are as follows:

'ZZ"\/(Xk(t") = 0)" + (Y1) = 0)" + (Z(") — 0)°

AD(") = -
w _ AD(")
ADR&) (l ) - R()
ADI(1") = AD(¢") — AD(r"™")
ADI, (1) = A1) @
Ro
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where t" indicates the present moment and t*~! indicates the previous
moment. The sampling time interval (£* —t"~!) is 0.05 ns. k indicates the
identifier of the fuel atoms and m indicates the maximum identifier of
the fuel atoms (the total number of fuel atoms) remaining in the simu-
lation domain at time t". AD(t") indicates AD at time t", and the coor-
dinate of displacement vector of the fuel atom k at time t" is (Xi(t"),
Yi(t), Zi(t")). As stated in Eq. (4), for fuel atom k, the reference position
for calculating the displacement magnitude here is its initial position
before the evaporation. In other words, the initial coordinate of the
displacement vector of fuel atom k is (0, 0, 0). ADI(¢") indicates ADI at
time t". Ry is the initial droplet radius. ADg,(t") indicates the dimen-
sionless AD at time t". ADIg, (t") indicates the dimensionless ADI at time
.

The AD and ADI profiles of fuel atoms have significant differences
with time under different ambient conditions, as shown in Fig. 3. At low
ambient temperatures and pressures (8 MPa@750 K, case 1), the profile
of AD per fuel atom had a concave profile, generally increasing over
time, which meant that the mixing became faster and faster. Corre-
spondingly, the ADI of fuel atoms had a gradual increase with time until
the end of mixing, as shown in Fig. 3b. At high temperatures and pres-
sures (24 MPa@2100 K, case 2), however, the profile of AD per fuel
atom first had a rapid increase over time, but the increase slowed down
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Fig. 3. Dimensionless AD and ADI per fuel atom in different modes.




Y. Gong et al.

at later time. Accordingly, the ADI first increased with time, and then
gradually decreased after reaching a peak at a certain moment. These
differences mean that there are two mechanisms of evaporation. In case
1, the attractions between fuel molecules and the surface tension of the
droplet were strong [12,31], and it was hard for ambient gases to
dissolve into the droplet via a droplet surface [12]. The order of fuel
molecules in the liquid phase was more or less kept. The interaction
energy of the liquid fuel was dominant compared with its entropy
change. As a result, the ADI of fuel atoms gradually increased with time.
The fuel was transformed from liquid phase to gas phase via a phase
interface in evaporation mode. In case 2, however, the fuel was trans-
formed from liquid phase to gas phase in evaporation mode initially,
when the ADI of the fuel atoms gradually increased with time. However,
with rapid transfer of heat and mass under high temperature and pres-
sure, massive ambient gas molecules entered into the fuel droplet and
fuel density decreased dramatically [12]. The distances between fuel
molecules greatly increased, the attractions between fuel molecules,
which was responsible for the molecular order, dramatically declined
[12,31]. The original order of fuel molecules in the liquid phase was lost
because the entropy change caused by the mixing became dominant.
The fuel firstly transitioned from liquid phase to liquid-like phase, and
then to gas-like phase, finally to gas phase [22]. When the phase inter-
face completely vanished, the mode transition from evaporation to
diffusion was completed. As a consequence, after peaking, the ADI of
fuel atoms gradually decreased with time, driven by differences in
species concentrations. To easily distinguish the two modes, considering
the fluctuations of MD results, this paper defines the dimensionless
mixing time corresponding to reaching 90% of the peak value of the ADI
profile of fuel atoms for the first time during the mixing as t9.gp. When
To.op is less than 0.5, it is defined here as the diffusion mode; Otherwise,
it is in evaporation mode. This definition is inspired by the experiments
by Manin et al. [34], which will be discussed in detail in Fig. 6. Based on
this criterion, typical snapshots of molecular distributions of the
six-component fuel droplet in different modes are revealed in Figs. 4 and
5. Fig. 4 shows the snapshots under the condition of 8 MPa and 750 K,
which is a non-transition case with 7o gp of 0.84. During most of the
evaporation time of the droplet, the number density of fuel molecules
near the interface had a sharp decline and the vapor-liquid interface was
easy to recognize. For comparison, Fig. 5 shows the snapshots under the
condition of 24 MPa and 2100 K, which is a transition case with 7 gp of
0.27. At the same 7 (Fig. 5a) as Fig. 4a, the droplet boundary was easily
discernible. At 7 gp (Fig. 5b), the change of molecular number density of
fuels around the droplet was smoother. After that, at the same 7 (Fig. 5¢)
as Fig. 4c, compared with Fig. 4c, the molecular distribution of fuels
along the radial direction of the droplet seemed to be quite continuous.

Based on the line of 7 gp = 0.5, the mode transition map on the P-T
diagram for the six-component fuel droplet in nitrogen (A1) is shown in
Fig. 6. It is worth noting that a partition criterion with different values of
To.op can be used without affecting the basic conclusions on the mode
transition obtained here. As mentioned, MD simulations have inherent
randomness. To overcome this, we have 4 replica runs with different
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initial configurations for each operating condition and the presented
results are based on the averages of multiple runs. For each presented
case, the repeatability of results is good and the statistical deviations are
small. For example, for the case of evaporation under 24 MPa and 2100
Kin A2, tgop = 0.27 4 0.029 based on 4 runs. Based on the 7q gp values,
the method of least squares was used to obtain a fitted transition line. As
shown in Fig. 6, ten cases around the transition line (z99p = 0.5) were
run to get a better fitting, which were indicated by the red square points.
The regression model for this transition line with t¢ gp of 0.5 is as follows
(T (unit: K)e[750, 2250], P (unit: MPa)c [8, 20]):

P=4442.9T 052 Q)

The R2 for this fitting is 0.99. With higher ambient temperatures or
pressures, Tgop gradually decreases, and the dominant mode gradually
undergoes transition from evaporation to diffusion. Based on the defined
critical tgop (0.5), from Fig. 6, the operating conditions above the
transition line could achieve the mode transition from evaporation to
diffusion. The results here were compared with experimental data of
Fuel CFA from Manin et al. [34], as shown in Fig. 6. Manin et al. [34]
studied the mixing regime map of Fuel CFA as it evaporated in the
combustion exhaust gas. In the experiments by Manin et al. [34], mixing
of fuel droplets is divided into three regimes: classical evaporation,
transitional mixing and diffusive mixing. The classical evaporation was
characterized by the significant surface tension and existing droplet
interface. The transitional mixing was defined for the case where the
droplets were observed to deform and oscillate during their evaporation
processes, while diffusive mixing referred to a state similar to
single-phase mixing caused by the loss of surface tension of the fluid.
From this viewpoint, in transitional mixing mode, the transition from
evaporation to diffusion is not fully completed, and the droplet surface
tension is non-negligible [34]. In addition, from the experimental mix-
ing regime map [34] shown in Fig. 6, compared with the classical
evaporation, the area of operating conditions in transitional mixing
mode is very small. Based on these, in this paper, the case of transitional
mixing and classical evaporation is uniformly defined as the evaporation
mode. The brown diamond dots indicated the cases of diffusive mixing
in the experiments by Manin et al. [34]. From Fig. 6, the transition line
with 7 gp of 0.5 obtained here can satisfactorily distinguish the exper-
imental data between transitional mixing and diffusive mixing [34].
Although specifically, there is one experimental diffusive mixing point
(T = 1300 K) below the transition line here. That is, the minimum
transition pressure at higher ambient temperature (T > 1300 K) from the
transition line obtained here on the P-T diagram is slightly higher than
that from experiments [34]. This consistency indicates that although
there are huge scale differences between experiments and MD simula-
tions, atomistic simulations can reveal fundamental mechanisms that
also exist in macroscopic phenomena and thus complement macroscopic
experiments. Possible reasons for this difference at high ambient tem-
perature are as follows. Firstly, in terms of experiments, it is quite
difficult to accurately identify droplet boundaries by optical devices due
to the dense fuel vapor at high temperatures [5], especially for moving

Fig. 4. Snapshots of molecular distributions of the six-component fuel droplet (8 MPa@750 K, A2): (a) Tt = 0.09, (b) T = 0.27 and (c) © = 0.63. The ambient gas was

not shown here.
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Fig. 5. Snapshots of molecular distributions of the six-component fuel droplet (24 MPa@2100 K, A2): (a) T = 0.09, (b) T = 0.27 and (c) T = 0.63. The ambient gas

was not shown here.
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Fig. 6. Mode transition map based on 79 9p (A1, S). Here “E” indicates exper-
imental results from Ref. [34].

droplets [2]. Furthermore, as reported [2], optical effects under high
pressures, imaging system response and image processing techniques
inevitably result in large uncertainties [2]. Thirdly, the simulation re-
sults in Fig. 6 are from quiescent droplets, however, droplets with high
relative speeds were observed in the optical experiments. As reported
[31], the high relative velocities between injected fuels and the ambient
gas might promote the transition from classic evaporation to dense fluid
mixing, which will also be discussed in the following section. Fourth, the
ambient gas in the experiments was combustion exhaust gas [34], not
nitrogen used in MD simulations. Based on the following discussion on
the multicomponent effects of the ambient gas, the transition in Al is
more difficult than in A4. Size effects might also be responsible for the
difference, because the larger droplets, like those in experiments [34],
seem to achieve mode transition of evaporation more easily [17]. Be-
sides optical experiments for single- and multicomponent fuels [2,34],
similar partition maps were obtained by theoretical analyses [13], CFD
simulations [7] and MD simulations [10]. However, those had obvious
deficiencies. The theoretical criterion failed when facing the unsteady
transition process [13]. The criterion used in traditional CFD simulation
was limited to single-component fuels [16]. The criterion based on
droplet surface tension at the atomic-level was also problematic because
the accurate calculation of surface tension under supercritical conditions
in MD simulations was not easy or nearly impossible [43]. The criterion
proposed here is based on the ADI of fuel atoms. Independent of the type
and number of components in the fuel-ambient gas system, ADI can
resolve the mode transition of any fuel-ambient gas system, avoiding

deficiencies of previous criteria. For example, the alternative fuel for
diesel studied here is derived from Ref. [40]. If the studied fuel is
kerosene, the MD research method adopted here is also applicable,
because these two fuels are both mixtures containing alkanes, aromatics
and other hydrocarbon components. The criterion for the mode transi-
tion of evaporation proposed here is also suitable for kerosene. More-
over, in order to further verify its rationality and reliability, we are also
studying single-component fuel droplets experimentally investigated by
Manin et al. [2]. The existing results show that 7 gp of 0.5 is also suc-
cessful in distinguishing the experimental data between diffusive mixing
and transitional mixing of single-component fuels [2].

3.2. Effects of the composition of ambient gases

The comparison of tpgp in several types of ambient gases under
different ambient conditions is revealed in Fig. 7. With increasing tem-
perature or pressure, tg gp always decreased when the fuel evaporated in
any ambient gases investigated. As for the influence of the composition
of ambient gases on the mode transition, T ¢9p gradually decreased with
the ambient gas from Al to A4, meaning that at the same temperature
and pressure, the mode transition in nitrogen (A1) was the most diffi-
cult. In the combustion exhaust gas (A4), however, the mode transition
was the easiest. It is worth noting that, based on Table 2, the relative
molecular weight (Mr) of Al, A2, A3 and A4 was 28.01, 28.85, 28.90
and 28.97, respectively. Although the difference is small, it is clear that
Mr gradually increases as the ambient gas from Al to A4. According to
Crua et al. [2] and Rezaei et al. [44], at the same ambient temperature
and pressure, the higher the Mr of n-alkanes, the greater the possibility
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Fig. 7. Comparison of 7o gp in different ambient gases.
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of transition, even for multicomponent fuels [12]. This study reveals
that even for multi-component ambient gases, the larger the Mr of the
ambient gas, the smaller the 1 gp, and the easier the transition, as shown
in Fig. 7. This implies that regardless of fuels or ambient gases, their
multicomponent effects on the mode transition of evaporation may
follow the same physics.

As shown in Fig. 8, histories of AD per fuel atom in ambient gases
with different components are investigated. The AD of fuel atoms at the
same time gradually increased with the ambient gas from Al to A4,
indicating that the mixing of fuels in nitrogen (A1) was the slowest and
the fastest in combustion exhaust gas (A4). Histories of the pair potential
energy between fuel components and ambient gas components have also
been studied, as shown in Fig. 9. “C1(” and “Cy¢” represented the lighter
component n-decane and the heavier component n-hexadecane,
respectively. As the mixing proceeded, and the pair potential energy
increased (pair potential energy was always negative, the discussion
refers to its absolute value). Because the fuel molecules were deleted
when entering the thermostat region, the pair potential energy
decreased gradually after reaching a maximum. Before that, the pair
potential energy gradually increased with the ambient gas from Al to
A4, indicating that the pair potential energy between fuel molecules and
the nitrogen molecules was the smallest, and that between fuel mole-
cules and exhaust gas molecules was the largest. In addition, the time
corresponding to the peak of the pair potential energy profile, which
could indicate the mixing speed to a certain extent, gradually decreased
with the ambient gas from Al to A4, consistent with the evolutions
revealed in Fig. 8. Note that our analyses are focused on the relative size
and time sequence of pair potential profile peaks. The computational
domain is large enough relative to the size of the fuel droplets [12,16,
17]. The fuel molecules are already in the gas phase when they are
removed, and the intermolecular distance is very large, which has little
effect on pair potential profile peaks. Snapshots of molecular distribu-
tions of the typical components C;g and Cj¢ in the six-component fuel
droplet (12 MPa@1050 K, Al) were revealed in Fig. 10. The time
investigated in Fig. 10 was corresponding to the peaks of the pair po-
tential energy profiles of C1¢ and Cy¢, respectively, which was shown in
Fig. 9.

3.3. Effects of droplet relative velocity

Previous studies [10,12,28,33] have shown that at lower tempera-
tures and pressures, lighter components evaporate first, followed by
heavier ones, which was, namely, the preferential vaporization (PV)
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Fig. 8. Histories of AD of fuel atoms.
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[33]. Snapshots of molecular distributions of the lightest component Cy
and the heaviest component C;g were shown in Fig. 11. The typical PV
was observed.

At higher ambient temperatures and pressures, on the other hand,
supercritical evaporation occurs and the evaporation rates of light
components and heavy ones were simultaneously enhanced [10,28].

To investigate the effect of droplet relative velocity on evaporation,
during the period from the start to 90% of C7 had left the droplet, the
molecular number of the heaviest component C18 and the lightest
component C7 contained in droplets at every moment (the sampling
time interval is 0.05 ns) was recorded. To reduce the numerical random
errors, the time-averaged number ratio of C18 to C7 was calculated, as
shown in Fig. 12. Initially, the molecular number ratio of C18 to C7 was
0.87 (0.87 = 13.16/11.47, as mentioned before). With the increasing
droplet relative velocities under the same ambient pressure and tem-
perature, the time-averaged molecular number ratio of C18 to C7
became smaller, which meant that the relative difference in evaporation
rates for light/heavy fuel components was reduced, as shown in Fig. 12.
In fact, the investigated conditions in Fig. 12 were controlled by the
regime of transitional mixing or diffusive mixing (that was, near or in
diffusion mode), as shown in Fig. 6. Recently, Liu et al. [33] investigated
the PV of RP-3 aviation fuel droplets in the subcritical regime (ambient
pressure P < 2 MPa) and found that when Rej (Reynolds number for
liquid phase) was less than Re . (critical Rey), with the increasing rela-
tive velocities between the droplet and the ambient gas, the PV would be
enhanced. The Re, . for their fuel droplet with a diameter of 0.5 mm was
about 0.2 and corresponding critical relative velocity was 0.04 m/s [33].
The droplets investigated here (24.3 nm) are much smaller than 0.5 mm,
and the velocities (30 m/s, 100 m/s) are much higher than 0.04 m/s,
which means Rej here was possibly less than Re, ., although the inves-
tigated fuels are also different. What requires special attention is that
their simulation models were based on the assumption of VLE because
their simulations of evaporation were in the subcritical regime [33]. As
reported [10], the VLE is invalid in the supercritical regime. This finding
will provide an evidence for the more suppressed PV behaviors for
non-quiescent multicomponent droplets close to or in diffusion mode
compared with quiescent ones.

Histories of the mean square displacement (MSD) of fuel atoms at
different droplet relative velocities are shown in Fig. 13. According to
the Einstein relationship of MSD [18], the diffusion coefficient of the
fuel under the investigated condition (16 MPa@1050 K, A2) was
calculated. For case “S, V1 and V27, the molecular diffusion coefficient
was 4.5 x 1077 mzs’l, 7.0 x 1077 m%! and 13.6 x 1077 mzs’l,
respectively. This indicated that the diffusion of fuel molecules was
accelerated with increasing droplet relative velocity, consistent with the
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Fig. 10. Snapshots of molecular distributions of the typical components C;o and Cy in the six-component fuel droplet (12 MPa@1050 K, A1): (a) t = 0.00 ns (C;0 and
Ci6), (b) t = 0.95 ns (Cy0) and (c) t = 1.15 ns (Cy6). The ambient gas was not shown here. Yellow particles represent C;o molecules and purple particles represent

C16 molecules.
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Fig. 11. Snapshots of molecular distributions of the typical components C; and C;g in the six-component fuel droplet (12 MPa@1050 K, A2, S): (a) t = 0.00 ns (C15/
C; = 0.87, the molecular number ratio), (b) t = 0.80 ns (C;8/C; = 1.22) and (c) t = 1.60 ns (C;5/C; = 3.58). The ambient gas was not shown here. Blue particles

represent C; molecules and gray particles represent C;g molecules.
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droplet when 90% of the C7 has been evaporated at different droplet rela-
tive velocities.

conclusions by Ray et al. [32] and Liu et al. [33]. In real engine com-
bustion chambers, the typical sizes of droplets are bigger (micron-size).
And the turbulent diffusion, which is much stronger than molecular
diffusion investigated here, dominates the mass transfer process of the
fuel under supercritical conditions [2]. Further work is needed in this
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Fig. 13. Comparison of MSD of fuel atoms at different droplet rela-
tive velocities.

area, provided that much supercomputing resources are made available,
which is beyond the scope of the present study.

4. Conclusions

In present study, MD was used to investigate the evaporation process
of a six-component surrogate fuel droplet in supercritical multi-
component ambient gases, focusing on the transition of from classic
evaporation to diffusive mixing.

Histories of dimensionless average displacement increment (ADI) of
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each fuel atom under varied conditions were investigated. Overall, in
the lower range of supercritical temperatures and pressures, the ADI per
fuel atom gradually increased with time. In the higher range of super-
critical temperatures and pressures, the ADI profile gradually rose to a
peak and then declined with time. A criterion (1 gp) for transition from
evaporation to diffusion is proposed based on the ADI of fuel atoms. It
can determine the mode transition of any fuel-ambient gas mixing sys-
tem at the atomic level, avoiding deficiencies of previous criteria. With
increasing temperature or pressure, Tgop gradually decreased, and the
evaporation mode of fuels gradually transitioned from classic evapora-
tion to diffusion.

Effects of multi-component ambient gases and the relative velocity
between the droplet and the ambient on the mode transition were also
investigated. At the same temperature and pressure, in the ambient of
nitrogen (A1), air (A2), air with exhaust gas (A3) and exhaust gas (A4),
the tendency of mode transition increased in this order, meaning the
transition was easier in multicomponent exhaust gases than in pure ni-
trogen. Consequently, fuel mixed faster in exhaust gas (A4) than nitro-
gen (Al). For multicomponent fuel droplets near or in diffusion mode,
with higher droplet relative velocities, the relative difference between
evaporation rates for light/heavy fuel components was reduced. Overall,
this study shows that supercritical conditions alone are insufficient for
mode transition of evaporation, and a criterion based on the ADI of fuel
atoms should be used.
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