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a b s t r a c t 

The injection, evaporation and mixing processes of hydrocarbon fuels into a supercritical environment are 

not yet well understood. The present paper investigated evaporation of three n-alkane fuels into nitrogen 

under various temperatures and pressures by molecular dynamics simulations. The emphasis was to un- 

derstand at what conditions, when and how the transition from classical two-phase evaporation to one- 

phase diffusion-controlled mixing takes place. The reduced ambient temperature and pressure range from 

0.8 to 2.4 and 0.55 to 14.3, respectively. Scaling law was explored with hopes to extend the conclusions to 

macroscopic systems. The dimensionless transition time from subcritical to supercritical (with respect to 

the liquid lifetime) was found to be independent of liquid film thickness, but it has strong dependence on 

ambient temperature and pressure. With higher ambient temperature and pressure, the transition occurs 

earlier in the liquid’s lifetime. Correlations for dimensionless transition time were proposed to describe 

such dependence. Additionally, a threshold dimensionless transition time of 0.35 may be used to separate 

the subcritical-dominated regime and the supercritical-dominated regime on the P-T diagram. Lastly, the 

normalized liquid lifetime (by a reference lifetime and the film thickness) depends only on the ambient 

temperature and pressure. As pressure increases, it decreases for subcritical-dominated cases mainly be- 

cause the enthalpy of vaporization reduces with increasing pressure. The trend, however, is reversed for 

supercritical-dominated cases where the liquid lifetime increases slightly with increasing pressure. 

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Practical engines such as liquid rockets and diesel engines op-

erate at high pressures. As a result, the injected fuel may be at

transcritical or supercritical state during the injection, mixing and

vaporization processes. Several reviews [1–3] have provided im-

portant insights on supercritical behaviors, as well as limitations

of current theoretical modeling and numerical simulations of such

behaviors. The introduction of thermodynamic nonidealities and

transport anomalies near the critical point is one of the main chal-

lenges to model these phenomena. Very limited experimental data

are available for either quantitative understanding of the physics or

for assessment of various models. Although we have good knowl-

edge of the classical two-phase atomization regime and the super-

critical one-phase mixing regime, the transition from the former to

the latter is less understood. One of the key questions is this: for

a specific fuel, single or multi-component, under what conditions

the evaporation and mixing processes are subcritical in nature and

under what conditions they become supercritical. There are incon-
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istent answers to this question between experiments and model-

ng/simulations in the literature. 

Several high-pressure injection experiments have demonstrated

hat supercritical mixing can be observed at pressures near or

lightly higher than the critical pressure of the liquid fuel [4–8] .

or example, Mayer and Schik [4] stated “when the chamber pres-

ure approaches the critical pressure, injection can no longer be

egarded as simple spray formation, but rather as a fluid/fluid mix-

ng process that can be very sensitive to smaller perturbations in

ressure, temperature, and local mixture composition.” Segal and

olikhov [5] observed transitional mixing when the experimental

onditions were in the vicinity of the critical point of the liquid

uel; both droplet formation and irregularly shaped material broke

rom the injectant were observed. Chehroudi et al. [7] showed that

hen the chamber pressure was at or above the critical pressure

f the injectant, the classical liquid jet breakup phenomena disap-

eared and gas-like jet behavior emerged. Oschwald et al. [8] ob-

erved major structural changes of the jet at the interface at a re-

uced pressure of 1.03 (from classical drops to irregular finger-like

ntities). 

Recent experiments done at Sandia National Lab [9,10] focused

n the transition from classical droplet evaporation to miscible
. 

http://dx.doi.org/10.1016/j.combustflame.2016.09.028
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2016.09.028&domain=pdf
mailto:lqiao@purdue.edu
http://dx.doi.org/10.1016/j.combustflame.2016.09.028
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uid mixing. Especially, the time evolution of the transition from

iquid droplet to fuel vapor was captured at the microscopic level

sing a high-speed camera along with a long-distance microscope.

he experimental observations show that when the ambient pres-

ure is above 64–70 atm at T = 10 0 0 K, n-heptane, n-dodecane

nd n-hexadecane all exhibit significant miscible mixing behav-

or, implying that at these conditions the evaporation has become

iffusion-dominated mixing process. 

However, previous modeling studies [11–14] have suggested

or the same or similar fuel the minimum pressure required for a

ransition from subcritical to supercritical to occur is in the range

f 90–109 atm at T = 10 0 0 K. For example, Oefelein and Aggarwal

11] developed a unified high-pressure drop vaporization model

or use in numerical simulations of high-pressure spray combus-

ion processes. With this model, they performed direct numerical

imulations (DNS) to simulate the transient process of n-hexane

roplets vaporizing into nitrogen. The results show that the min-

mum pressure required for a 100-μm n-hexane droplet to attain

he critical mixing state at the droplet surface is approximately 98

tm at an ambient temperature of 10 0 0 K. Zhu et al. [12] simulated

n n-heptane droplet vaporizing into nitrogen and reported the

inimum pressure required for the droplet to attain its critical

ixing state is about 109 atm at 10 0 0 K. Zhu et al. later [13] simu-

ated the transient supercritical droplet evaporation of millimeter-

ized n-heptane droplets and found that at 10 0 0 K the minimum

ressure is 90 and 109 atm using the quasi-steady and transient

odels, respectively. Additionally, Zhu & Reitz [14] modeled and

ompared the evaporation behavior of diesel fuel and a single-

omponent diesel surrogate fuel (n-tridecane), showing the mini-

um pressure required for transition from subcritical to supercrit-

cal for the two fuels is 123 and 104 atm, respectively, at 10 0 0 K. 

To summarize, for a specific fuel the minimum pressure re-

uired for transition to occur reported by the modeling studies

re higher than those observed in the experiments. The reason for

uch deviation is very complex. One possibility is that when the

ixture at the interface is approaching its critical mixing state, the

hermodynamic and transport properties become very sensitive to

mall perturbations and are hard to model. For example, the way

e currently model transport properties at high pressures is based

n the kinetic theory for idea gases with a correction term to ac-

ount for high-pressure effect; critical enhancement is usually ne-

lected [1] . Underestimation of the thermodynamic and transport

roperties may result in a higher minimum pressure required for

ransition to occur. 

Dahms and Oefelein [15–18] have recently made important con-

ributions on understanding the transition from classical spray

egime to supercritical diffusion-controlled mixing regime. They

sed a real-fluid model, combined with Linear Gradient Theory,

o model the gas/liquid interface structure, based on which they

roposed a criteria (using a threshold Knudsen number of 0.1) to

eparate the classical spray regime and the diffusion-dominated

ixing regime on a P-T diagram. These analyses provide impor-

ant insights on which regime practical engines such as rockets,

asoline and diesel engines fall into based on their operation con-

itions. Nevertheless, the thermodynamic analysis of the inter-

ace is under the assumption of steady-state, which does not re-

ect the dynamic process of a liquid when exposed to a high-

emperature and pressure environment. In other words, when a

old liquid fuel is injected into a combustion chamber, the transi-

ion does not take place instantaneously. Surface tension will exist

t first. After some time, the liquid will experience a transition to

upercritical mixing. The Knudsen number of the interface is con-

inuously changing during the evaporation and mixing processes.

ore quantitative studies are required to understand the transi-

ion, e.g., how does it depend on fuel type, ambient pressure and

emperature. 
Motivated by all of the above, we chose a different

pproach −molecular dynamics (MD) simulations to under-

tand when and how a transition from classical evaporation to

upercritical mixing takes place when a cold liquid fuel is placed

n a hot high-pressure environment. Continuum based methods

nable large scale simulations and are essential for predicting the

ombustion processes in practical engines. However, the challenge

ies in the fact that there are large uncertainties in thermody-

amic and transport properties at high pressures, especially for

omplex mixtures near the critical state [16] . MD simulations

re computationally costly and usually limited to small scales

a few to a few hundred nanometers). However, the advantage

f MD is that no assumptions are made about the processes or

hysics to be investigated. The only input is a potential model

hat describes intermolecular interaction. Models for Equation of

tate, mixing rules, thermodynamic and transport properties are

ot required. Equilibrium at vapor/liquid interface is not assumed.

rom this perspective, a molecular approach can be valuable by

nderstanding fundamental physics, examining assumptions, and 

roviding empirical parameters for phenomenological models. 

his will complement continuum-based approaches to enable

ore accurate simulations of the disintegration and combustion

rocesses of a liquid jet in high-pressure propulsion systems. 

Previous MD studies [19–37] of droplet evaporation focused

ostly on subcritical conditions. Kaltz et al. [26] are among the

rst to investigate supercritical behaviors using a molecular ap-

roach. They simulated the evaporation of liquid oxygen into

aseous hydrogen or helium at various temperatures and pres-

ures using the L-J 12-6 potential. The results show that droplets

etained a spherical geometry with a distinct temperature pro-

le throughout the entire vaporization process at subcritical con-

itions. At supercritical conditions, however, the drops quickly lost

heir spherical shape and became more cloud shaped and the sur-

ace tension soon disappeared. Significant concentration of the gas

hase species was dissolved in the droplet at moderate- and high-

mbient pressures. Most MD simulations chose simple fluids, such

s argon, helium, xenon, and oxygen, so the intermolecular poten-

ial can be expressed by the simple L-J potential. Few have consid-

red large molecules such as hydrocarbon fuels at high pressures,

specially the transition from subcritical to supercritical, for which

here is a knowledge gap. 

The present paper investigated evaporation of n-heptane, n-

odecane and n-hexadecane into nitrogen environment under var-

ous ambient pressures and temperatures via MD simulations. The

educed ambient temperature ( T / T c ) ranged from 0.8 to 2.4, and

he reduced ambient pressure ( P / P c ) ranged from 0.55 to 14.3, both

f which cover the relevant operating conditions of liquid rockets.

he emphasis is to understand at what conditions, when and how

 transition from subcritical to supercritical takes place. After in-

roducing the method of molecular dynamics simulations, the pa-

er describes the main features of subcritical evaporation, super-

ritical evaporation, and the scaling law. A dimensionless transition

ime is introduced and its dependence on fuel type, ambient tem-

erature and pressure is discussed. Then the criterion for transition

o occur is proposed. Lastly, the dependence of the liquid life time

n ambient temperature and pressure is discussed. 

. Molecular dynamics simulations 

.1. Interatomic potentials 

Molecular models for hydrocarbons can be divided into two cat-

gories: all-atom (AA) models and united-atom (UA) models. The

ormer treat each atom as one site, whereas the latter treat each

H 3 and CH 2 as one site to improve computational efficiency. Four

A models are commonly used for hydrocarbons, including TraPPE
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Table 1 

Parameters for SKS and Rivera models. 

SKS Rivera 

Nonbonded ε/k b (K) CH 3 : 114 36 

CH 2 : 47 

σ ( ̊A) CH 3 : 3.93 3.31 

CH 2 : 3.93 

Bond r 0 ( ̊A) 1.53 1.0897 

Angle θ0 114 ◦
◦

k θ / k b (K/rad 2 ) 62,500 

Torsion c 1 / k b (K) 355.03 

c 2 / k b (K) −68.19 

c 3 / k b (K) 791.32 

Fig. 1. Configuration of the simulation box. Atoms: red (CH 3 ), blue (CH 2 ), grey (N). 

(For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 
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by Martin and Siepmann [38] , SKS by Smit et al. [39] , NERD by

Nath et al. [40] , and OPLS-UA by Jorgensen et al. [41] . For nitrogen,

two models are typically used −central LJ potential and two-center

LJ potential. 

The authors [42] have recently employed different UA mod-

els to compute the vapor–liquid equilibrium (VLE) diagram for

n-alkane (C 7 –C 16 ) and nitrogen mixtures by configurational-bias

Monte Carlo (MC) simulations combined with Gibbs ensembles.

The MC predictions were compared to the experimental data [43] .

The comparison demonstrated that SKS (for alkanes) coupled with

a Rivera 2002 model (for nitrogen) [44] performs best in predicting

the vapor–liquid equilibrium of n-alkane/nitrogen mixtures, even

at pressures as high as 20 MPa. The deviation between predictions

and measured data is smaller at higher temperatures. When tem-

perature is greater than 411 K, the deviation is less than 5% for all

pressures in the range of 1 MPa to 20 MPa. Based on this compari-

son, the SKS model was chosen for alkanes, and the two-center L-J

model Rivera 2002 [44] was chosen for nitrogen to simulate the

evaporation process of alkanes into nitrogen at various tempera-

tures and pressures. 

The interaction between atoms in different molecules and the

atoms in the same molecule but apart more than three bonds away

is modeled by truncated Lennard-Jones (L-J) 6-12 potential, which

has been widely used in molecular simulations: 

 LJ ( r i j ) = 4 ε i j 

[ (
σi j 

r i j 

)12 

−
(

σi j 

r i j 

)6 
] 

(1)

where r ij is the interatomic distance, ε ij and σ ij are the interaction

potential well depth and the zero-energy separation distance for

atom pair i and j . Lorentz-Berthelot combining rule was used to

find appropriated L-J parameters for interactions between unlike

molecules [45] : 

ε i j = 

√ 

ε i × ε j σi j = ( σi + σ j ) / 2 (2)

The original SKS model treats all bonds as rigid with a fixed

length of 1.53 Å. However, the LAMMPS platform [46] does not al-

low bond constraints for large molecules. So a harmonic potential

is used for bond stretching to replace the rigid bond in the original

SKS model: 

 ( r ) = 

k r 

2 

( r − r 0 ) 
2 (3)

where r 0 is the bond length of 1.53 Å. k r is set to be

191.77 Kcal/(mol ∗Å 

2 ) as parameterized in the NERD model [40] .

We compared the evaporation characteristics by using rigid bond

with a fixed length (performed on GROMACS platform with LINCS

constraint algorithms [47] ) and using harmonic potential for bond

stretching (performed on LAMMPS platform [46] ). No difference

was observed and therefore this modified SKS model was used on

LAMMPS for the present work. 

Bond-angle bending is governed by a harmonic potential: 

 ( θ ) = 

k θ
2 

( θ − θ0 ) 
2 

(4)

where θ is the bond angle between three consecutive united

atoms. The dihedral angles are governed by the torsion potential

as a Fourier series: 

 ( φ) = c 1 ( 1 + cos φ) + c 2 ( 1 − cos 2 φ) + c 3 ( 1 + cos 3 φ) (5)

where φ is the dihedral angle between four consecutive united

atoms. The nitrogen model proposed by Rivera et al. [44] also as-

sumes that the bond length is fixed. The parameters in these mod-

els are summarized in Table 1. 
.2. Simulation configurations 

Figure 1 shows the rectangular simulation box with periodic

oundary conditions at both ends. The center of the box is filled

ith liquid n-heptane, n-dodecane or n-hexadecane, which is sur-

ounded by nitrogen gas on two sides. The box has a fixed cross

ection of L y ×L z = 5 × 5 nm for all simulations. The film thickness

 x , however, is varied (10 and 20 nm), corresponding to 600 and

200 n-dodecane molecules, respectively. The liquid has an initial

emperature of 363 K. The ambient temperature and pressure of ni-

rogen are varied to understand their effects on evaporation. NVT

nsembles – constant atom number (N), constant volume (V), and

onstant temperature (T) −were used for the ambient gas nitrogen.

The number of nitrogen molecules in the simulation box must

e large enough so that the pressure increase due to the addition

f vaporized alkanes molecules into the ambient gas is negligible.

herefore constant pressure of the ambient gas can be assumed

uring the evaporation. For all the instances under various ambi-

nt temperatures and pressures, we found that when the ratio of

umber of atoms of ambient gas to the number of atoms of liquid

s larger than 1, the evaporation characteristics become indepen-

ent of the ratio, as shown in Fig. 2 . As such, we chose an atom

atio of 5 for all the simulations. Therefore, the length of the en-

ire simulation box ranges from 180 to 5200 nm, depending on the

mbient temperature and pressure. Each simulation was run using

 nodes with each node having 16 processors (Intel Xeon-E5) and

4 GB memory. The wall clock time for the simulation which con-

ains 1200 n-dodecane molecules and 36,000 nitrogen molecules

s about 280 hours. A total of 210 simulations were performed. 

.3. Ambient conditions 

The ambient gas remains a constant temperature and pressure

uring a simulation. It provides heat to the liquid for vaporization.

ecause of that, the velocities of the molecules in this region are

escaled constantly to ensure a constant temperature. A gap be-

ween the liquid film and the heating area with a size of about
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Fig. 2. Effect of atom ratio (the number of atoms in nitrogen to the number of 

atoms in n-dodecane) on evaporation characteristics. 
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0 σ ( σ is nitrogen molecule diameter) is required to minimize

he effect of the heating boundary on the liquid-surface dynam-

cs, as illustrated in Fig. 1 . Before modeling evaporation, the initial

onfigurations for the liquid and the ambient gas are equilibrated

eparately and then combined by placing the equilibrated liquid in

n equilibrated environment of nitrogen. The equilibrated liquid is

repared by equilibrium with its own vapor at the initial liquid

emperature using NVT ensemble. The reduced ambient tempera-

ure ( T / T c ) and pressure ( P / P c ) studied in this work range from 0.8

o 2.4 and 0.55 to 14.3, respectively. 

.4. Property measurement 

MD simulations were carried out using the LAMMPS software

latform [46] . The equations of atom motion were integrated by

erlet algorithm [45] . The time step was 2 fs. The atom initial ve-

ocity was assigned randomly according to Gaussian distribution.

fter running several test cases with different initial velocity, we

ound that the simulation results were independent of the initial

elocity assignment. To obtain the spatial distribution of thermo-

ynamic properties, such as density, mole fraction, temperature,

nd pressure–tensor, the simulation system was divided into slabs

long the X -direction and averaged over 50 picoseconds statisti-

ally in each slab. The sizes of each slab along X, Y , and Z directions

ere d x, L y , and L z , respectively. A value of 0.2 nm was chosen for

 x . The temperature can be calculated by averaged kinetic energy

sing the following equation: 

3 

2 

k b T N = 

N ∑ 

i =1 

1 

2 

m i v 2 i (6) 

here N is the number of atoms in each slab, m i and v i are the i th

tom’s mass and velocity, respectively. The Boltzmann constant is

 b. The system pressure was obtained by 

 = 

N k b T 

V 

+ 

( 

N ∑ 

i =1 

r i F i 

) 

/dV (7) 

The first term on the right-hand side is the kinetic energy ten-

or, and the second term is the virial tensor. Here r i is the radius-

ector of the i th particle; F i is the force acting on the particle; V is

he volume of the system; and d is the dimension ( d = 3). 

Surface tension of a liquid results from the attractive force ex-

rted on the surface molecules of the liquid. The molecules on the

as/liquid interface region experience a net attraction force toward
he liquid phase because the interaction between liquid molecules

re much stronger than between gas molecules. The integrated dif-

erence between the normal and tangential pressure-tensors is the

urface tension of the liquid. The surface tension was calculated

ccording to the Irving and Kirkwood method [48] by: 

= 0 . 5 

∫ ∞ 

−∞ 

( p n ( x ) − p t ( x ) ) dx (8) 

here the normal pressure–tensor p n ( x ) = p XX ( x ) and the tangen-

ial pressure–tensor p t ( x ) = ( p YY ( x ) + p ZZ ( x ))/2 . The factor 0.5 in

q. (8) is because two interfaces of the liquid film were counted.

he x -dependent tangential pressure tensor can be computed by

onsidering the kinetic term and potential term as [45] : 

p t ( x ) = 〈 ρ( x ) 〉 k b T − 1 

2 A 

〈 

N−1 ∑ 

i =1 

N ∑ 

j>i 

(
y 2 

i j 
+ z 2 

i j 

)
2 r i j 

U 

′ 
LJ 

(
r i j 

)

× 1 ∣∣x i j 

∣∣θ
(

x − x i 
x i j 

)
θ

(
x j − x 

x i j 

)〉 

(9) 

here ρ( x ) is the density spatial distribution along x direction; A =
 y ×L z is the cross section area; x ij , y ij and z ij is the distance be-

ween particle i and j in x, y , and z direction, respectively; r ij is the

otal distance; θ ( v ) is the unit step function which is equal to 0

hen v < 0 and 1 when v ≥ 0; 〈 …〉 represents canonical ensemble

verage. The distance of x ij is divided into N s slabs with a thickness

f dx . Each slab obtains equal contribution of 1/ N s from the parti-

le i and j interaction if the straight line connecting particle i and

 crosses, starts or ends in the slab. The normal component p n ( x )

an be calculated by replacing ( y 2 
i j 

+ z 2 
i j 
) / 2 with x 2 

i j 
in Eq. (9) . 

. Results and discussion 

.1. Subcritical evaporation 

The main purpose of looking into subcritical evaporation is to

rovide a baseline for understanding supercritical behaviors. For

he example discussed below, the ambient temperature and pres-

ure are 526 K and 1 MPa, respectively. The initial liquid film thick-

ess L x = 10 nm. Note that the critical temperature and pressure of

-dodecane are 658 K and 1.817 MPa. The liquid fuel has an initial

emperature of 363 K. 

It is well-known that at subcritical conditions a distinctive in-

erface exists, which separates the liquid core and the ambient

ases. Figure 3 presents the evolution of the interface during the

vaporation process. Figure 3 (a) shows the spatial distribution of

emperature and n-dodecane mole fraction at t = 5 ns. At a fixed

ime t during the evaporation process, the mole fraction value at

 specific location corresponds to a certain value of temperature.

herefore a correlation between temperature and n-dodecane mole

raction can be obtained for each time t, as plotted in Fig. 3 (b).

n this figure, the vapor–liquid equilibrium (VLE) diagram for n-

odecane/nitrogen mixture at 1 MPa was obtained from the ex-

erimental data of Cordova et al. [43] . The left curve is the liquid

hase equilibrium line; the right one is the gas phase equilibrium

ine. The two intersections resulting from the VLE lines and the

emperature lines define the gas–liquid interface. The intersection

ith the VLE liquid phase line defines the inner boundary of the

nterface (close to the liquid core); the VLE gas phase defines the

uter boundary (close to the ambient gas), as plotted in Fig. 3 (b).

he area between the two intersections marks the interface area

here gas and liquid are at equilibrium. On the left side of the in-

erface region, only gas presents; on the right side of the interface

egion, only liquid presents. It is clear that the temperature of the

iquid core and the interface can never increase beyond the critical

ixing temperature (the merge point of the two VLE lines, which,
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Fig. 3. (a) The spatial distribution profiles of temperature and n-dodecane mole 

fraction at t = 5 ns. (b) The development of gas–liquid interface on the temperature 

– mole fraction VLE diagram at 1 MPa (VLE exp data: [43] ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The evolution of the gas/liquid interface during the evaporation process. 

Fig. 5. The variation of the surface tension as a function of time. 
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however, is not shown by the experimental data). The liquid core

and the interface are retained until the end of evaporation. Further-

more, n-dodecane mole fraction at the inner boundary of the inter-

face remains unchanged, nearly 98%. However, at the outer bound-

ary of the interface, the mole fraction of n-dodecane continues to

increase over time. 

The location of the interface (inner and outer boundaries) can

be determined as a function of time during the evaporation pro-

cess; the results are shown in Fig. 4 . The liquid core can be seen

to swell slightly during the heat-up period and then regress lin-

early during the steady-state evaporation stage. The thickness of

the interface increases during the heat-up stage and then remains

constant during the steady-state stage (about 2 nm). This number

is consistent with the predictions of Dahms and Oefelein [17] , who

found the thickness of the interface at equilibrium varies from 0.9

to 2.6 nm under various temperatures and pressures. 

Figure 5 shows the surface tension history during the evapora-

tion process. At the beginning ( t = 0 ns), the calculated surface ten-

sion is 21.9 mN/m, close to the experimental value of 19.2 mN/m

(at 363 K) for n-dodecane in its own vapor [49] . Note that results

from MD simulations often exhibit an oscillation nature, which is

not surprising because the physical properties are extracted statis-
ically and the number of molecules MD can simulate is limited.

he dashed line shows the averaged value. The surface tension de-

reases during the heat-up stage because the temperature of the

iquid core increases. When it enters steady-state evaporation, the

urface tension keeps nearly constant. 

During the entire evaporation process, n-dodecane mole frac-

ion in the liquid core is close to 1. The liquid core always exists.

owever, it regresses as evaporation proceeds. At the beginning of

vaporation ( t = 0.1 ns), the calculated density of the n-dodecane

iquid core was 700 kg/m 

3 , which is close to the experimental

alue of 697.54 kg/m 

3 at T = 363 K [49] . The density in the liquid

ore decreases gradually because the liquid fuel is being heated up

y the ambient. But after t = 15 ns, the evaporation enters a steady

tate with nearly constant liquid-core temperature. The density

n the liquid core is also nearly constant. The surface and core

emperatures both increase during the heat-up stage, whereas they
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Fig. 6. The development of gas–liquid interface shown on the temperature – mole 

fraction VLE diagram at 20 MPa (VLE exp data: [43] ). 
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Fig. 7. The histories of surface tension and evaporation rate. 
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eep nearly constant during the steady-state evaporation stage.

he evaporation rate remains nearly constant during the steady-

tate evaporation stage, about 225 kg/m 

2 -s. Several studies have

hown that the evaporation rate of a nano-sized film (or droplet)

s much higher than that of a micron- or millimeter-sized film (or

roplet). For example, Yan et al. found the evaporation rate of a

icron-sized (30 μm) liquid film to be around O(1) kg/m 

2 -s [50] .

vaporation rate of a nanoscale liquid film (1–10 nm), however,

s much faster on the order of O(10)–O(100) kg/m 

2 -s [51–53] .

his is due to the Knudsen number effect which was discussed

n detail in Ref. [54] . For nano-sized liquid, for which the liquid

ize is smaller than the mean free path of the escaping molecules,

he kinetic theory of gases, rather than continuum theory, should

e used to estimate the evaporation rate [55] . Although a direct

omparison of the evaporation rate between small and large

roplets are less feasible, a scaling law can be applied to filter

ut the effect of system size. This scaling law will be discussed in

etail in the following sections. 

.2. Supercritical evaporation 

Here, we discuss a case of n-dodecane with an initial film thick-

ess of L x = 10 nm vaporizing into nitrogen with an ambient tem-

erature of 1052 K and pressure of 20 MPa. We focus on how the

nterface evolves during the evaporation/mixing process. The re-

ults are shown in Fig. 6 . The vapor–liquid equilibrium (VLE) lines

or n-dodecane/nitrogen mixture at 20 MPa were obtained exper-

mentally by Cordova et al. [43] . The critical mixing temperature

t 20 MPa is the temperature at the merging point of the VLE gas

hase line and the VLE liquid phase line. Note that Cordova et al.

43] obtained no data in the region near the critical point; the

ashed line connecting the two VLE lines are drawn by the au-

hors to indicate the critical temperature and mixture composition

t a fixed pressure of 20 MPa. 

Some background is presented here: Unlike pure species, which

ave a fixed critical point, the critical point for mixtures varies

ith mixture composition. According to the classical theory of Ki-

an and Levelt Sengers [56] , n-dodecane/nitrogen mixtures are a

YPE IV mixture, for which the critical temperature of the mixture

s lower (and higher) than the higher (and lower) critical temper-

ture of the two components, whereas the critical pressure of the

ixture is higher than the critical pressure of either component.

n Fig. 6 , the temperature was plotted against the mole fraction
f n-dodecane (similar to Fig. 3 ), which may or may not inter-

ect with the VLE lines. At t = 0.1 ns, the VLE lines and the tem-

erature profile curve have two intersections. The left intersection

efines the outer boundary of the interface (next to the ambient

as), and the right one defines the inner boundary of the interface

next to the liquid core). The mole fraction of n-dodecane at these

wo boundaries is 0.1 and 0.75, respectively. At t = 0.5 ns, intersec-

ions between the temperature profile and the VLE lines still exist.

owever, the mole fraction of n-dodecane at the outer boundary

f the interface increases slightly to 0.13, but its value at the inner

oundary decreases to about 0.62. The gas/liquid interface exists

ntil t = 1.3 ns, indicating that the evaporation is subcritical when

 < 1.3 ns. The temperature within the interface is always below

he critical mixing temperature in this period. After t = 1.3 ns, the

emperature profile goes above the VLE lines and exceeds the criti-

al mixing temperature. From now on, the interface disappears and

vaporation enters a diffusion-controlled mixing process, indicat-

ng that the system has become one-phase in nature. 

Such a transition from two-phase evaporation to diffusion-

ontrolled one-phase mixing is also reflected by the histories of

urface tension and evaporation (or mixing) rate, as shown in

ig. 7 . Initially the liquid has a surface tension of 10.5 mN/m at

 = 0.1 ns. It decreases rapidly and eventually vanishes at t = 1.3 ns.

he transition time based on surface tension history is consistent

ith the value obtained from the interface evolution history in

ig. 6 . After t = 1.3 ns, diffusion-dominated mixing is established.

he evaporation rate increases in the subcritical stage and then

eaches maximum, after which the evaporation transits to super-

ritical. In the supercritical stage, the evaporation rate decreases,

ainly because the density gradient between the liquid core and

he ambient decreases over time, as shown in Fig. 7 . Since the

as-liquid interface disappears after 1.3 ns, it is impossible to dis-

inguish the liquid core and the ambient gas. Effort s were made

o quantitatively describe the evaporation/mixing rate under var-

ous conditions. When evaporation enters a diffusion-dominated

egime, the rate of mixing would depend on the diffusion coeffi-

ient, mass fraction gradient, and temperature gradient. In this sit-

ation, temperature gradient vanishes more quickly than concen-

ration gradient will, so thermal diffusion effect is less prominent. 

Here, we define a dimensionless transition time ( τ T ) by nor-

alizing the actual transition time ( t T ) with respect to the liquid

ifetime ( t L ) as τ T = t T / t L . It characterizes how fast evaporation tran-

its from subcritical to supercritical in the liquid’s lifetime. In this

upercritical evaporation case, the dimensionless transition time is



66 G. Mo, L. Qiao / Combustion and Flame 176 (2017) 60–71 

Fig. 8. The spatial distribution of mixture density and temperature as a function of time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. The normalized liquid film lifetime as a function of normalized ambient 

temperature, pressure and film thickness. The reference condition is at T ref =658 K, 

P ref =2.5 MPa, and L ref =5 nm. 
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0.24, indicating that 24% of its lifetime is in subcritical regime and

the rest in supercritical. 

The mole fraction of n-dodecane in the liquid core decreases

rapidly over time, which indicates that a significant amount of ni-

trogen has penetrated into the liquid interior and solubility effect

becomes prominent at supercritical conditions. Figure 8 (a) shows

the spatial distribution of density as a function of time. The density

of the liquid core decreases rapidly. The density gradient between

the liquid core and the ambient gas becomes smaller over time.

In other words, the interface is disappearing, and it is becoming

more difficult to distinguish between liquid versus gas. This is

the "miscible" behavior that has been observed in high-pressure

injection experiments [10] . In contrast, in subcritical conditions

the liquid core density is constant after steady evaporation has

been established, and a sharp difference between densities of the

liquid core and the ambient gas always exist until evaporation

ends. Figure 8 (b) shows the temperature history of the system.

The liquid-core temperature continues to increase throughout the

evaporation process. At t = 2 ns, the liquid core temperature has

exceeded the critical temperature of n-dodecane of 658 K. The

temperature gradient between core and ambient becomes smaller

over time as the liquid core is being heated continuously. These

observations are consistent with those of Kaltz et al. [26] . 

3.3. The scaling law: effect of liquid film size 

The challenge of MD simulations is that they are computation-

ally expensive. The time and length scales in MD studies are usu-

ally limited to a few hundred nanoseconds and nanometers, re-

spectively. Thus the possibility of a scaling law must be explored

so that the results from the MD simulations of a nanoscale sys-

tem can be useful in presenting the physics of large-scale systems.

This section discusses the effect of n-dodecane liquid film size on

the evaporation characteristics, particularly on the normalized life-

time ( τ L / L 
′ ) and the dimensionless transition time ( τ T ). Three film

thicknesses ( L x = 5, 10, and 20 nm) were considered at two dif-

ferent temperatures (658 and 1052 K) and various pressures (2.5–

20 MPa). L y and L z were kept unchanged. 

The liquid lifetime is determined from the beginning until the

evaporation or mixing rate approaches zero with a nearly uniform

distribution of density, species concentration, and temperature

within the initial liquid volume. We first define a dimensionless

lifetime τ L as τ L = t L / t L, ref , where t L is the actual lifetime of the liq-

uid film and t L, ref is the lifetime of a reference film. The reference

film was chosen to have a given initial thickness L ref =5 nm, ambi-
nt temperature T ref =658 K, and pressure P ref =2.5 MPa. With re-

pect to the reference quantities, we obtain dimensionless temper-

ture, pressure and thickness as T ′ =T / T ref , P 
′ =P / P ref , and L ′ =L / L ref .

he dimensionless lifetime τ L is then normalized by L ′ with hopes

o filter out the effect of system size (film thickness). 

Figure 9 presents the normalized lifetime τ L / L 
′ for n-dodecane

iquid film at various normalized ambient temperatures T ′ and

ressures P ′ and for three normalized thicknesses L ′ . The re-

ults show that τ L / L 
′ has a strong dependence on the ambient

emperature −higher T ′ results in lower values of τ L . It also de-

ends on the ambient pressure, although the dependence is less

rominent than the temperature. Furthermore, the dimensionless

ifetime τ L is proportional to the liquid film thickness L . After be-

ng normalized by the thickness ratio L ′ , τ L is nearly identical for

hree thicknesses under a given ambient temperature and pressure,

ndicating that a scaling law indeed exists. 

Next we look at how the dimensionless transition time de-

ends on system size. It is desirable to know at what conditions

nd when the transition from subcritical evaporation to diffusion-

ontrolled supercritical mixing will occur. This is because the the-

retical framework of these two regimes is quite different (two-

hase models plus interface equilibrium vs. one-phase models).
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Fig 10. The dimensionless transition time as a function of normalized ambient 

temperature, pressure and film thickness. The reference condition is at T ref =658 K, 

P ref =2.5 MPa, and L ref =5 nm. 
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Table 2 

Correlation parameters of dimensionless transition time for three 

alkanes. 

n-Heptane n-Dodecane n-Hexadecane 

a 1 − 0 .40211 − 0 .49085 − 0 .53209 

a 2 0 .21282 0 .35460 0 .46148 

a 3 − 0 .04160 − 0 .07587 − 0 .12921 

b 1 − 0 .00230 0 .02353 0 .00406 

b 2 0 .05711 0 .00661 0 .01410 

b 3 − 0 .01638 − 0 .00713 − 0 .00219 

Conditions 1 ≤ T r ≤ 2.4 1 ≤ T r ≤ 2 1 ≤ T r ≤ 1.8 

1 ≤ P r ≤ 7.3 1 ≤ P r ≤ 11 1 ≤ P r ≤ 14.3 
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igure 10 shows the dimensionless transition time for n-dodecane

iquid film as a function of dimensionless ambient temperature,

ressure, and film thickness. Note that τ T is defined as the ratio

f the actual transition time ( t T ) with respect to the liquid lifetime

 t L ) as τ T = t T / t L . The results show that τ T is independent of the di-

ensionless thickness, indicating that the results can be used to

pproximate transition from subcritical to supercritical in macro-

copic systems. The transition time, however, has a strong depen-

ence on the ambient temperature and pressure. With increasing

mbient temperature and pressure, transition to supercritical oc-

urs earlier. This is discussed in the following section. 

The scaling law is not surprising, however, because evaporation

s a surface phenomenon − it is the surface elements that are re-

ponsible for phase change, and the interface dynamics play an

mportant role in such phenomenon. Note Dahms and Oefelein

17] predicted the thickness of the interface varies from 0.9 to

.6 nm under a wide range of temperatures and pressures. Previ-

us studies have indeed confirmed that some evaporation char-

cteristics are size-independent. For example, Harstad and Bellan

57,58] simulated evaporation of millimeter-sized heptane droplets

nto nitrogen and found the variation of d -square with scaled time

s independent of droplet size under both subcritical and super-

ritical pressures. Yang et al. [59] simulated micron-sized liquid

xygen droplets vaporizing into hydrogen and found the calculated

roplet lifetime varies linearly with the square of the initial droplet

iameter for different droplet sizes. Furthermore, Oefelein and Ag-

arwal demonstrated in their DNS simulations that the minimum

ressure required for droplet surface to reach its critical mixing

tate is size-independent [11] . 

.4. Effects of ambient temperature and pressure on the transition 

Next, we will focus on how long does it take to transit to su-

ercritical, from subcritical, and how the transition time depends

n fuel type and ambient conditions. The dimensionless transition

ime τ T was calculated for various ambient temperatures and

ressures for a liquid film with a thickness of 10 nm for n-heptane,

-dodecane and n-hexadecane. The contours of constant τ T were

lotted as functions of ambient temperature and pressure, as

hown in Fig. 11 for the three fuels. In general, τ T decreases with

ncreasing pressure and temperature. This is because higher am-

ient pressure and temperature lead to stronger gas solubility and
eat transfer into the liquid core, which promotes the interface to

pproach the critical mixing point faster. 

Crua et al. [10] recently investigated the injection of three liquid

uels (n-heptane, n-dodecane, and n-hexadecane) into high tem-

erature and pressure ambient gases made of H 2 O, CO 2 , and N 2 ,

sing a constant-volume preburn combustion vessel. They found

hat the time taken by a droplet to transition to miscible mixing

epends on the fuel properties and the ambient temperature and

ressure. Using high-speed and high-resolution microscopic visual-

zations, they developed a pressure-temperature diagram on which

ach test condition was marked for whether classical evaporation

as observed or droplet deformation and significant miscible mix-

ng was observed. We marked each case (the corresponding am-

ient temperature and pressure) for which they observed either

lassical droplet evaporation (open circles) or strong miscible mix-

ng behavior (black dots) in our diagram in Fig. 11 . For example,

or n-dodecane in Fig. 11 (b), almost all black dots fall within the

rea where τ T < 0.35, indicating that for those cases more than 65

ercent of the liquid lifetime experiences supercritical mixing. All

pen circles fall within the area where τ T > 0.35, indicating that

he liquid experiences subcritical evaporation for more than 35

ercent of its lifetime. Thus it is reasonable to infer that subcriti-

al evaporation dominates when τ T > 0.35, but diffusion-controlled

upercritical mixing dominates when τ T < 0.35 for n-dodecane. For

-heptane and n-hexadecane, the dimensionless transition time

solines τ T = 0.35 also separate the significant miscible mixing be-

avior from the classical droplet evaporation as observed in [10] . 

Based on the experimental data, we may use a threshold of

T = 0.35 to separate the subcritical-dominated and supercritical-

ominated evaporation regimes on the P-T diagram for n-alkanes

C 7 – C 16 ). Note if the ambient temperature and pressure are not

igh enough, the liquid will experience subcritical evaporation for

ost of its lifetime. For example, according to Fig. 11 (b), to have τ T 

 0.35, an ambient temperature of 900 K would require the ambi-

nt pressure to be higher than 8 MPa and an ambient temperature

f 10 0 0 K would require the ambient pressure to be higher than

.5 MPa. Thus for low ambient pressures, which, however, are still

bove the critical pressure of the injected fuel, surface tension ex-

sts and dominates the evaporation and mixing processes for most

f the liquid’s lifetime; supercritical mixing will occur only in its

ater life, which may be undetectable by optical diagnostics be-

ause of the small length and time scales of the second stage. This

ight be the reason that Lazar and Faeth [60] proposed the criti-

al mixing pressure required for supercritical burning of n-octane

r n-decane in air to be 2–2.5 times of the critical pressure of the

ure hydrocarbon. 

We have discovered that the dimensionless transition time τ T is

ndependent of the liquid film size, but that it has a strong depen-

ence on the ambient temperature and pressure. By fitting a se-

ies of MD simulation results, we developed empirical correlations

o describe such dependence. Table 2 summarizes the parameters

nd the conditions of the correlations for n-heptane, n-dodecane
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Fig. 11. Contours of dimensionless transition time on pressure-temperature diagrams for n-heptane (a), n-dodecane (b) and n-hexadecane (c). Blue dashed lines indicate the 

contours of τ T = 0.35. The open circles represent conditions at which significant droplet deformation and miscible mixing were observed, whereas the circle dots represent 

conditions at which classical evaporation was be observed, according to Crua et al. [10] . 
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and n-hexadecane, respectively. 

τT = 

t T 
t L 

= a ∗ ln 

[ 
b ∗

(
P 

P C 

)] 
(10)

a = 

(
a1 + a2 ∗ T r + a3 ∗ T r 

2 
)

b = 

(
b1 + b2 ∗ T r + b3 ∗ T r 

2 
)

(
T r = 

T 

T C 
, P r = 

P 

P C 

)
where T r and P r are the reduced temperature and pressure of

liquid fuel. This equation is for T r > 1 and P r > 1. The correla-

tions provide a convenient means of estimating the pressure and

temperature dependence of the transition time under supercriti-

cal conditions. The fitting error is acceptable as the root-mean-

square-error (RMSE) of dimensionless transition time is smaller

than 0.021. 
.5. Effect of ambient temperature and pressure on liquid lifetime 

Here, we will examine the effects of ambient pressure and tem-

erature on the lifetime of the n-dodecane liquid film. The results

re shown in Fig. 12 . The dashed line, which represents a value

f 0.35 for the dimensionless transition time, divides the diagram

nto two regions. The left region is subcritical-dominated, mean-

ng that the liquid experiences subcritical evaporation for most

f its lifetime. The right region is supercritical-dominated in the

ense that more than half of the liquid lifetime is a diffusion-

ontrolled, one-phase mixing process. In the subcritical-dominated

egion, the lifetime decreases as the pressure increases, mainly be-

ause the enthalpy of evaporation reduces as pressure increases.

n the supercritical-dominated region, the pressure effect was re-

ersed resulting in a slightly increased lifetime. This is because

vaporation has become diffusion-controlled; increasing pressure

educes binary mass diffusivity, although the degree of reduction

f mass diffusivity is much less prominent at higher pressures than

t low pressures [61] , which is why only a slight increase in the
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Fig. 12. The liquid lifetime as a function of ambient temperature and pressure for the three fuels. The dashed line represents τ T = 0.35. The dotted vertical line indicates 

the critical pressure of the liquid fuel. 
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ifetime at high pressures was observed in Fig. 12 . The trend of

ressure dependence agrees with the detailed numerical simula-

ions of liquid oxygen droplets vaporizing into hydrogen by Yang

t al. [59] and the measurements of n-heptane droplet evaporation

nto nitrogen at high pressures by Sato [62] . 

.6. Comparison of transition for three n-alkane fuels 

Figure 13 shows the subcritical-dominated and supercritical-

ominated regimes for n-heptane, n-dodecane and n-hexadecane

n the P-T diagram. The transition lines that separate the two

egimes were obtained from the isolines of τ T = 0.35. Here, we

hose 0.35 for τ T simply because the experiment of Crua et al.

10] suggests this value. Nevertheless, theoretically speaking, a

alue of 0.5 would be more appropriate to define the two regimes.

he results in Fig. 13 show that the three alkanes exhibit simi-

ar shape. The reduced pressure required for transition increases

ith carbon number in the alkanes. For all three fuels, when

he reduced temperature is smaller than 1.5, the reduced pres-

ure decreases rapidly with increasing reduced temperature. How-

ver, when the reduced temperature is larger than 1.5, the re-
uced pressure decreased slowly. This same trend was also ob-

erved in the detailed thermodynamics analysis of Dahms and Oe-

elein [16] which used the Knudsen number of the gas/liquid inter-

ace to separate different regimes. However, the present transition

ines obtained using τ T = 0.35 as the criterion to separate the two

egimes are higher than those of Dahms and Oefelein [16] which

ere obtained based on a threshold Knudsen number of the inter-

ace Kn = 0.1. 

. Conclusions 

MD simulations were conducted to understand the transition

rom classical two-phase evaporation to diffusion-controlled one-

hase mixing for three n-alkanes fuels vaporizing into nitrogen

nder various ambient temperatures and pressures. The dimen-

ionless transition time is independent of the liquid film thick-

ess, but has a strong dependence on the ambient temperature

nd pressure. With increasing ambient temperature and pressure,

ransition from subcritical to supercritical occurs earlier. Correla-

ions were proposed to describe the dimensionless transition time

s a function of ambient temperature and pressure for n-heptane,
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Fig. 13. Subcritical-dominated and supercritical-dominated regimes on the P-T di- 

agram, which are separated by a dimensionless transition time of 0.35 for three 

different n-alkanes. T L,initial = 363 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

 

 

n-dodecane and n-hexadecane. A threshold of the dimensionless

transition time of 0.35 may be used to separate two regimes:

subcritical-dominated and supercritical-dominated regimes. Also,

the normalized liquid film lifetime is independent of the liq-

uid film thickness. It decreases as the pressure increases in the

subcritical-dominated region due to the reduced enthalpy of evap-

oration at higher pressures. In supercritical-dominated region, the

pressure effect was reversed leading to slightly increased lifetime

because of the slightly reduced binary mass diffusivity at higher

pressures. 
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