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Abstract 

Evaporation processes of a fuel droplet under sub- and supercritical ambient conditions have been stud- 
ied using molecular dynamics (MD) simulations. Suspended n-dodecane droplets of various initial diameters 
evaporating into a nitrogen environment are considered. Both ambient pressure and temperature are varied 

from sub- to supercritical values, crossing the critical condition of the chosen fuel. Temporal variation in the 
droplet diameter is obtained and the droplet lifetime is recorded. The time at which supercritical transition 

happens is determined by calculating the temperature and concentration distributions of the system and com- 
paring with the critical mixing point of the n-dodecane/nitrogen binary system. The dependence of evapora- 
tion characteristics on ambient conditions and droplet size is quantified. It is found that the droplet lifetime 
decreases with increasing ambient pressure and/or temperature. Supercritical transition time decreases with 

increasing ambient pressure and temperature as well. The droplet heat-up time as well as subcritical to su- 
percritical transition time increases linearly with the initial droplet size d 0 , while the droplet lifetime increases 
linearly with d 

2 
0 . A regime diagram is obtained, which indicates the subcritical and supercritical regions as a 

function of ambient temperature and pressure as well as the initial droplet size. 
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1. Introduction 

Droplet evaporation occurs in many liquid- 
fueled propulsion systems, such as diesel engines 
and liquid rocket engines, and has major influence 
on the mixture formation and the subsequent com- 
bustion process. Many of these combustion sys- 
tems operate at chamber pressures that exceed the 
critical pressure of the injected fuel. As a result, the 
lsevier Inc. 
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uel droplets may undergo a transcritical evapora-
ion process, in which transition from liquid to su-
ercritical phase happens at the droplet surface. 

Drastic changes in fluid properties happen when
ts thermodynamic critical point is approached. For
xample, it is well known that surface tension and
atent heat diminish, while constant-pressure spe-
ific heat becomes very large in the transcritical
egime. As a result, fuel jets in supercritical envi-
onment exhibit characteristics of a turbulent gas
et, with disappeared liquid-gas interface and sup-
ressed liquid atomization, as described by previ-
us studies of Mayer et al. [1] and Chehroudi et
l. [2] . Moreover, the conventional droplet evapo-
ation theory [3] , in which liquid and vapor phases
re treated separately and the quasi-steady approx-
mation of the vapor phase is applied, may not be
alid under supercritical ambient conditions. 

The attempt to study the evaporation of a fuel
roplet in supercritical environment was perhaps

nitiated by Spalding [4] . In his work the droplet
as treated as a point source of dense gas with

onstant physical properties. The same problem
as re-examined by many researchers, with the

hermodynamic and transport properties of the
uid carefully evaluated and other problems posed
y high pressure accounted for. Most of them con-
idered a single suspended drop composed of liquid
xygen [5–7] or hydrocarbon fuel [8–19] . Notably,
he study of Rosner et al. [9] was perhaps the first
o take into account the solution of ambient gas in
iquid phase, and the first to discuss the conditions
nder which the droplet surface may be heated to
he critical state. Yang et al. [5] proposed a uni-
ed thermophysical property evaluation scheme
ased on real-fluid equation of state and corre-
ponding state theory. Harstad and Bellan et al.
7,17] incorporated Soret and Dufour effects and
hermodynamic non-equilibrium in their model.
he effects of gas-phase unsteadiness were ad-
ressed by Zhu [15] and Aggarwal [18] . Although
hese modeling works are sophisticated and help
ith understanding the evaporation phenomena
nder high pressure conditions, they need to in-
oke some limiting assumptions. Many simulations
dopted truncated property evaluation schemes, or
mployed empirical correlations extrapolated from
ow-pressure conditions, thus introduced a number
f uncertainties into the model. 

Experimental measurements have also been car-
ied out with the hope of obtaining useful data
or estimation of droplet evaporation behavior and
valuation of numerical models. However, most of 
hem employed suspended millimeter-size droplet
8,20,21] , thus effects of natural convection cannot
e ignored especially when the ambient pressure is
igh. On the contrary, droplets in sprays are so fine
hat influence of convection on droplet evapora-
ion is negligible. Therefore, experiments in a mi-
rogravity conditions [22–26] are more suitable for
Please cite this article as: G. Xiao, K.H. Luo and X. Ma et al., A
sub- and supercritical conditions, Proceedings of the Combusti
validation of theoretical and numerical models. In
a recently published paper of Nomura et al. [25] ,
n-hexadecane droplet was employed and temporal
variations in droplet diameter were successfully ob-
tained for evaporations under supercritical condi-
tions. Despite the fact that many useful data have
been obtained, experimental studies are unable to
measure many key parameters in an unsteady pro-
cess of micro- and nano-droplets. As an example,
temperature distribution of an evaporating droplet
can hardly be measured. Therefore, the time when
supercritical state is attained cannot be determined
accurately. 

To avoid the problems encountered by
continuum-based simulations and experiments,
discrete simulation techniques like molecular dy-
namics (MD) simulations were used to examine
the evaporation behavior. Kaltz et al. [27] was
perhaps the first to investigate the supercritical
evaporation phenomenon using MD simulations.
In their study, the evaporation of a liquid oxygen
droplet into quiescent environments comprised
of either hydrogen or helium was investigated.
Consolini et al. [28] simulated the evaporation
of submicron xenon droplets in nitrogen ambient
under sub- and supercritical ambient conditions. In
a recent study by Mo et al. [29] the evaporation of 
three normal alkanes (n-heptane, n-dodecane and
n-hexadecane) under engine relevant conditions
was investigated. However, an evaporating liquid
film was used, rather than an evaporating droplet,
which is of greater practical significance. 

In the present study, the evaporation of a fuel
droplet was investigated. Nitrogen was used as
ambient gas and n-dodecane (critical tempera-
ture: 658 K; critical pressure: 1.82 MPa) was used
as a surrogate fuel. The same system have been
extensively investigated to understand its phase
equilibria and interfacial properties by theoretical
calculation [30] , MD simulation [29,31] , as well as
experiments [32] . In the present study, emphasis
was placed on the dependence of attainment of 
supercritical transition on ambient conditions
(pressure and temperature), with the influence of 
the initial droplet size also taken into account. One
important drawback of MD is the high computa-
tional cost. As a result, the spatial and temporal
scales of the simulations are usually limited to a
few hundred nanometers and nanoseconds, re-
spectively. Therefore, it is necessary to explore the
validity of extending those observed sub-micron
phenomena to macro system by studying the
behavior of various sized droplets. 

The purpose of the present paper is to study
the evaporation of a fuel droplet under supercrit-
ical conditions, and provide data for evaluation of 
numerical models of fuel droplet evaporation un-
der modern diesel engine relevant conditions. The
droplet lifetime and supercritical transition time
are obtained from variations of droplet size and
 molecular dynamics study of fuel droplet evaporation in 
on Institute, https://doi.org/10.1016/j.proci.2018.09.020 

https://doi.org/10.1016/j.proci.2018.09.020


G. Xiao, K.H. Luo and X. Ma et al. / Proceedings of the Combustion Institute xxx (xxxx) xxx 3 

ARTICLE IN PRESS 

JID: PROCI [m; November 6, 2018;19:56 ] 

Table 1 
Simulation details. 

Droplet size, nm 21 30 43 

Number of molecules in the drop 12,455 37,359 106,143 
Simulation box size, nm 

3 60 3 80 3 120 3 

Reduced ambient pressure 2.22–9.28 0.57–9.10 2.34–9.26 
Reduced ambient temperature 0.91–1.67 
Package LAMMPS 

Fig. 1. Initial configuration of the simulation setup 
(Medium droplet). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

temperature and concentration distributions. And
their dependence on the ambient and droplet size
is discussed. 

2. Simulation method 

2.1. Simulation details 

In the present study, a single suspended n-
dodecane droplet surrounded by a nitrogen
ambient in a cubic simulation box was considered.
The initial configuration of the system is illustrated
in Fig. 1 . The n-dodecane droplet and nitrogen
ambient gas were first simulated separately until
both reached the equilibrium states. Then the fuel
droplet was placed in the center of the nitrogen
ambient, with the nitrogen molecules in that region
deleted to avoid molecule overlap. The initial tem-
perature of the droplet is 363 K, which is close to
the temperature of the injected fuel of real internal
combustion engines. The initial temperature of the
ambient gas is determined by the target ambient
condition, and the pressure is controlled by the
number of nitrogen molecules. 

The simulations were performed using the
micro-canonical ensemble (NVE). The periodic
Please cite this article as: G. Xiao, K.H. Luo and X. Ma et al., A
sub- and supercritical conditions, Proceedings of the Combusti
boundary condition was used in all three directions. 
To maintain a constant ‘far-field’ temperature, the 
outermost region of the simulation box was de- 
fined as the ‘heating region’, in which the velocity of 
the molecules was rescaled every timestep. In addi- 
tion, those n-dodecane molecules which entered the 
heating region were deleted. By this means, the in- 
fluence of vapor phase fuel molecules was removed, 
and the evaporation can be regarded as happening 
in an infinite space. It should be noted that, ambi- 
ent pressure, as well as the gradients of tempera- 
ture and species mole fractions, may decrease upon 

evaporation, due to the regression of the droplet 
surface. However, the droplet only accounts for less 
than 3% of the volume of the simulation box, thus 
those variations are negligible. 

The target ambient conditions considered in this 
study ranged from subcritical to supercritical, as 
summarized in Table 1 . Here the reduced pressure 
p r and reduced temperature T r were both calcu- 
lated by dividing the values by the critical values 
of n-dodecane. Simulations were performed on a 
Cray XC30 supercomputer. Each case of the large, 
medium and small droplets was run using 10 nodes, 
4 nodes, and 2 nodes, respectively, with one node 
having 24 cores and 64 GB memory. The wall time 
for one case is about 10 h. 

The united atom model was used to describe n- 
dodecane molecules. This model is based on the 
observation that the C 

–H bond in hydrocarbon 

molecules is much shorter and stronger than the 
C 

–C bond, thus methyl (CH 3 ) or methylene (CH 2 ) 
groups are treated as separate atom-like structures. 
The interaction between un-bonded ‘atoms’ was 
described by the 12–6 Lennard–Jones potential: 

U 

LJ 
(
r i j 

) = 4 ε i j 

[ (
σi j 

r i j 

)12 

−
(

σi j 

r i j 

)6 
] 

(1) 

where the energy parameters ε C H 3 = ε C H 2 = 

468 . 6 J / mol , the size parameters σC H 3 = σC H 2 = 

0 . 401 nm , r ij is the distance between atoms. Bond 

stretching is described by a harmonic potential: 

U 

s ( r ) = k b ( r − r 0 ) 
2 
, (2) 

where the stretching coefficient k b = 1 . 464 ×
10 5 kJ / ( mol · n m 

2 ) , r is the distance between the 
two bonded atoms, r 0 = 0 . 153 nm is the equilibrium 

bond distance. Bond bending is also described by a 
 molecular dynamics study of fuel droplet evaporation in 
on Institute, https://doi.org/10.1016/j.proci.2018.09.020 
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Fig. 2. Droplet diameter calculation. 
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Fig. 3. Temporal variation of the square of droplet diam- 
eter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

armonic potential: 

 

b ( θ ) = k θ ( θ − θ0 ) 
2 (3)

here the bending coefficient k θ = 251 kJ / ( mol ·
a d 

2 ) , θ is the angle formed by three bonded atoms,
nd θ0 = 109 ◦ is the equilibrium angle. The OPLS
orsional potential is used to describe the bond tor-
ion interactions: 

 

t ( ∅ ) = 0 . 5 k 1 ( 1 + cos ∅ ) + 0 . 5 k 2 ( 1 − cos 2 ∅ ) 
+ 0 . 5 k 3 ( 1 + cos 3 ∅ ) (4)

here k 1 = 5 . 904 kJ / mol , k 2 = −1 . 134 kJ / mol ,
 3 = 13 . 159 kJ / mol , ∅ is the dihedral formed by 4
onded atoms. 

Nitrogen molecules were regarded as two
eparate interaction sites connected by a fixed
ond [33] . The non-boned interactions are again
haracterized by the 12–6 Lennard–Jones poten-
ial, with parameters ε N 

= 0 . 3026 kJ / mol and
N 

= 0 . 332 nm . The distance between two bonded
itrogen atoms is constrained at 1.106 Å. The
orentz–Berthelot mixing rule is used to obtain the

nteraction parameters between different atoms: 

 ij = 

√ 

ε i · ε j , σij = 

(
σi + σ j 

)
/ 2 (5)

In an earlier publication of the authors [34] , the
resent intermolecular potential model was vali-
ated by a liquid-vapor phase equilibrium calcula-
ion of the n-dodecane-nitrogen system. The results
ere shown to be in good agreement with experi-
ental data by García-Cordova et al. [32] . 

.2. Data processing 

In the present study, the temporal variation in
he droplet diameter is obtained by the following
rocesses. As illustrated in Fig. 2 a, the simulation
ox is divided into 8 Å × 8 Å × 8 Å grids, the den-
ity of fluid in each grid is calculated by counting
he number of atoms in it, thus the density con-
our ( Fig. 2 b) of the system can be obtained. The
roplet-ambient boundary is defined as the surface
Please cite this article as: G. Xiao, K.H. Luo and X. Ma et al., A
sub- and supercritical conditions, Proceedings of the Combusti
where the fluid density equals the mean value of 
the maximum and the minimum densities of the
system ( Fig. 2 c). The droplet volume is then cal-
culated, and the droplet diameter is defined as the
diameter of a sphere of identical volume as the
droplet. 

Following the above procedures, the droplet di-
ameter history was successfully obtained. The con-
ventional droplet evaporation theory stated that the
square of the droplet diameter ( d 2 ) decreases lin-
early with time in the quasi-steady evaporation pe-
riod. Therefore, d 2 was plotted as a function of 
time, as illustrated in Fig. 3 . It is evident that d 2 in-
deed decreases linearly after the initial droplet heat-
up period and before the end of evaporation, even
though the ambient condition was well beyond the
critical point of the fuel (e.g., T 

′ = 1.67, p 

′ = 5.96).
Figure 3 also illustrates the definition of evapora-
tion rate constant k , initial heat-up period t h and
droplet lifetime t L . The method is similar to that
used by Nomura et al. [25] . Linear least square fit-
ting was performed in the range between 0.862 d 

2
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Fig. 4. (a) Droplet lifetime, (b) initial heat-up time and (c) evaporation rate constant as a function of reduced ambient 
pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and 0.215 d 

2 (that is, 80% and 5% of the initial
droplet volume), and evaporation rate constant k
was defined as the slope of the straight line. The
initial heat-up time and evaporation lifetime were
defined as the time of the intersection between the
straight line and the line ( d/ d 0 ) 2 = 1 and d 2 = 0 ,
respectively. 

3. Results and discussion 

3.1. Effects of ambient temperature and pressure 

In the present study, simulations of the medium-
size droplet were performed under the widest am-
bient condition range. Figure 4 shows the varia-
tion of the droplet lifetime t L , initial heat-up time
t h and evaporation rate constant k as a function of 
reduced ambient pressure. It is not surprising that
droplet lifetime decreases with increasing ambient
temperature. When the ambient temperature is in-
creased, both heat transfer from the gas phase to
the liquid phase and mass diffusion are promoted.
These observations are further confirmed by the de-
creased initial heat-up time ( Fig. 4 b) and increased
evaporation rate constant ( Fig. 4 c). 

Note that under all ambient temperatures inves-
tigated here, droplet lifetime decreases monotoni-
cally with increasing ambient pressure as shown in
Fig. 4 a. In some previous studies [14,21,22] , it was
observed that under low subcritical temperatures,
droplet lifetime first increases and then decreases
with increasing ambient pressure. They attributed
this increase in droplet lifetime to the combined
effects of decreasing mass diffusivity and increas-
ing boiling point of the liquid with increasing
ambient pressure. However, in the present study
the investigated temperatures are relatively high
( T 

′ ≥ 0.91), and the effect of decreasing latent heat
of evaporation with ambient pressure overtakes
other factors, leading to decreased lifetime with
increasing ambient pressure. Another finding of 
the present study is that the evaporation rate
constant first increases and then decreases with
Please cite this article as: G. Xiao, K.H. Luo and X. Ma et al., A
sub- and supercritical conditions, Proceedings of the Combusti
increasing ambient pressure ( Fig. 4 c). The increase 
in the evaporation rate constant at relatively lower 
pressures can be attributed to the increase in the 
thermal conductivity of the fuel/nitrogen mixture 
and the decrease in the latent heat of evaporation 

when the ambient pressure is increased. Increased 

heat conductivity also decreases the initial heat- 
up time, as shown in Fig. 4 b. As a result of the 
combined effects of decreasing heat-up time and 

increasing evaporation rate, droplet lifetime de- 
creases rapidly with increasing ambient pressure. 
However, when ambient pressure further increases, 
binary mass diffusion coefficient decreases and the 
equilibrium mole fraction of fuel at the droplet sur- 
face decreases, and consequently the evaporation 

rate constant k decreases with increasing pressure. 
The non-linear dependence of evaporation rate 
constant k on ambient pressure was also observed 

in the experiments of Sato et al. [22] and Nomura 
et al. [25] . The effects of decreased heat-up time 
and decreased evaporation rate cancel each other, 
and the evaporation lifetime becomes almost 
pressure-independent at high ambient pressures. 
Figure 4 c shows that k of n-dodecane droplets at 
an ambient temperature of 750 K ( T 

′ = 1.14) and 

an ambient pressure of 1 MPa-4 MPa ( p ′ = 0.57–
2.2) falls in the range of 0.19 mm 

2 /s-0.46 mm 

2 /s, 
while the measured evaporation constants of 
n-heptane [22] and n-hexadecane [25] at 773 K 

and similar ambient pressures fall in the range of 
1.6 mm 

2 /s-2.5 mm 

2 /s and 0.18 mm 

2 /s-0.29 mm 

2 /s, 
respectively. Considering the difference in volatility 
of n-dodecane with those fuels and slightly lower 
ambient temperature, the calculated results in the 
present study are fairly acceptable. 

In order to estimate the time when supercritical 
transition happens, a method proposed by Mo 

et al. [29] is utilized. The droplet was assumed to 

be spherically symmetry during the evaporation 

process, thus the thermodynamic properties of 
the fluid at a given time were calculated as a 
function of the radial distance from the droplet 
center. As a result, the correlation between fluid 

temperature T and mole fraction of n-dodecane x n 
 molecular dynamics study of fuel droplet evaporation in 
on Institute, https://doi.org/10.1016/j.proci.2018.09.020 
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Fig. 5. Temperature as a function of mole fraction of n-dodecane and VLE diagram. (a) T 

′ = 0.91, p ′ = 1.21, transition 
does not happen; (b) T 

′ = 1.67, p ′ = 5.96, transition happens at t = 1.2 ns. 
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an be obtained. Figure 5 shows the correlation of 
hese two properties at various time, together with
he vapor-liquid equilibrium (VLE) line (dotted
ine) of the n-dodecane/nitrogen binary system
nder that pressure, which is obtained from the
xperimental results of García-Cordova et al. [32] .
he T − x n line that increases beyond the critical
ixing point (the peak of the VLE line) of the

-dodecane/nitrogen system indicates the time
hen the transition to supercritical state happens.
s can be seen from Fig. 5 , for low-temperature

nd low-pressure conditions ( T 

′ = 0.91, p ′ = 1.21
or example), supercritical transition cannot hap-
en in the lifetime of the droplet. However, under
igh-temperature and high-pressure conditions

ike T 

′ = 1.67, p ′ = 5.96, supercritical transition
appened before evaporation ended. 

By applying the above analysis to all the cases
nvestigated, a regime diagram that indicates under
hat conditions the droplet can go supercritical can
e determined. As shown in Fig. 6 , the presented
urve defines a boundary between the subcritical
nd supercritical evaporation regimes. Under the
mbient conditions above this curve, transition to
upercritical state happens at the droplet surface
efore evaporation ends. From Fig. 6 we can see
hat the minimum ambient pressure needed for
upercritical transition decreases with increasing
mbient temperature. This result is in agreement
ith many previous studies, including experimental
easurements [35] , continuum-based simulations

14,18] and molecular dynamics simulations [29] . 

.2. Effect of initial droplet size 

Based on the conventional evaporation theory,
 

2 decreases linearly with time during the quasi-
teady state. Therefore, droplet lifetime should vary
inearly with the square of the initial droplet diame-
Please cite this article as: G. Xiao, K.H. Luo and X. Ma et al., A
sub- and supercritical conditions, Proceedings of the Combusti
ter. In the present study, three droplets with various
initial diameters (approx. 21 nm, 30 nm, 43 nm, re-
spectively) were simulated under the same ambient
conditions. For a direct comparison of the lifetime
of various droplets, the evaporation lifetime is plot-
ted as a function of the square of the initial droplet
size ( d 2 0 ) in Fig. 7 . As indicated in Fig. 7 , droplet
lifetime increases almost linearly with d 2 0 for each
ambient temperature and pressure combination. 

In Fig. 8 a the droplet d 2 histories of the three
droplets under the same condition of T 

′ = 1.67 and
p ′ = 5.96 are plotted. Note here d 2 and time are
both multiplied by a scale factor d 

2 
o,medium 

/d 2 0 . Di-
rect comparison of the d 

2 curves indicates that
evaporation rate constants for different droplets
 molecular dynamics study of fuel droplet evaporation in 
on Institute, https://doi.org/10.1016/j.proci.2018.09.020 
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Fig. 7. Droplet lifetime as a function of droplet size. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

are rather close. However, the heat-up time of the
larger droplet makes up a smaller portion in the
droplet lifetime. This is more positively indicated by
Fig. 8 b, in which the evaporation rate constants k
of different droplets are almost identical under the
same ambient condition, while normalized heat-
up time τ h (the ratio of actual heat-up time t h
and droplet lifetime t L ) decreases as droplet be-
comes larger. It is reasonable to expect that for large
droplets in combustion devices, which are usually
2 to 3 orders of magnitude larger than the droplet
investigated here, the heat-up time would be less
prominent in the droplet lifetime. Figure 8 c shows
the heat-up time as a function of droplet size. A lin-
ear dependence of heat-up time with d 0 can be ob-
served. 

In Fig. 9 , we plot the normalized transition
time τT , which is the ratio between the supercrit-
ical transition time t T and droplet lifetime t L , as
a function of reduced ambient pressure. All the
cases where supercritical transition happens are
shown. Note that the normalized transition time
τT decreases with increasing ambient pressure
Fig. 8. (a) d 2 history of various sized droplet under T 

′ = 1.67 an
heat-up time of various sized droplet under T 

′ = 1.67, (c) drople

Please cite this article as: G. Xiao, K.H. Luo and X. Ma et al., A
sub- and supercritical conditions, Proceedings of the Combusti
and/or temperature. The dependence of τT on the 
ambient temperature can be attributed to faster 
heat transfer through the ambient to the droplet, 
when the ambient temperature is increased. The 
dependence of τT on the ambient pressure can 

be attributed to the increase in gas-phase thermal 
diffusivity in the near-critical regime [19] , and the 
decrease in the critical mixing temperature when 

the ambient pressure is increased [18] . Moreover, 
it is evident that the normalized transition time of 
the larger droplet is shorter than that of the smaller 
droplet when the ambient pressure is relatively low 

( p ′ < 5). The effect of the initial droplet size on 

normalized supercritical transition time can be 
explained using the following equation, 

τT = 

t T 
t L 

= 

t T 
t h + ( t L − t h ) 

= 

b · d 0 
a · d 0 + c · d ∈ 0 

(6) 

Here, a, b , and c are constants. This is based on 

the present finding of a linear relationship between 

transition time t T and heat-up time t h , which in- 
creases linearly with d 0 . On the other hand, t L −
t h is found to increase with droplet size at a rate 
higher than linear growth, that is, t L − t h = c · d ∈ 0 

with ∈ > 1. As a result, we have τT = 

1 
a 
b + c b ·d ∈−1 

0 
. 

Therefore, with increasing droplet size d 0 , normal- 
ized transition time decreases. This is more evident 
at lower pressure ( p ′ < 5), while at higher pressure 
the difference between various droplets diminishes, 
as shown in Fig. 9 . This finding is different from 

that of previous continuum-based simulations 
[18,19] . 

In addition, the minimum pressure needed for 
supercritical transition is higher for the smaller 
droplet than for the larger one. As shown in Fig. 10 , 
the boundary between the subcritical and super- 
critical evaporation regimes extends to lower pres- 
sure conditions when the initial droplet diameter 
is increased. This phenomenon can be attributed 

to the decreasing normalized transition time with 

increasing droplet size at relatively low ambient 
pressure, which gives longer lifetime for the larger 
droplet to reach supercritical state (at T 

′ = 1.67 
& p ′ = 3.57, for example). The results in previous 
d p ′ = 5.96, (b) evaporation rate constant and normalized 
t heat-up time as a function of initial droplet size. 
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Fig. 9. Normalized transition time. 

Fig. 10. Supercritical and subcritical evaporation regimes 
for droplets of different sizes. The dots indicate the inves- 
tigated cases with the ambient temperature and pressure 
combinations. 

c  

w  

c  

a  

d  

t  

h  

c  

a  

s  

i
 

m  

p  

a  

s  

f  

n  

e  

 

s

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ontinuum-based simulations [18,19] are consistent
ith the present finding, although the authors con-

luded that the boundary between the subcritical
nd supercritical evaporation regimes was indepen-
ent of the droplet size. A possible explanation is
hat all macro-droplets (as investigated in [18,19] )
ave long enough a lifetime to reach supercriti-
al state if the ambient temperature and pressure
re high enough. Up to now, no experimental re-
ults are available to provide more insight into this
ssue. 

To parameterize the dependence of mini-
um reduced pressure p ′ on the reduced tem-
erature T 

′ and droplet size d 0 , we performed
 classification of our dataset using the least
quares solution for a regression model in the
orm ( p ′ − 1 ) = a · ( T 

′ − 1 ) b . The investigated
-dodecane/nitrogen system exhibits supercritical
vaporation regime over the space ( p ′ − 1 ) >

( −0 . 074 d 0 + 5 . 09 ) · ( T 

′ − 1 ) −0 . 0138 d 0 +0 . 0042 , as
hown in Fig. 10 . 
Please cite this article as: G. Xiao, K.H. Luo and X. Ma et al., A
sub- and supercritical conditions, Proceedings of the Combusti
4. Conclusions 

Molecular dynamics simulations were used
to investigate the evaporation process of an n-
dodecane droplet in a nitrogen environment. Am-
bient conditions ranging from subcritical to super-
critical with respect to the fuel and various initial
droplet sizes were considered. Significant findings
obtained in this study include: 

1. Droplet lifetime decreases with increasing
ambient pressure and/or temperature. Su-
percritical transition time decreases with in-
creasing ambient pressure and/or tempera-
ture at a rate higher than that for droplet life-
time, since the normalized transition time de-
creases with increasing pressure and temper-
ature. 

2. The minimum ambient pressure needed
for supercritical transition decreases with
increasing ambient temperature. With in-
creased droplet initial diameter, the bound-
ary of supercritical regime extends to lower
ambient pressures. 

3. The droplet heat-up time as well as subcrit-
ical to supercritical transition time increases
linearly with the initial droplet size d 0 , while
the droplet lifetime increases with d 

2 
0 . More-

over, nano-droplets have unique features
even though most of their characteristics are
the same as macro-droplets. For example, the
lifetime of nano-droplets can be too short
for supercritical transition, even though the
ambient temperature and/or pressure are in
the supercritical regime. 
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