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Molecular dynamics simulation is performed to study the influence of environmen-
tal pressure on the mixing process. Based on the OPLS-AA full-atomic potential
function, the gas-liquid-gas simulation box model is used to study the evapora-
tion characteristics of n-heptane at different environmental conditions. The results
show that compared with the subcritical environment, the nitrogen molecules in
the supercritical condition can diffuse into the liquid phase region earlier, and the
temperature of the liquid phase rise faster, and then a unified supercritical fluid
could be formed. Based on the density profile, a gas-liquid-gas interface thickness
is defined and the interface thickness is widened as the ambient pressure increase,
resulting in the conventional subcritical evaporation transition turbulent mixing
process.
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Introduction

Nowadays, with the issue of energy security and environmental pollution becoming
a hot topic, more and more researchers are working hard to develop high efficiency and low
emission machines. Supercritical injection helps improve fuel combustion efficiency and re-
duce pollutant emissions, hence received widespread concern. Power machines such as hy-
drogen-oxygen rocket engine and internal combustion engine generally operate at conditions
above the injected fuel critical point, where the mixing and vaporization processes are different
from subcritical conditions [1, 2]. Under subcritical conditions, the injected fuel disintegra-
tions are dominated by the action of surface tension, where ligament formation, atomization
and droplet evaporation phenomenon usually take place. However, once the ambient pressure
reach supercritical state, the surface tension vanishes and the gas-liquid phase interface blurs,
and the breakup is replaced by turbulent mixing and diffusion process. Yang [3] and Bellan [4]
presented comprehensive reviews on jet breakup, liquid evaporation and combustion, as well as
provided important insights on the limitations of current basic theories and numerical methods
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under supercritical conditions. As the ambient pressure increase from subcritical to supercritical
conditions, the mixing mechanism and interface characteristics are less understood. Therefore,
a systematic investigation on phase interface and mixing characteristics under trans/supercriti-
cal conditions is of great significance for fundamental research and practical applications.

With the development of experimental equipment, the injection mixing characteristics
can be visualized at pressures close to or above the critical pressure of the injected fuel [5-10].
These experiments indicated that the classical breakup and atomization process can no longer be
observed, but a dense fluid mixing process was very sensitive to small pressure and temperature
disturbances, particularly at around its pseudo critical point. Oefelein ef al. [11, 12] conduct-
ed experimental investigation on fuel injection using heptane or dodecane, these experiments
showed that the fuel enters the chamber in the form of a compressed liquid, rather than the
subcritical spray process, and the real fluid effects play a key role on supercritical conditions.
Numerical approach is an alternative way to handle such complex and extreme condition. Zhu
et al. [13, 14] investigated heptane droplets evaporation into nitrogen environment and reported
the required pressure range for the droplet evaporation reached to its diffusion mixing state. Meng
and Yang [15, 16] systematically studied the oxygen droplet evaporated into transcritical/super-
critical hydrogen environment, with emphasis on evaporation characteristics and interaction of
droplets. The results show that increasing the ambient pressure is beneficial to the evaporation
of droplets and reduces the lifetime of the droplets, but the ambient temperature has little effect
on droplet lifetime. Hsieh et al. [17] performed a numerical study on multi-component droplets
near the critical state, and the results showed that the ambient pressure has significant influence
on evaporation process, especially when the ambient pressure is close to the critical pressure, the
conventional low pressure evaporation model will result in a higher evaporation rate.

In recent years, the molecular dynamics (MD) simulation had been widely used in
nanoscale jet breakup [18-25] and supercritical heat transfer [26-36] due to the advantage of
MD is that there is no need to make any assumptions about the process or physics. Therefore,
MD solves all intermolecular interactions without considering any thermodynamic properties.
Among of them, Moseler and Landman [19] are the typical to apply MD to the nanojet breakup
of propane. The results indicated that the mechanism of nanojet rupture obtained by MD is sig-
nificantly different from that of conventional continuous fluids. In droplet evaporation regime,
Sumardiono and Fischer [26] investigated the influence of heat transfer on droplet evaporation.
The density distribution of different evaporation periods was reported and gave out a method
for counting the number of liquid atoms in liquid phase. Xie et al. [27] performed a simula-
tion on condensation/evaporation and the dodecane velocity distribution at liquid-vapour phase
equilibrium. The results showed that in the direction perpendicular to the surface, the evapo-
ration coefficient increased as the molecular energy increases. Mo and Qiao [28] investigated
the n-alkane fuels evaporated into nitrogen at different environmental conditions by MD simu-
lation, and their emphasis was to study the transition conditions that the traditional two-phase
evaporation transited into one phase diffusion-controlled mixing process. It can be found that
the transition time is independent with the thickness of the liquid film, but it largely depends
on the ambient conditions. Additionally, based on the P-T diagram, they proposed a threshold
transition time of 0.35, which separates the subcritical from supercritical state.

In previous researches, most of the MD simulations on droplet evaporation were in
subcritical conditions, and only few attentions were focused on the supercritical evaporation as
well as the gas-liquid interface characteristics. In this study, the evaporation of n-heptane into
nitrogen under different environment conditions by using MD simulation are investigated. Our
concerns are focused on the mixing process between the droplet and ambient gas, furthermore,
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liquid-gas interface characteristics based on the density profile under sub/supercritical condi-
tions are defined to illustrate the mixing behavior. The conclusion obtained in MD simulation
can be extended to microscopic regime and can help to provide a deep insight into microscopic
mechanism of droplet evaporation process.

Molecular dynamics method and validation
Molecular dynamics method

To describe the microscopic dynamic characteristics of the system in MD simulation,
the most important information input is the interatomic potential. In this study, n-heptane is
chosen as the droplet evaporation, and the classical all-atom force fields OPLS-AA [37] is
used due to its high accuracy for hydrocarbons fuels. The Lennard-Jones 12-6 potential for the
non-bonded interaction is used and can be written:

v =42 -[2]

where ¢ and o are the potential energy and length parameters, respectively and r; is the distance
between two atoms. The potential data can be shown in tab. 1.

Table 1. The parameters of OPLS-AA
potential function

- o[nm] | & [kcalmol™'] q [e]
C, RCH; 0.350 0.066 —0.180
C, RCH, 0.350 0.066 -0.120

H 0.250 0.030 0.060

N 0.325 0.170 0.000

In eq. (1), the arithmetic mixing rules are used for the interatomic potential in two
different atoms:

o :%(ofraj) 2)

& =\e; 3)

where i and j represent the different types of particles.

Simulation configuration

A rectangular simulation box of gas-liquid-gas model is employed to investigate the
single droplet evaporation as shown in fig 1. A total of 1532 n-heptane molecules are fixed on
the center, and the nitrogen molecules are placed on two sides. The dimensions of the simu-
lation box in three directions x, y, and z are L,, L,, and L., respectively, and L, = 5L, = 5L, = 5L,
where L = 7.4 nm. The n-heptane liquid has an initial temperature of 363 K. According to the
target pressure and temperature of the environment, nitrogen molecules are filled on both sides,
which corresponding to subcritical, low supercritical, and high supercritical conditions. The
simulation conditions are shown in tab. 2, where 7, and P, are the corresponding temperature
and corresponding pressure, respectively. In this simulation, liquid n-heptane and nitrogen were
heated to 363 K and 800 K under NVT ensembles, respectively, after that the NVT ensem-
bles were removed and the system was run in NVE ensembles. Initially, the velocity has a
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Maxwell-Boltzmann distribution, and Periodic
boundary conditions are applied in X-, Y-, and
Z-directions. In all simulations, the time step
is 1 fs and the total simulation time is 2 ns. As
the intermolecular distances increase, due to
the rapid decay of the potential function, most
molecular interactions are negligible. Hence,
in this study, all the simulations used a cutoff
distance of . = 3.50 to save calculation time.
Figure 1. The simulation of gas-liquid-gas model  The standard velocity-verlet algorithm is ap-
plied to solve the equations of motion.

Table 2. The initial condition of subcritical and low/high supercritical environment

Case Niep T Nyt Tt TT; 7 pHep/pNit
Subcritical 1532 363 292 800 1.48 0.73 74.8
Low supercritical 1532 363 436 800 1.48 1.09 50.2
High supercritical 1532 363 1000 800 1.48 2.55 22.1

Numerical verification of
OPLS-AA force field

The gas/liquid surface model of Chapela
and Saville [32] is applied to verify the OPLS-
AA force field, which is shown in fig. 2. The
system contains 896 n-heptane molecules, hav-
ing a thickness of 12¢, which is placed on the

center, while the left and right sides are vacuous.

x Initially, the velocity has a Maxwell-Boltzmann

distribution, and periodic boundary conditions
are applied in X-, Y-, and Z-directions. In all
Figure 2. Simulation system of vacuum simulations, 2 fs of time step is taken and the
surroundings total simulation time is 2 ns. Date is collected
per 0.1 ns for statistical average calculation as

the system reaching a stable state at 1 ns.

By counting on the microscopic particles, the macroscopic physical quantities such as
density, temperature, and pressure can be obtained. Based on OPLS-AA force field, the gas-lig-
uid interface characteristics at 7= 333~493 K were shown in tab. 3. In the table, one can find
that the liquid phase density distribution decreases with increasing the temperature, while the
gas phase and interface thickness are exactly opposite. The results obtained in our simulation
were agreed with Nijmeijer et al. [38], who performed a similar investigation on argon atoms
evaporation.

Figure 3 shows the bulk density obtained by OPLS-AA force field and compare with
experimental data [32]. The results show that the simulated density follows the trend well com-
paring to the experimental data. By close inspect, it can be found that the deviation increases
with higher initial temperature of the droplet (77> 433 K). However, the simulated results agree
well with the experiment at the temperature of below 433 K, with a relative error maintained
within around 8%. Hence, the OPLS-AA force field is reliable in n-heptane calculation and can
be used to investigate droplet evaporation in various pressure conditions.
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Table 3. Numerical result of interfacial
characterization under different temperature

550

TIKl| N | polkem?] | py[kgm™] | d[nm] | o v . 5
293 | 896 | 680.71 0.45 1.05 500¢ ——p,

313 | 896 | 659.90 1.19 1.08 450l ,7 // e N e
333 | 896 | 638.78 1.24 1.26 I/

353 | 896 | 614.62 5.04 1.54 o1 T

373 | 896 | 586.23 10.07 1.57 350}

413 | 896 | 527.79 26.54 2.35 300}

433 | 896 | 496.36 47.66 2.85 2ol . . . ‘

453 | 896 | 327.86 81.65 6.11 0 150 300 450 pﬁg)m*z] 750
473 | 896 | 21831 12143 | 7.01 Figure 3. The density of the

513 | 896 | 140.29 135.42 - bulk phases

533 | 896 | 114.69 114.69 -

Results and discussions

The temperature distributions of the simulated box at different times for three cases
are shown in fig. 4. It can be seen from the figure that the n-heptane molecules are struck due to
the vigorous movement of the nitrogen molecules on both sides. The temperature on n-heptane

350396 442 487 533 579 625 671717 762 808 854 900

10 20 30 0 20 . 30 0 0
X [nm] x [nm] X [nm]
t=0.6ns

10 20 30 10 20 30 10

2
X [nm] x[nm] xo[nm] 30
t=1.0ns
Subcritical Low supercritical High supercritical

Figure 4. Comparison of temperature in the simulation box
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is constantly increasing, while both nitrogen sides are exactly the opposite. This is because the
nitrogen molecules transmit some of their energy to the n-heptane molecules through the col-
lisions between molecules. By comparing different environment conditions at the same time,
it is found that as the ambient pressure develops from subcritical to high supercritical, the
temperature of n-heptane rises faster, while the temperature of nitrogen in subcritical condi-
tions decreases rapidly. This is because for supercritical conditions, the amount of nitrogen
molecules increases and contains larger energy due to the high pressure conditions. Therefore,
the temperature of n-heptane increases faster under high supercritical conditions. Under high
supercritical conditions, the n-heptane temperature is very close to the nitrogen temperature at
¢t = 1.0 ns, and the molecular distribution is disordered. It is obvious that the high supercritical
conditions facilitate heat exchange between the droplets and the ambient gas, promoting the
droplet evaporation and mix with the surrounding fluid.

Figure 5 shows the comparison of n-heptane mass fractions at different times. It can
be seen from the figure that as time progresses, n-heptane molecules continuously move to the
nitrogen environment on both sides for three cases. At # = 1.0 ns, by comparing the three cases,
we have two founding:

— Generally, it can be forming a larger mass fraction of n-heptane in both nitrogen districts
under subcritical and low supercritical conditions.

— Under the high supercritical condition, the n-heptane spread a much wider region and the
shape is confusing, with a decreasing of the mass fraction of n-heptane.

This can be due to the fact that there are large amount of initial nitrogen molecules
existing in the nitrogen region under high supercritical condition. Although there are more
n-heptane molecules moving into the nitrogen regions, the mass fraction is still lower.

0.1 0.1

=2 ‘;\
1) LAS By
15 20 25 30 35
x [nm] x[nm

t=0.2ns

.

5 B
15 20 25 30 35

\ N \ \
10 15 20 25 30 35 10 20
x[nm] X [nm]
t=1.0ns

Subcritical Low supercritical High supercritical

X [hm

Figure 5. Comparison of n-heptane fraction distribution

To further understand the mixing characteristics of the gas-liquid-gas model un-
der subcritical, low supercritical, and high supercritical conditions, the density distribution at
t=0.2 ns and 0.8 ns along the x-axis (half of the model) direction is shown in fig. 6. At = 0.2
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ns, since the initial density ratio (74.8) is highest under subcritical condition, the density dis-
tribution curve forms a large density gradient as transiting across the gas-/iquid interface. As
the ambient pressure continues to increase, the transition of n-heptane to nitrogen is relatively
flat, and the interface is broadened, forming a thick mixed layer thickness. While 7= 0.8 ns, the
density of the n-heptane region of three cases decreased compared with # = 0.2 ns, and the high
supercritical case decreased the fastest, indicating that many n-heptane molecules move to the
nitrogen environment, so that the density of the nitrogen region is further increased, while the
density gradient is further reduced. Hence the interface thickness is further broadened. These
phenomena show that increasing the environmental pressure to a much high supercritical state
will facilitate the mixing of the liquid n-heptane with the surrounding nitrogen molecules.

0.8 0.8
= [ t=0.2ns ——=—— Subcritical - t=0.8ns ——&—— Subcritical B
S [ —— % —— Low supercritical € L T L‘_’W supercrl?llcal
S 06 L - - &= - High supercritical §) 06 | - — ® — - High supercritical
2 200
= E=
5 s
o a

0.2

Figure 6. Comparison of density distribution

The temperature distribution of the simulated box along the x-axis direction for three
cases is shown in fig. 7. Due to the heating effect of both high temperature nitrogen gas, energy
transfer occurs through the collision of nitrogen molecules, n-heptane molecules gain more
energy and the temperature of n-heptane is continuously increased, so the liquid temperature
transit to the gas phase is relatively smooth, which forms a lower temperature gradient in the
gas-liquid interface. In the early stage, due to the large temperature difference, the heat transfer
is more intensive, and then gradually slows down. At ¢ = 0.8 ns, the temperature difference is
significantly reduced, and the temperature of the liquid phase is further increased, while the gas
phase nitrogen is continuously reduced. The temperature of the liquid and gas becomes nearly
equal until z= 1.0 ns. By comparison, it is found that at = 0.2 ns and 7= 1.0 ns, except for some
extreme regions at both ends, except for some extreme regions at both ends, the temperature
of the liquid and gas phase is much larger in the high supercritical case, followed by the low

800 900 [
TIK] L ——=—— Subcritical TIK] 800 :_ —= Subcritical
700 - t=08ns ——=—- Low supercritical F t=10ns .= . Lowsupercritical
L —:=*&-=:= High supercritical [ High supercritical
[ 700 [
600 [ r
600 [
500 -
500
400 200
C L I 1 = L Il 1 il
10 15 20 25 30 10 15 20 25 30
X [nm] X [nm]

Figure 7. Comparison of temperature distribution
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supercritical condition. These phenomena indicate that increasing the environmental pressure
to a high supercritical condition helps to enhance the heat transfer characteristics between the
gas and liquid phase, which is more advantageous for the mixing behavior. Figure 8 shows the
mass fraction distribution of the simulated box along the x-direction. It can be seen from the
figure that the high supercritical case has a lower mass fraction of n-heptane distribution in the
gas regions, indicating that although there are more n-heptane molecules evaporating into the
nitrogen region, the mass fraction of n-heptane is the lowest in the nitrogen gas district, which
is consistent with the results observed in fig. 5.
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Figure 8. Comparison of n-heptane fraction distribution

In order to explore the influence of environmental pressure on the characteristics of
gas-liquid interface, the whole simulated models are divided into 80 slices along the x-direction,
and statistics are performed on the micro quantities to obtain the macroscopic density charac-
teristics in each slice. Figure 9 shows the distribution of density in the x-direction. In this study,
we define a gas-liquid interface thickness, which is the distance from the interface point with a
density of 0.99p,,..« to the point where the value drops to 1.01p,,, in the horizontal section along
x-direction. According to this definition, the thickness of interface is also marked as shaded sur-
face in fig. 9, and its values are summed in tab. 4. It is shown from the figure that the subcritical
case has the smallest interface thickness, and the values become larger as the pressure increases.
While the value of the high supercritical case is much higher than that of the subcritical case,
and their value ratio is about 2.2. By carefully observing the evolution of the interface, we come
to two findings. First of all, the interface thickness has a sharper decline in the low supercritical
case as transiting across the interface region, second, the high supercritical case forms a smaller
density distribution on the liquid side while shows a larger value in the interface area and gas
side. Hence, as the environmental pressure increases to a much high supercritical state, a smaller
initial density ratio (22.1) is formed, and the number of nitrogen molecules in the environment
is larger, which promotes the heat exchange between the liquid and gas phase. Therefore, the
thickness of gas-liquid interface is widened, ultimately resulting in a larger mixing layer thick-
ness. For comparison, the results of Dahms and Oefelein [39] and Dahms et a/. [40], who cal-
culated the density profiles and interface thickness for both subcritical (7= 428 K, P =3 MPa)
and supercritical (7= 545 K, P = 6 MPa) con-

Table 4. Interface thickness based on density ditions based on-linear Gradient Theory are

Case | Subcritical Lo“ff, | Hig!:_ : shown in fig. 10. It is obvious that the as the
supercrifica’) supercritica pressure increase, the interface thickness be-
D [nm] 24 3.6 53 comes wider, which comes to the same conclu-

sion with our investigation.
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Figure 10. Vapor-liquid interface density profiles and thicknesses for the low-pressure (a) and
high pressure (b) interface states, calculated using linear gradient theory [40]

Conclusions

In this study, we devote to examine the influence of environment pressure on the drop-
let evaporation characteristics by using the gas-liquid-gas model. The molecules of n-heptane
liquid droplet evaporates into subcritical, low supercritical and high supercritical states are
studied by MD. To validate the potential force field, the gas-liquid-gas models are used to sim-
ulate liquid n-heptane droplet evaporating into vacuum environment is simulated by OPLL-AA
force field and compared with experiment.

As the pressure increase, the n-heptane droplet molecules tend to be evaporated into
the nitrogen district and more nitrogen molecules begin to move into the n-heptane region due
to the high collision frequency between n-heptane and nitrogen molecules, promoting energy
exchange and the n-heptane molecules get more kinetic energy. Hence, as the ambient pressure
develops from subcritical to high supercritical, the temperature of n-heptane raise faster, while
the temperature of nitrogen in subcritical conditions decreases rapidly. For the same reason, the
mass fraction of n-heptane decrease in the liquid region and spread a much wider region and the
shape is confusing. While in the nitrogen district, the mass fraction decrease with increasing of
the ambient pressure due to a large amount of initial nitrogen molecules existing in the nitrogen
region under high supercritical condition. Based on the density profile, a gas-liquid-gas inter-
face thickness is defined and the interface thickness is widened as the ambient pressure increase,
suggesting that increasing the ambient pressure, the interface tension gradually decrease, and
the gas-liquid interface broaden, resulting in the conventional subcritical evaporation transition
turbulent mixing process. However, to what conditions and what time the transition process will
take place is less well understood. Hence, in the further study, we will perform a fundamental
research on these two aspects.
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