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A B S T R A C T   

The phase transition from subcritical to supercritical conditions, referred to as transcritical behavior, signifi-
cantly impacts the evaporation and fuel–air mixing in high-pressure liquid-fuel propulsion systems. Transcritical 
behavior is characterized as a transition from classical two-phase evaporation to a single-phase gas-like diffusion 
regime as surface tension and latent heat of vaporization reduce. However, the interfacial behavior represented 
by the surface tension coefficient and evaporation rate during this transition which are crucial inputs for 
Computational Fluid Dynamics (CFD) simulations of practical transcritical fuel spray is still missing. This study 
aims at developing new evaporation rate and surface tension models for transcritical n-dodecane droplets using 
molecular dynamics (MD) simulations irrespective of the droplet size. As MD simulations are primarily limited to 
the nanoscale, the new models can bridge the gap between MD and continuum simulations and enable the direct 
application of these findings to microscopic droplets. A new characteristic timescale, i.e., “undroplet time,” is 
defined which marks the transition from classical two-phase evaporation to single-phase gas-like diffusion 
behavior. The undroplet time indicates the onset of droplet core disintegration and penetration of nitrogen 
molecules into the droplet, which occurs after the vanishment of the surface tension. By normalizing the time 
with respect to the undroplet time, the rate of surface tension decay, evaporation rate, and the rate of droplet 
mass depletion become independent of the droplet size. Calculation of pairwise correlation coefficients for the 
entire MD results shows that both surface tension coefficient and evaporation rate are strongly correlated with 
the background temperature, while pressure and droplet size play a less significant role past the critical point. 
Therefore, new models for surface tension coefficient and evaporation rate spanning from sub- to supercritical 
conditions are developed as a function of background pressure and temperature, which can be used in continuum 
simulations. The identified phase change behavior based on the undroplet time shows a good agreement with the 
phase change regime maps obtained using microscale experiments and nanoscale MD predictions.   

1. Introduction 

Liquid jet breakup and the breakup and evaporation of the resultant 
droplets into much smaller droplets, are fundamental phenomena gov-
erning mixing and combustion in modern propulsion and energy con-
version systems operating at high pressures, e.g., liquid rockets [1–14], 
reciprocating engines [15,16], scramjets [17,18], gas turbines [19], and 
supercritical power generation cycles [20,21]. The design of current and 
future liquid-fueled propulsion systems is shifting toward much higher 
combustor pressures that can exceed the nominal critical pressure of the 
fuel and air, known as supercritical conditions [22]. In high-pressure 

combustors, the liquid fuel, initially at subcritical temperatures, is 
injected into the ambient air at supercritical pressure and temperature 
resulting in fuel temperature exceeding its nominal critical point. The 
transition of the fuel from subcritical to supercritical temperature, 
referred to as “transcritical behavior,” is identified as the transition from 
a liquid-like (LL) into a gas-like (GL) behavior by crossing the pseudo- 
boiling (Widom) line on the phase diagram as illustrated in Fig. 1 
[23,24]. Transcritical behavior, which has been the subject of contro-
versy in the past decades [25,26], is associated with a significant change 
in thermophysical behavior, including a sharp decrease in fuel density 
and surface tension and a spike in specific heat past the pseudo-boiling 
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line. The shift in properties from subcritical to supercritical conditions 
imposes a drastic change in the mixing and evaporation behavior of fuel 
droplets, as demonstrated in several experimental investigations 
[27–30]. The liquid fuel jet transitions from a two-phase regime domi-
nated by surface tension effects with a sharp liquid/gas interface known 
as “classical atomization” [31] into a single-phase regime governed by 
GL diffusion in the absence of surface tension effects. Transitioning to a 
GL diffusion regime and eliminating liquid fuel droplets can significantly 
enhance fuel–air mixing [16,32–34]. Although subcritical two-phase 
breakup [35] and single-phase supercritical mixing [5] are better un-
derstood, transcritical breakup have remained elusive. Crua et al. [36] 
performed high-speed, long-distance microscopy to capture the tran-
scritical behavior for three single-component fuel sprays (n-heptane, n- 
dodecane, n-hexadecane), injected into the mixture of gases at temper-
atures (700–1200 K) and pressures (2–11 MPa) exceeding the nominal 
critical point of these fuels. These measurements were taken after the 
end of the injection, where the lower flow speeds allowed the resolution 
of isolated microscopic droplets that remained in the combustion 
chamber before the start of the second injection. Microscopic images 
demonstrated that the droplets retained their spherical shape even at 
supercritical conditions and reduced in size under the influence of sur-
face tension similar to evaporation behavior at subcritical conditions. 
This is clear evidence that surface tension effects are present at super-
critical conditions, in contrast to pure single-component systems, e.g., 
nitrogen injected into nitrogen at supercritical conditions [37], where 
surface tension vanishes past the critical point. These experiments [36] 
also indicated that it takes a few milliseconds for a microscopic droplet 
exposed to supercritical conditions to be heated to the critical temper-
ature, after which the droplet turns into a GL fluid. While the fuel spray 
length can exceed a few centimeters, droplet diameters remain within a 
few microns. Such large-scale disparities hinder experimental di-
agnostics at high-pressure and higher flow speeds. Due to insufficient 
optical diagnostics, these results were captured at a much lower flow 
speed than a developing spray that more accurately reflects fuel–air 
mixing in the combustor. 

Consistent with the experiments in microscopic transcritical droplets 
[36], MD simulations [16,25,26,30,36,38–44] and linear gradient the-
ory (LGT) [25,26,42,45,46] have shown that surface tension forces 
persist at transcritical conditions and decay as the interfacial tempera-
ture increases. MD simulations can provide the changes in surface ten-
sion and thermophysical properties at transcritical conditions without 

any predetermined assumptions [47,48]; however, these studies are 
limited to nanoscale due to their high computational costs. Computa-
tional Fluid Dynamics (CFD) simulations require input interfacial 
properties such as surface tension and mass transport coefficients to 
accurately predict liquid fuel sprays at transcritical conditions. The lack 
of appropriate computational tools capable of translating interfacial 
behavior to higher scales of interest to engineering applications is 
another obstacle in resolving transcritical breakup [30,49–51]. Despite 
limited studies [52,53], several studies have neglected surface tension 
effects entirely in CFD modeling of transcritical jets/droplets by 
assuming surface tension effects are not significant above the critical 
point in contrast to mere evidence of surface tension persistence at 
transcritical conditions [54–60]. Moreover, for a droplet undergoing a 
transition from subcritical to supercritical conditions, the traditional d2- 
law for droplet evaporation is violated, and studies [24,36,61] have 
shown a dramatic changes in droplet size which is linked to the transi-
tion to a single-phase GL diffusion, also known as supercritical GL 
mixing. Thus, there is a need for theoretical models to accurately 
represent the variation in surface tension and evaporation behavior at 
transcritical conditions for CFD simulations. Particularly, in classical 
Eulerian-Lagrangian simulations of fuel sprays, the interactions between 
the continuous Eulerian gas phase and the Lagrangian droplet phase are 
governed by implementing sub-models, e.g., breakup and evaporation 
models. The existing breakup sub-models, e.g., Kelvin-Helmholtz Ray-
leigh-Taylor (KH-RT) breakup model, Stochastic Secondary Droplet 
model (SSD), Discrete Phase Model are commonly used for subcritical 
droplet and their applicability for transcritical conditions has not been 
proved yet [62,63]. The motivation for this study is to bridge the gap 
between MD and CFD to enable the simulation of microscopic droplet 
behavior in high-pressure fuel injection. The main objectives of this 
study are to identify the conditions at which the transition from 
subcritical to supercritical conditions occurs and develop new models 
for surface tension and evaporation rate of an n-dodecane droplet 
evaporating in a supercritical environment irrespective of the droplet 
size. The significance of this study lies in its potential to bridge the gap 
between MD and continuum modeling approaches for fuel droplets at 
supercritical which is of significant interest to the combustion commu-
nity. The key findings from recent MD simulations, LGT, and continuum 
simulations at transcritical conditions are summarized below. 

The first MD simulations of an oxygen droplet evaporating in a su-
percritical environment by Kaltz [64] provided scaling laws for droplets 
at the microscale using the Long-Micci method and investigated the 
validity of extrapolating MD results to macroscopic regimes by scaling 
the intermolecular potential parameters. More recently, Mo and Qiao 
[38] proposed a dimensionless timescale, referred to as liquid lifetime, 
as the governing timescale for the transition from sub- to supercritical 
conditions for a thin hydrocarbon layer evaporating into a supercritical 
nitrogen environment. Xiao [65] proposed a reduced pressur-
e–temperature diagram showing the transcritical regime as a function of 
ambient temperature, pressure, and initial droplet size and showed that 
the time it takes for the droplet to fully transition, referred to as su-
percritical transition time depends on the initial droplet diameter. Gong 
[66,67] used the density distribution to distinguish the phase change 
process for a transcritical droplet and proposed a correlation to predict 
the transition from evaporation to single-phase GL diffusion for multi- 
component fuels by introducing a critical dimensionless number based 
on the average displacement of fuel atoms. Wang [68] and Nguyen [69] 
considered an n-dodecane droplet evaporating in supercritical nitrogen 
and demonstrated the link between the onset of transition and the 
disappearance of surface tension. These studies proposed a classification 
for phase transition based on a supercritical transition time correlated 
with the disappearance of surface tension at the onset of single-phase 
diffusion [70,71]. However, recent studies have shown that the van-
ishment of the surface tension is not the main indicator of transition to 
GL diffusion [72]. The relationship between the decay of surface tension 
during transition to GL diffusion has not been understood, primarily 

Fig. 1. Phase diagram showing transcritical behavior in a multicomponent 
system by transitioning from a liquid-like (LL) to a gas-like (GL) state by 
crossing the pseudo-boiling (Widom) line at supercritical pressures. 
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because measuring the surface tension coefficient for multi-component 
mixtures approaching a critical state is very challenging experimen-
tally and theoretically. LGT has been extensively employed to describe 
the transition from sub- to supercritical conditions. Dahms and Oefelein 
[26,39] compared the length scales using the Knudsen number (Kn); 
however, the selection of characteristic scale is ambiguous in the 
calculation of Kn and their approach is limited to the analysis of mean 
thermodynamic states. Kn is defined as the ratio of the mean free path of 
the gas molecules to a characteristic length scale of the flow, which 
indicates the transition from a rarefied regime (Kn > 10) to the con-
tinuum flow regime (Kn < 0.01). A new LGT theory for transcritical 
flows has been developed [19] to calculate fluid properties and surface 
tension coefficient. Thermodynamic potentials and governing equations 
have been modified for a binary system of heavy hydrocarbons and ni-
trogen using diffuse-interface theory. This model entails complex nu-
merical modeling and approximations for gradient energy coefficients 
that limit its application to simple one-dimensional configurations. 
Several studies have attempted to shed light on the behavior of super-
critical droplets using continuum flow simulations. Poplow [73] 
modeled the evaporation of a single supercritical droplet and showed 
that reaching the critical state is the primary indicator of transition to GL 
diffusion. A unified droplet vaporization model for use in simulations of 
high-pressure spray combustion was developed by Oefelein and Aggar-
wal [74,75] using a direct numerical simulation approach for n-hexane. 
Gilliard [76] coupled the diffuse-interface theory with the Navier-Stokes 
equations for hydrogen diffusion at transcritical conditions. Zhu [77] 
developed a model for n-heptane droplet vaporizing in a nitrogen 
environment to calculate the minimum pressure required for the tran-
sition from subcritical to supercritical. A continuum-based interface- 
resolving diffuse-interface method has been recently developed [69] to 
identify the underlying phase-exchange mechanisms consistent with MD 
findings. However, this study is limited to nanoscale droplets. 

This study provides practical correlations for surface tension coeffi-
cient and evaporation rate during transcritical phase change to scale up 
MD simulations to the microscale. n-Dodecane is selected as the main 
fuel in this study as it has been commonly used as a surrogate fuel for 

diesel and kerosene in several experimental and computational studies 
at engine-relevant conditions [19,26,36,61,78,79]. A total of 210 sim-
ulations are conducted, maintaining the droplet temperature at a 
subcritical temperature of 363 K while varying the droplet diameter 
from 2 to 20 nm and nitrogen temperature varying from 300 K to 1100 K 
with 100 K intervals. The nitrogen pressure varies from 1 to 20 MPa to 
ensure the simulations capture a wide range of pressure and temperature 
from sub- to supercritical. The reduced temperature (Tr) ranges from 
0.45 to 1.67 and reduced pressure (Pr) ranges from 0.56 to 11. The 
simulations are repeated for various droplet sizes to investigate the de-
pendency of surface tension and evaporation behavior on droplet size 
and establish the relationship between phase change and surface tension 
and determine the conditions at which transition to GL diffusion occurs. 
Another novelty of this paper is the use of “undroplet time” as the 
transition timescale, which enables developing new models independent 
of droplet size to bridge the gap between MD and continuum 
simulations. 

The paper is structured as follows. After introducing the computa-
tional methodology (Section 2), MD simulations are validated using (1) 
vapor–liquid equilibrium experiments in an n-dodecane-nitrogen binary 
system, (2) existing MD studies of an n-dodecane layer with a finite 
thickness evaporating in supercritical conditions, and (3) LGT pre-
dictions of surface tension coefficient and density across the interface 
(Section 3). Section 4 presents the simulation results and discussion. The 
correlation between the molecular behavior and undroplet time is 
described. The identified phase change behavior based on the undroplet 
time is compared with the phase change regime maps obtained using 
microscale experiments and nanoscale MD predictions. New surface 
tension coefficient and surface tension decay rate models are developed 
as a function of background temperature, pressure, and undroplet time 
independent of the droplet size. In addition, new evaporation rate 
models are created as a function of background temperature and 
undroplet time that capture the transition from subcritical evaporation 
to GL diffusion. The evaporation rate model is developed from three 
different approaches: (1) changes in the droplet size, (2) rate of droplet 
mass depletion, and (3) non-dimensional mass transfer number. The 
models developed in this study are readily accessible through the pro-
vided correlations in the paper and supplementary libraries submitted 
along the manuscript. Section 5 provides a summary of the research 
findings and conclusions. 

2. Computational methodology 

The transition of an n-dodecane droplet initially at subcritical tem-
peratures with respect to its nominal critical point (658 K, 1.82 MPa) 
exposed to a supercritical nitrogen environment is studied. MD simu-
lations are performed using an all-atom (AA) model where each atom is 
considered as a force site to provide a higher accuracy in predicting 
physical properties. The classical Newton’s equations are solved using 
the Verlet algorithm [80] using a large-scale atomic/molecular 
massively parallel simulator (LAMMPS) [81]. The interaction between 
n-dodecane and nitrogen molecules is modeled using the standard 
Lennard-Jones 6–9 potential, i.e., ∅(r) following Eqn. (1). 

∅(r) = ∊(2

(
l

r

)9

− 3

(
l

r

)6
)
, (1) 

Where ∊ is the depth of the potential well, l is the finite distance at 
which the inter-particle potential is zero, and r indicates the distance 
between the atoms. The Lennard-Jones potential consists of two terms: 
the van der Waals attraction term which models long-range dispersion 
forces, and the repulsion term, which describes the short-range steric 
interactions [82]. Although the Lennard-Jones potential offers a 
reasonably accurate representation of intermolecular forces, applying it 
to large molecules such as dodecane necessitates some considerations. 
The Lennard-Jones potential assumes molecular sphericity and non- 

Fig. 2. Simulation set up illustrating a square box of size 65 nm and a 10 nm- 
diameter droplet. The blue color indicates nitrogen molecules, and the red color 
indicates n-dodecane molecules. The periodic boundary condition is applied in 
all directions. 
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directional interactions, which might not fully encapsulate the in-
tricacies of larger, more complex molecules. For a large molecule like n- 
dodecane, these pairwise interactions can result in a considerable 
number of interaction terms, which can make simulations computa-
tionally expensive. To manage this deficiency, we have used two force 
fields, one for interatomic and one for intermolecular forces to ensure 
higher simulation accuracy. To predict the behavior of n-dodecane and 
nitrogen molecules, the class II Polymer Consistent Force Field (PCFF) is 
employed [83,84]. We develop the initial forcefield for interatomic 
forces using PCFF forcefield while the intermolecular forces are repre-
sented using Lennard-Jones potential interaction. In addition, Irving- 
Kirkwood [85] method is implemented to calculate the surface tension 
coefficient, i.e., σ for the Lennard-Jones binary fluid problem [65], 
which relates the surface tension to the fluctuations of the pressure 
tensor at the liquid–vapor interface. The simulation geometry is divided 
into Ns slabs of length Lz/Ns parallel to the X-Y plane (Fig. 2), where Lz is 
the total length of the computational domain to obtain the time- 
averaged pressure tensor components. The pressure tensor compo-
nents are then used to compute the interfacial tension using the Irving- 
Kirkwood formula. The local normal and tangential components of 
pressure tensor, i.e., pN(k) and pT(k), respectively, are calculated in k’s 
slab where k = 1,⋯,Ns following Eqns. (2)–(4): 

σ =
1

2

∫ Lz

0

(pN(z)− pT(z) )dz, (2)  
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Where n(k) is the particle density in slab k, Vsl = LxLyLz/Ns is the 
volume of the slab, xij, yij, zij and rij are the inter-particle distances, ∅′ is 
the derivative of the full inter-particle potential, and <> denotes the 
canonical ensemble average over all slabs. 

2.1. Simulation setup 

Ideally, our aim is to simulate micrometer-sized droplets, aligning 
with the dimensions of the fuel spray experiments detailed in the liter-
ature [36]. However, MD simulations in microscale are computationally 

very expensive and not currently feasible using all-atomic models 
considering the interactions between each atom. Therefore, 5–20 nm 
droplet sizes are considered in this study. A square box with a dimension 
of 65 nm is considered where a nanoscale (10 nm) n-dodecane droplet is 
placed at the center of the box, as shown in Fig. 2. The simulation box 
has a sufficiently large number of nitrogen molecules to ensure the 
pressure remains constant inside the box regardless of the ongoing 
evaporation. The number of molecules depends on the droplet size. For 
instance, a total of 770 n-dodecane and 18,000 nitrogen molecules are 
distributed randomly to represent a 10 nm droplet. The interface 
thickness is set by considering a 1 nm-thick shell around the droplet 
through which the equilibrium condition is achieved between the ni-
trogen and n-dodecane. During the equilibration phase of the simula-
tion, the molecule velocity in this region are continuously adjusted to 
uphold the desired temperature. Furthermore, the liquid interacts with 
its own vapor, forming an interface with the ambient gas. The initial 
temperature of n-dodecane is set up to 363 K using the molecule velocity 
to represent the Engine Combustion Network (ECN) Spray-A conditions 
which represents a standard transcritical n-dodecane spray injected into 
supercritical nitrogen at 900 K and 6 MPa [86]. Nitrogen is initialized 
with a temperature of 900 K and pressure of 6 MPa, which acts as a 
heating source for the n-dodecane droplet. A layer of nitrogen molecules 
(1 nm thickness) at the edges of the simulation box acts as a thermostat 
to heat the entire domain. Nitrogen molecules are time-integrated using 
the NPT ensemble, which implies a constant number of atoms (N), 
constant pressure (P), and constant temperature (T). The simulations 
initially run for 100,000-time steps with a 2-fs time interval. Once the 
system is equilibrated, the micro-canonical ensemble, i.e., NVE, is 
applied for the primary time-integration simulation, where E and V 
imply constant energy and volume, respectively. The periodic boundary 
condition is applied in all directions. The NVE ensemble saves the data 
per 100-time steps, and the simulations run for another 1,000,000 time 
steps with 2 fs time intervals conducted using 4 nodes of 48 processors 
for 54 hours. 

3. Validation simulations 

In the following sub-sections, MD results are compared with (1) 
vapor–liquid equilibrium experiments in an n-dodecane-nitrogen binary 
system, (2) existing MD studies of an n-dodecane layer with a finite 
thickness evaporating in supercritical conditions, (3) LGT predictions of 
surface tension coefficient and density across the interface. For brevity, 
evaporation rate of an n-dodecane droplet in supercritical nitrogen 

Fig. 3. (a) Initial setup of simulation box for the validation case: blue and green colors indicate CH3– and CH2–, respectively, and the red color indicates nitrogen 
molecules; (b) agreement of nitrogen mole fraction using MD for the binary n-dodecane-nitrogen vapor equilibrium [78]. 
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compared with the previous MD studies has been discussed in Appendix 
I. 

3.1. Vapor-Liquid equilibrium (VLE) in an n-dodecane-Nitrogen binary 
system 

An n-dodecane-nitrogen binary system is simulated in a rectangular 
box (65 × 15 × 15 nm as shown in Fig. 3a) where the initial nitrogen and 
n-dodecane temperature is 500 K and 363 K, respectively. A united-atom 
approach is used for n-dodecane molecules by incorporating CH3– and 
CH2– as individual force sites. This approach differs from the all-atom 
approach, where the C- and H- in n-dodecane are considered separate 
force fields, as described in Section 2. The simulation is carried out for 
1,000,000 steps with 2 fs time intervals. The center of the rectangular 
box is a 15 nm cube n-dodecane layer, and nitrogen molecules are 
distributed on either side of the n-dodecane layer. A heating block is 
applied at the ends of the rectangular box along the x-direction with a 
width of 5 nm on each side. A periodic boundary condition is applied in 
all directions, and an NVE ensemble is implemented [68]. The predic-
tion of nitrogen mole fraction is in close agreement with the experiments 
conducted by Garcia-Cordova et al. [78], as shown in Fig. 3b. 

3.2. Comparison of the surface tension coefficient with previous MD 
studies 

A rectangular box (20 × 10 × 10 nm as shown in Fig. 3a) with an n- 
dodecane layer of 10 nm positioned at the center of the box is set at 363 

K, and the background nitrogen is kept at 1052 K temperature, and 20 
MPa pressure is considered consistent with Mo and Qiao’s [38] MD 
study. The simulation is run with an initial interface thickness of 2 nm on 
either side of the n-dodecane block with a time step of 1 fs for 2,000,000 
steps. To calculate the surface tension coefficient, the Irving-Kirkwood 
method [85] is employed. To this end, the derivative of the potential 
is calculated, followed by the canonical ensemble average of the density 
for each slab as outlined in Eqns. (2)–(4) [87]. The pressure values in the 
normal and tangential directions are extracted from the simulations, 
which are used for local surface tension calculation. The overall surface 
tension at a given time step is an integration of local surface tension over 
all the slabs, as stated in Eqn. (2). As shown in Fig. 4a, surface tension 
decay during the transition from subcritical to supercritical conditions 
closely agrees with MD simulations conducted by Mo and Qiao [38]. The 
local variation of surface tension, temperature, and density along the 
axial direction (see Fig. 3) are shown in Fig. 4b-d. This simulation is run 
at 5 MPa ambient pressure and 1052 K ambient temperature keeping all 
other parameters constant. As the simulation progresses, n-dodecane is 
heated by ambient nitrogen and transitions from a LL to a GL behavior. 
This transition is associated with an increase in n-dodecane temperature 
from 363 K to 600 K, as illustrated in Fig. 4c, and a decrease in the peaks 
of surface tension, as shown in Fig. 4b, followed by a decrease in local 
density, as evident in Fig. 4d. Due to the presence of two interfaces 
between nitrogen and n-dodecane, as this layer is positioned at the 
center of the box enclosed by nitrogen molecules, the surface tension 
plot exhibits two noticeable peaks along the axial direction (Fig. 4b). 
Consistently, temperature and density profiles exhibit two peaks on 

Fig. 4. (a) Surface tension varying with time for 1052 K ambient temperature and 20 MPa ambient pressure, compared with MD results of Mo and Qiao [38]; (b) 
local surface tension decay with time for 1052 K ambient temperature and 5 MPa ambient pressure; (c) local temperature, and (d) local density variation with time 
for 1052 K ambient temperature and 5 MPa pressure. The interface thickness is 2.5 nm. 
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either side of the bulk n-dodecane layer at the center of the computa-
tional domain, which is initially at 363 K. The interface thickness 
detected by the width of the two peaks on the surface tension profile 
initially increases with an increase in n-dodecane temperature and de-
creases in density until 3 ns, after which the interface disappears; the 
plots become a plateau and surface tension decays to zero. 

3.3. Comparison with linear gradient theory predictions 

MD results are compared with the recently-developed transcritical 
theory based on LGT proposed by Jofre and Urzay [19] for calculating 
the surface tension variation with ambient pressure and temperature. 
Equation (5) depicts the general form of surface tension coefficient σ 

using LGT, where κ is the gradient energy coefficient, n̂ is the spatial 
coordinate normal to the interface, and ∂ρYf

∂n̂ is the partial density gradient 
of the fuel in the normal direction. The fuel mass fraction is denoted by 
Yf . The major shortcoming of this theory is its dependency on the 
gradient energy coefficients given by experiments which are not avail-
able for a wide range of conditions and require additional numerical 
interpolations. In addition, this theory assumes a mechanical and 
transport equilibrium at the interface and disregards viscosity, thermal 
conductivity, binary diffusion coefficient, and thermal diffusion ratio. 
For calculating the surface tension coefficient, the set of governing 
equations is solved and integrated with the state equation and the 
gradient-energy coefficient along with phase-equilibrium partial 

densities. As such, this theory entails a complex process, and the un-
certainties in model constants limit the use of this theory in practical 2D 
and 3D CFD simulations. 

σ =

∫∞

−∞

κ

(
∂ρYf

∂n̂

)2

dn̂ (5) 

To compare MD and LGT predictions of surface tension coefficient, 
an isothermal n-dodecane-nitrogen system is considered with thermo-
dynamic pressure ranging from 5 to 10 MPa and the equilibrium tem-
perature varying from 350 to 500 K, which is lower than the critical 
temperature of the diffused mixture. A simulation box of size 20 × 5 × 5 
nm is set up as shown in Fig. 3a at an equilibrium temperature of 450 K, 
and MD simulations are conducted to obtain the variation of surface 
tension coefficient. Fig. 5a shows the surface tension variation with 
background pressure varying from 5 to 60 MPa. A similar setup is used 
for surface tension variation with equilibrium temperature ranging from 
350 K to 600 K at 50 bar and 100 bar, as shown in Fig. 5b compared with 
LGT predictions [19]. Fig. 5a–b shows that surface tension predictions 
based on MD simulations closely follow the LGT predictions. Surface 
tension coefficient decreases with an increase in pressure and temper-
ature due to the transition from a two-phase behavior to a single-phase 
GL diffusion regime at transcritical conditions. The transcritical 
behavior persists even at increased pressure and temperature conditions 
as there is a co-existing region with equilibrium conditions at the 
interface. The variation of density and fuel mass fraction across the 

Fig. 5. Comparison between the current MD simulations and LGT [19] predictions: (a) surface tension variation with ambient pressure for a fixed equilibrium 
temperature of 450 K; (b) surface tension variation with change in equilibrium temperature for ambient pressure of 50 bar and 100 bar; (c) density and (d) n- 
dodecane mass fraction for 50 bar ambient pressure at 350 K and 500 K equilibrium temperature vs. distance across the interface normalized by the initial inter-
face thickness. 
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interface normalized by the initial interface thickness between the cur-
rent MD simulation and LGT [19] predictions for 5 MPa ambient pres-
sure at 350 K and 500 K equilibrium temperatures are shown in 
Fig. 5c–d, respectively. These results indicate that MD simulations can 
replicate the same interfacial behavior as predicted by LGT within an 
average error of 9.4 %. Therefore, MD simulation results can provide a 

more efficient and more accurate means (i.e., no assumptions for 
interface) for calculating and implementing surface tension coefficient 
in CFD simulations at transcritical conditions. 

4. Results & discussion 

A total of 210 simulations are performed using the computational 
setup shown in Fig. 2, maintaining the droplet temperature at 363 K 
while varying the droplet diameter from 2 nm to 20 nm and nitrogen 
temperature varying from 300 K to 1100 K in 100 K intervals. The 
pressure varies from 1 to 20 MPa to represent a wide range of conditions 
from sub- to supercritical, representing Tr varying from 0.45 to 1.67 and 
Pr varying from 0.56 to 11.1, as outlined in Table 1. We firstly demon-
strate the molecular behavior of an n-dodecane droplet and its correla-
tion with the changes in surface tension and evaporation rate indicated 
with the change in the square of non-dimensional droplet diameter with 
time as well as the droplet depleted mass. Secondly, we introduce a non- 
dimensional time defined as the time the droplet disintegrates, and 

Table 1 
Range of parameters used for droplet MD simulations.  

Parameter Range 
Initial droplet size, d0 (nm) 2, 5, 10, 15, 20 
Droplet initial temperature, T0 (K) 363 
Reduced background temperature (Tr =

Tb
Tcritical

) 
0.46–1.67 (with 7 intermediate 
states) 

Reduced background pressure (Pr =
Pb

Pcritical
) 0.56–11.1 (with 4 intermediate 

states) 
Cubic simulation box size 65 times the droplet size 
Boundary Conditions Periodic in all directions.  

Fig. 6. The molecular behavior of a 10 nm n-dodecane droplet (red) exposed to nitrogen (blue) at (a) 6 MPa pressure and 900 K temperature. Concentric circles 
indicate interface thickening at t = 1 and 1.2 ns; (b) nitrogen at 6 MPa pressure and 1100 K temperature. 
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nitrogen molecules penetrate the droplet core to represent new models 
for surface tension decay and evaporation rate independent of the 
droplet size. As will be shown, the undroplet time occurs after the time at 
which surface tension decays to zero. 

4.1. Molecular behavior at transcritical conditions 

The molecular behavior of a 10 nm-n-dodecane droplet at a 
subcritical temperature of 363 K exposed to supercritical nitrogen (6 
MPa pressure, 900 K) consistent with the ECN Spray-A conditions [86] 
are chosen as the base case while new test cases are created by changing 
nitrogen temperature and pressure consistent with several recent MD 
studies as outlined in Table 1 [38,48,64–66,68,71]. In the sequential 
snapshots shown in Fig. 6, nitrogen and n-dodecane molecules are 
shown in red and blue, respectively. Two cases with a background 
temperature of 900 K in Fig. 6a and 1100 K in Fig. 6b are depicted. 
Fig. 7a-c shows the variation of density, temperature, and surface ten-
sion coefficient with time across the droplet/nitrogen interface starting 

from the droplet center (radial distance r = 0) for the same conditions as 
Fig. 6a. 

Fig. 6a demonstrates that at 0.1 ns, the droplet exhibits a spherical 
shape and Fig. 7a-c indicate that the droplet density decreases as it is 
heated by the ambient nitrogen and the surface tension coefficient 
reaches its maximum value (i.e., 17.8 mN/m) close to the droplet 
interface. This behavior indicates that a very thin interface thickness 
initially exists between the n-dodecane droplet and nitrogen. At 0.5 ns, 
with an increase in droplet temperature, the surface tension coefficient 
is reduced during the evaporation phase, evident from the separation of 
n-dodecane molecules from the droplet core while the droplet core is 
still integrated (Fig. 6a). Although there is a drastic drop in surface 
tension at 1 ns (Fig. 7c), the molecular forces are still strong within the 
droplet core while evaporation occurs at a wider region within the 
interface indicated with two concentric black circles in Fig. 6a. This 
behavior is evident from the widening of the surface tension coefficient 
and reduction of droplet density with an increase in droplet temperature 
and transition from a LL to a GL fluid as it is heated by the surrounding 

Fig. 7. Radial distribution of local (a) density, (b) temperature, (c) surface tension coefficient from the center of the droplet varying with time for 6 MPa pressure and 
900 K temperature; (d) surface tension coefficient and evaporation rate variation with time: T0 represents the time at which surface tension decays to zero and Tu 
indicates the undroplet time that occurs shortly after T0; (e) surface tension coefficient and density at center of the droplet varying with time; (f) surface tension 
coefficient and temperature at center of the droplet varying with time. 
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nitrogen as shown in Fig. 7a-c. Such interface thickening behavior at 
transcritical conditions has been reported in several previous studies 
[19,36,38,47]. The droplet interface boundary is defined where the 
calculated density is equal to the average of the maximum and minimum 
density of the entire system, which is used as a reference point to 
calculate the instantaneous droplet diameter. The interface becomes 
thicker at 0.8 ns in Fig. 7a–c before it entirely diminishes at 1 ns, after 
which the droplet core disintegrates and n-dodecane and nitrogen mix 
under the GL diffusion regime as shown in Fig. 6a. Fig. 7c plots the local 
surface tension variation with the radial distance (r/d0) from the center 
of the droplet at different simulation times. At t = 0.1 ns, the surface 
tension peaks and exhibit a sharp increase at r/d0 ~ 0.15 which is the 
droplet interface. Whereas at t = 1 ns, the peak widens and makes a large 
plateau at r/d0 ~ 0.62, corresponding to the interface thickening phase. 
The peak of the local surface tension starts flattening out as the interface 
thickness increases with time. In addition, the peak of the local surface 
tension starts moving towards the droplet center as the time progresses 
and surface tension decreases. This phase has been identified as 
“undroplet” phenomena in previous studies [38,68]. Fig. 6b shows that 
at a higher nitrogen temperature of 1100 K, the surface tension decays to 
zero at a faster rate between 0.5 ns and 2 ns which indicates a single- 
phase GL diffusion dominates during a major portion of the droplet’s 
lifetime. To identify the transition from classical evaporation to GL 
diffusion, the changes in non-dimensional droplet diameter are plotted 
with time in Fig. 7d. Until 1 ns, the evaporation rate, i.e., (d/d0)2 where 

d0 is the droplet initial diameter, decreases consistently with decay in 
surface tension. This observation is consistent with the conventional 
droplet evaporation theory governing subcritical conditions, which 
suggests that the square of the droplet diameter decreases linearly 
during this period [88,89]. As surface tension reaches zero at t = T0, the 
evaporation rate spikes at a very high rate. The sudden expansion of the 
droplet size is due to the accelerated GL diffusion and penetration of 
nitrogen molecules into the droplet core in the absence of surface ten-
sion [68]. The evaporation rate reaches a peak at 1.2 ns in Fig. 7d rep-
resenting the “undroplet” phenomenon denoted as Tu, where the droplet 
core is disintegrated, and the nitrogen molecules diffuse into the droplet 
core as shown in Fig. 6a at 1.5 and 2 ns. This behavior indicates that 
surface tension persists another ~1 ns before it decays to zero and the 
interface no longer holds the droplet together. Variation of density and 
temperature at the droplet center with time along with surface tension 
coefficient in Fig. 7e–f show that while the temperature at the droplet 
center is below the pseudo-boiling temperature of n-dodecane at 6 MPa 
(i.e., 651 K), the surface tension coefficient does not reach zero until 1 
ns. These results show that surface tension endures until the entire core 
of the droplet becomes GL and exceeds the pseudo-boiling temperature. 
The observation is supported by the fact that it takes a longer time for 
the entire droplet core to reach the pseudo-boiling temperature. Droplet 
properties, e.g., temperature and density determine the difference be-
tween LL and GL. A LL fluid has a much higher density than a GL fluid. 
The transition occurs when the density of the droplet core decreases as 

Fig. 8. (a) mean squared displacement; (b) radial distribution function, and (c) interaction energy for 6 MPa pressure and 10 nm droplet size varying nitrogen 
temperature (500, 700, and 900 K). 

Fig. 9. Comparison of T0 and Tu with time for selected droplet sizes: (a) temperature varies, keeping the pressure constant at 6 MPa; (b) pressure varies, keeping the 
temperature at 900 K. 
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shown in Fig. 7e. The critical density of the droplet core, i.e., 226 kg/m3 

for n-dodecane at 650 K which is close to the nominal critical point of 
pure n-dodecane, is considered to determine crossing the Widom line 
and the transition from LL to GL fluid. The critical density is closely 
related to the Widom line as it is often identified as a region where the 
fluid properties change significantly. To further shed light on the rela-
tionship between surface tension and interfacial forces, mean squared 
displacement, which indicates the average displacement of n-dodecane 
molecules over time, has been calculated for a 10 nm-droplet evapo-
rating in nitrogen with a temperature of 500, 700, and 900 K at 6 MPa. A 
higher mean squared displacement is observed in Fig. 8a with an in-
crease in temperature. Calculation of radial distribution function (RDF) 
shows the probability density of finding a molecule at a certain distance 
from a reference particle in a system, further reflecting the interfacial 
interactions. The radial distribution shows a higher peak for 500 K at a 
shorter distance from the droplet center, indicating that the molecules 
are still holding higher potential energy resulting in higher surface 
tension. The peak of RDF drop shifts further away from the droplet 
center with an increase in temperature in Fig. 8b. This behavior dem-
onstrates the interface thickening process shown in Fig. 6a. Calculation 
of interaction energy determines the potential energy associated with 
the pairwise interactions between molecules at the interface and quan-
tifies the strength of the attractive and repulsive forces. The interaction 
energy decreases with an increase in temperature which indicates the 
droplet molecules are loosely correlated at the interface, which facili-
tates the transition to a GL diffusion regime, reduction of surface ten-
sion, and nitrogen penetration into the droplet core as shown in Fig. 8c. 
The details of the calculation of mean squared displacement, RDF, and 
interaction energy are given in Appendix II. 

Fig. 9 shows the distinction between T0 and Tu and their variation 
with pressure and temperature. The simulations have been repeated for 
two different droplet sizes, i.e., 10 and 20 nm diameter. Fig. 9a is an 
isobaric plot at 6 MPa, and Fig. 9b is an isothermal plot at 900 K showing 
the decrease in T0 and Tu with an increase in nitrogen temperature and 
pressure, respectively. This figure shows that the transition from clas-
sical evaporation to GL diffusion, i.e., undroplet phenomena, is accel-
erated with an increase in background pressure and temperature. It is 
also evident that there is a lag between the time that surface tension 
decays to zero and the time that the undroplet phenomenon occurs, 
consistent with the molecular behavior shown in Fig. 6a. This behavior 
implies that even after reaching T0, the transition to GL diffusion does 
not occur right after surface tension vanishment. This analysis shows 
that the transition from classical evaporation to GL diffusion is more 
accurately represented by Tu instead of T0, which has been used as the 
critical time for transition to a supercritical phase in previous studies 
[38,66]. Fig. 10 shows Tu and T0 increase with an increase in droplet size 
as a larger bulk volume needs to be heated to reach the GL phase. 

Fig. 10a shows the variation of undroplet time (Tu) with droplet size 
for nitrogen temperature varying from 650 K to 1100 at a constant 
pressure of 6 MPa. This figure illustrates that undroplet time signifi-
cantly increases with droplet size. This behavior further proves that the 
undroplet phenomenon occurs when the entire droplet core has reached 
a GL state. Fig. 10b shows that the undroplet time slightly decreases with 
an increase in pressure; however, its changes are more sensitive to the 
variation of background temperature. 

Fig. 10. Variation of Tu with time and droplet size: (a) temperature varies, maintaining the pressure constant at 6 MPa; (b) pressure varies, keeping the temperature 
constant at 900 K. 

Fig. 11. A schematic of the phase change stages for a subcritical liquid (SL) droplet (cyan) in a gas-like fluid (GL) (red). Stage 1: interface turns into GL, thickens, and 
surface tension persists until the liquid core is GL; Stage 2: surface tension vanishes followed by undroplet; Stage 3: droplet becomes GL and diffuses into ambient 
(GL diffusion). 
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4.2. Phase change regime map 

Based on the analysis given in Section 4.1, three stages of phase 
transition are identified, which is consistent with the MD results pre-
sented by Wang et al. [68]. These three stages are schematically 
depicted in Fig. 11. The first stage, referred to as the transcritical phase, 
is characterized by a thickened interface while surface tension decays 
with time. The droplet core is mainly LL at this phase, while the interface 
temperature can exceed the pseudo-boiling temperature. The second 
stage is characterized by surface tension vanishment followed by the 
undroplet phenomenon when the entire droplet core becomes a GL fluid. 
Finally, GL diffusion occurs in the absence of surface tension. 

Following the above phase change behavior, a phase change regime 
map for a droplet size of 10 nm with varying background pressure and 
temperature, keeping the n-dodecane temperature at 363 K, is depicted 
as a function of reduced temperature and reduced pressure in Fig. 12. 
The range of simulation parameters considered in this map is outlined in 
Table 1. Subcritical, transcritical, and supercritical behavior are denoted 
with blue, orange, and green symbols. Subcritical condition is identified 
in cases where the surface tension coefficient remained constant during 
the simulations. Transcritical behavior is characterized as the persis-
tence of the surface tension coefficient for a finite time during the sim-
ulations, after which surface tension decays to zero. 

This behavior occurs at Pr varying from 3.2 to 8.3 and Tr from 1.0 to 

1.4. Finally, the supercritical regime is recognized in cases where the 
surface tension rapidly (less than 0.5 ns) decays to zero. This behavior is 
observed forTr > 1.5 and Pr exceeding 8. The transcritical regime is 
compared with the criteria given based on Crua et al. experiments [36], 
which predicted Pr from 2 to 8 and Tr from 1.2 to 1.7 exhibited a 
transcritical behavior. This critical reduced pressure and temperature is 
slightly different than MD predictions, possibly due to challenges in 
optical diagnostics in capturing the accurate droplet morphology. 
However, the overall consistency with microscopic experiments in-
dicates that the undroplet time can be used as the characteristic time-
scale to bridge between MD and experiments. A comparison of our 
results with the regime map based on MD simulation of n-dodecane 
droplets [68], demonstrates a good agreement in the prediction of the 
transcritical region. It is worth noting that despite differences in the 
molecular model setup between this study and [68], our utilization of 
the AA atom provides higher accuracy in predicting the interfacial 
forces. In the upcoming sub-sections, a comprehensive set of models will 
be presented. These models will provide a detailed analysis of undroplet 
time, surface tension coefficient, surface tension decay rate, and evap-
oration rate as a function of various parameters such as ambient pres-
sure, temperature, and droplet size. 

4.3. Surface tension model 

In this sub-section, we present a quantitative analysis of the surface 
tension decay during the transition from subcritical to supercritical 
conditions. The decay in surface tension is a crucial input parameter to 
CFD solvers to incorporate the shift from a two-phase regime to a single- 
phase GL regime in practical liquid fuel injection applications. 
Fig. 13a–b show the variation of surface tension for two different droplet 
sizes keeping the initial temperature of n-dodecane constant at 363 K. 
For a constant background pressure of 6 MPa in Fig. 13a, surface tension 
initially drops but remains constant with time for a background tem-
perature of 500 K which represents a subcritical temperature with 
respect to the nominal critical temperature of n-dodecane. This case 
represents a classical evaporation behavior throughout the simulations. 
The initial drop in surface tension is due to the temperature difference 
between the droplet and ambient nitrogen. For cases with temperature 
and pressure above the critical point of n-dodecane, i.e., 700 K and 900 
K, we observe the transcritical phase schematically shown in Fig. 11, 
where the surface tension is decreasing but persists for a finite time for 
the 20 nm-droplet and decays to zero after 2 ns for the 10 nm-droplet. 
This behavior further confirms that it takes a longer time for a larger 
droplet to fully transition to a GL fluid, although the surface tension has 

Fig. 12. A reduced pressure–temperature map showing subcritical (blue), 
transcritical (red), and supercritical (green) behavior detected using current MD 
simulations compared with the same regimes identified through experiments by 
Crua et al. [36] and simulations by Wang et al. [68]. 

Fig. 13. Surface tension decay for a 10 and 20 nm-n-dodecane droplet exposed to nitrogen: (a) variable temperature at a constant 6 MPa pressure; (b) variable 
pressure at a constant 900 K temperature. 
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reached zero. As was shown in Fig. 10, larger droplets need more time to 
entirely reach the GL state, after which the undroplet phenomenon 
prevails. It is also noted that surface tension decay occurs earlier at 900 
K. Repeating the simulations for a constant background temperature of 
900 K, varying the background pressure from 6 to 10 and 20 MPa in 
Fig. 13b shows that surface tension decays faster at higher pressures and 
is delayed for larger droplets at all pressures. 

In Fig. 14a–c, surface tension coefficient is shown as a function of a 
non-dimensional time normalized with respect to the undroplet time 
(Tu), which is a more accurate threshold for transition to GL diffusion as 
discussed earlier. For each case, the normalized time, i.e., t/Tu has been 
calculated based on separate simulations which differ in the background 
pressure, temperature, and droplet size as presented in Fig. 10. Fig. 14a 
shows that at a subcritical temperature of 500 K, surface tension does 
not depend on the droplet size while it decreases with an increase in 
pressure. With further increases in background temperature to 700 K 
(Fig. 14b) and 900 K (Fig. 14c), the dependency of the surface tension to 
droplet size further increases. A noticeable disparity in surface tension 
coefficient value is observed between the subcritical temperature (500 
K) and a temperature in close proximity to the critical temperature of n- 
dodecane (i.e., 700 K), with a relatively insignificant change observed 
with further temperature escalation (900 K). By increasing the pressure 
to 10 and 20 MPa, the difference in surface tension diminishes. This 
behavior indicates that the background temperature has a more pro-
found effect on surface tension than the pressure at transcritical condi-
tions. Additionally, the surface tension coefficient demonstrates a minor 
variation of about 3.1% between droplet sizes, maintaining nearly 
constant values at a constant temperature. Therefore, a new model for 
surface tension coefficient as a function of undroplet time is developed 
based on the MD results. For this purpose, two different methods, 
namely multiple regression, and gradient-boosted tree model have been 
used. It is noted that, unlike the multiple-regression model, the gradient 
boosted tree does not offer a straightforward relationship between the 
independent and response variables. However, the gradient-boosted tree 
model more accurately predicts the nonlinear relationship between the 

undroplet time and independent variables as it is not constrained by the 
linearity assumption [90,91]. Moreover, the gradient-boosted tree is a 
powerful ensemble-based model that allows for achieving higher accu-
racies by combining multiple algorithms to improve otherwise weak 
models [91]. The generated data from the gradient boosting model has 
been meticulously organized and is available as Appendix B supple-
mentary material accompanying this paper. As a starting point, a cor-
relation matrix is created based on Pearson’s product-moment 
correlation on the entire dataset (Table 1) [92,93] to find the pairwise 
correlation of independent variables, namely pressure, temperature, and 
droplet size where a higher correlation coefficient indicates stronger 
dependence. The correlation matrix helps in identifying the variables 
that have the most impact on the dependent variable and are most likely 
to affect the outcome of the model. Table 2 represents the correlation 
coefficient for Tu. The pairwise correlation is the highest for droplet 
diameter and temperature, while pressure is weakly correlated with Tu. 
The correlation matrix for the surface tension coefficient (σ) shown in 
Table 2 indicates a strong correlation between surface tension, 
undroplet time, and temperature and a weaker correlation with droplet 
size and pressure. This analysis corroborates the previous assertion that 
undroplet time is the key characteristic timescale in transcritical 
behavior which is dependent on the droplet size. 

A model for undroplet time Tu (ns) as a function of background 
temperature Tb(K), pressure pb(MPa) and droplet diameter d0 (nm) is 
developed (Eqn. (6) using the multiple regression model. This equation 
can be used in conjunction with the surface tension model given in Eqn. 
(7), which predicts surface tension σ (N/m) as a function of background 
temperature Tb(K), pressure pb(MPa), droplet diameter d0 (nm), and 
normalized time t/Tu. For training the multiple-regression and gradient- 
boosting ML algorithms utilized in this study, 75 % of the total simu-
lation data points are used and 25 % of the total empirical data points 
are employed as test cases. The R2 coefficient of determination is used to 
assess the accuracy of each model. It measures the proportion of vari-
ance in the dependent variable represented by the independent variables 
in the regression model. A higher R2 value indicates a better fit of the 
model to the data, with values closer to 1 indicating a stronger rela-
tionship between the variables. For Tu, R2 is 0.97 and 0.99, while for σ,
R2 reduces to 0.72 and 0.97 for the multiple regression and gradient- 
boosting methodologies, respectively. The agreement between the 
training data set and testing set for both methods and for Tu and σ are 
depicted in Fig. 15. 
Tu(ns) =

(
− 3.15 × 10

−2
)
pb(MPa)+

(
− 1.74 × 10

−3
)
Tb(K) +

(
6.69

× 10
−2
)
d0(nm)+ 2.25, (6)  

Fig. 14. Surface tension variation for a 10 and 20 nm-n-dodecane droplet exposed to nitrogen at variable temperature and pressure normalized with respect to the 
undroplet time Tu. 

Table 2 
Correlation coefficients for undroplet time (Tu), surface tension coefficient (σ), 
and the rate for the decay of surface tension (̇σ).  

Independent Variables Correlation Coefficient for Dependent Variables 
Tu σ σ̇ 

Droplet diameter d0(nm) 0.80  0.08 0.03 
Background temperature Tb (K) 0.50  0.67 0.93 
Background pressure pb(MPa) 0.36  0.39 0.07 
Normalized time t/Tu –  0.74 –  
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σ(N/m) =
(
− 3.47 × 10

−4
)
pb(MPa)+

(
− 9.99 × 10

−7
)
Tb(K)+

(
1.52

× 10
−4
)
d0(nm)+

(
− 1.07 × 10

−2
)
(t/Tu)+

(
1.24 × 10

−2
)

(7)  

σ̇(N/ms) =
(
2.87 × 10

2
)
Tb

2(K)−
(
1.28 × 10

5
)
Tb(K)

+
(
1.1 × 10

4
)
pb(MPa)−

(
5.9 × 10

3
)
d0(nm)

(8)  

σ̇(N/ms) =
(
2.87 × 10

2
)
Tb

2(K)−
(
1.28 × 10

5
)
Tb(K) (9) 

Another parameter of crucial importance to establish continuum 
models for transcritical droplets is the rate of decay of surface tension 
during droplet transition from subcritical to supercritical conditions. 
Experimental analysis of microscopic droplets at transcritical conditions 
has revealed that the transition from evaporation to GL diffusion, which 
occurs over a finite duration is related to the decay of surface tension to 
zero [35]. Therefore, it is crucial to determine the rate of surface tension 
decay to gain insights into the transcritical behavior in microscale. To 
this end, the rate of decay of time-averaged surface tension is calculated 
for 5, 10, and 20 nm droplets, varying the background temperature and 

pressure. Fig. 16a shows that the background pressure exhibits a minor 
effect while temperature plays a more pronounced effect on the surface 
tension decay rate, as shown in Fig. 16b. The decay rate is higher as the 
temperature increases and varies linearly until reaching 6 MPa after 
which the surface tension decay rate reaches a plateau for higher pres-
sures. Interestingly, the rate of decay of surface tension does not depend 
on the droplet size. The correlation coefficients for σ̇ outlined in Table 2 
confirms that the correlation is stronger for background temperature, 
and the droplet size is weakly correlated with σ̇. This finding holds great 
promise for bridging the existing divide between nanoscale and micro-
scale simulations of transcritical droplets. To this end, a new regression 
model is developed for σ̇ (N/ms) as a function of background tempera-
ture Tb(K), pressure pb(MPa) and droplet diameter d0 (nm) as outlined in 
Eqn. (8) with an R2 coefficient equal to 0.99. A simplified version of the 
surface tension decay rate model as a function of background temper-
ature is developed by neglecting the droplet size and background pres-
sure that exhibited a much weaker correlation with the surface tension 
decay rate, as depicted in Table 2. This model is outlined in Eqn. (9) and 
shown in Fig. 16a. The average R2 value in the simplified version of the 

Fig. 15. Predicted undroplet time Tu vs. simulation using (a) multiple regression and (b) gradient boosted tree methods. Predicted surface tension σ vs. simulation 
using (c) multiple-regression, and (d) gradient-boosted tree methods. 
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surface tension decay rate model over the entire dataset is 0.99, which 
shows that neglecting pressure and droplet diameter in the surface 
tension decay rate is justified. These surface tension models can be used 
as an input to CFD solvers. 

4.4. Evaporation rate model 

The evaporation rate is first calculated by representing the non- 
dimensional droplet diameter varying with time, normalized with 

Fig. 16. (a) Time-averaged surface tension decay rate varying with temperature for 6, 10, 20 MPa pressure and 5, 10, 20 nm droplet size; (b) time-averaged surface 
tension decay rate variation with pressure for 500, 700, 900 K temperature and 5, 10, 20 nm droplet size. 

Fig. 17. Evaporation rate varying with pressure, temperature, and droplet size vs. normalized time with respect to the undroplet time, i.e., t/Tu.  
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respect to the undroplet time, i.e., t/Tu in a similar approach as the 
surface tension coefficient discussed in Fig. 14a. Tu follows the trend 
shown in Fig. 10. Fig. 17a-d show the variation of (d/d0)2 for 5, 10, and 
20 nm n-dodecane droplets initially at 363 K exposed to nitrogen at four 
different background temperatures (300, 500, 700, and 900 K) and 
pressures (1, 6, 10, and 20 MPa) which span from sub- to supercritical 
conditions. These figures show that the evaporation rate is mainly 
dictated by the background temperature, even at supercritical pressures 
(6, 10, and 20 MPa), and increases with an increase in temperature. At 
subcritical temperatures (300 and 500 K), the evaporation rate remains 
linear throughout the simulations, representing a classical evaporation 
behavior. Beyond the critical temperature (700 and 900 K), the evapo-
ration rate initially follows a linear trend. However, upon reaching the 
point of zero surface tension, indicated by the vertical line T0

Tu, there is a 
sudden and significant increase in the evaporation rate. The significant 
expansion of the droplet is associated with the undroplet phenomenon 
and droplet core disintegration coincided with penetration of nitrogen 
molecules into the droplet core, as was shown in Fig. 6a at 1.5 ns. Fig. 17 
shows that by neglecting the fluctuating nature of MD results, the 
evaporation rate is not dependent on the pressure. These results indicate 
that T0

Tu 0.9, is the common timescale between all cases irrespective of the 
droplet size that represents the transition from a subcritical two-phase 
regime to a supercritical single-phase GL diffusion regime. In the pre-
vious section, Pearson’s correlation matrix was introduced to determine 
the strength of pairwise correlations. Applying this method to the 
evaporation rate (Table 3) confirms that the droplet diameter and 
pressure exhibit a weak correlation with the evaporation rate. 

The multiple regression and gradient-boosting model, where 75 % of 
the total simulation data points are used, and 25 % of the total empirical 
data points are applied as test cases. A new evaporation rate model as a 

function of background temperature is developed for the entire dataset 
(Table 1) as outlined in Eqn. (10) to predict the evaporation rate (d/d0)2 

as a function of background temperature Tb(K), pressure pb(MPa), and 
normalized time t/Tu. The R2 coefficient of determination is 0.87 and 
0.99 for the multiple-regression and gradient-boosting methodologies, 
respectively. The agreement between the training set and the testing sets 
for the evaporation rate is depicted in Appendix III. 

The correlation matrix outlined in Table 3 shows that the evapora-
tion rate is weakly dependent on droplet size and pressure. This finding 
motivates generating a simplified model for evaporation rate by 
neglecting pressure and considering the non-dimensional time and 
background temperature in Eqn. (11), where the undroplet time is given 
in Eqn. (6). Fig. 18 shows that Eqn. (11) is in close agreement with the 
simulations for three selected conditions (i.e., 500, 700, and 900 K, 6 
MPa pressure, and 10 nm droplet diameter). An interesting observation 
made in the study is that for a constant temperature, the non- 
dimensional droplet diameter relative to the initial droplet size varies 
linearly with the non-dimensional time normalized with respect to the 
undroplet time. The R2 value for this linear model is ~ 0.99 for each 
cases shown in Fig. 18. These results indicate a regular and predictable 
behavior of droplet evaporation at transcritical conditions, which could 
be significantly useful for scaling up MD simulations to microscale. 
(d/d0)

2 =
(
− 1.11 × 10

−3
)
pb(MPa)+

(
− 3.88 × 10

−4
)
Tb(K)+

(
− 5.18

× 10
−1
)
(t/Tu)+ 1.33,

(10)  

(d/d0)
2 =

(
− 3.88 × 10

−4
)
Tb(K)+

(
− 5.18 × 10

−1
)
(t/Tu)+ 1.33 (11)  

4.5. Mass depletion rate 

In this sub-section, the droplet mass depletion rate is calculated for 
the same cases presented in Table 1. Both mass depletion and droplet 
size reduction provide complementary information about the evapora-
tion process. Mass depletion is defined based on the rate at which the 
mass of the liquid droplet decreases over time during droplet transition 
from sub- to supercritical conditions and is directly related to the 
evaporative flux. Mass depletion accounts for the interfacial mass 
transfer. The mass depletion is normalized with respect to the droplet’s 
initial mass (M0). The time is normalized with respect to the undroplet 
time, i.e., t/Tu consistent with the droplet evaporation rate discussed in 
Section 4.4. Fig. 19 shows the variation of the normalized mass deple-
tion (M/M0) for 5, 10, and 20 nm n-dodecane droplets initially at 363 K 
exposed to nitrogen at four different background temperatures (300, 
500, 700, and 900 K) and pressures (1, 6, 10, and 20 MPa), similar to the 
evaporation rate depicted in Fig. 17. Fig. 19 shows that the normalized 
mass depletion increases monotonically for the subcritical temperature 
of 300 K regardless of pressure and similarly for the subcritical case of 1 
MPa pressure. At transcritical temperatures, specifically at 700 and 900 
K, the mass depletion during evaporation becomes increasingly promi-
nent as time progresses. During the classical evaporation behavior at 
700 K, i.e., t/Tu = 0.8, the droplet only loses 20 % of its mass, while 
during the GL diffusion phase, the droplet mass loss increases by a factor 
of four past the undroplet time. The attainment of a mass depletion value 
of one signifies that the droplet has undergone complete diffusion, with 
all its components dispersed throughout the nitrogen surrounding. 
Another interesting evaporation behavior occurs for 700 K, which is 
closer to the nominal critical temperature of n-dodecane for t/Tu varying 
from 0.8 to 1.2. The rate of mass depletion increases by a factor of 2.5 
during this period which overlaps with the interface thickening behavior 
and the transcritical phase where surface tension effects persist and 
prevents the nitrogen molecules from penetrating the droplet core, as 
shown in Fig. 6a. At this phase, the evaporation mainly occurs within the 
thickened interface as schematically shown in Fig. 11. The interface 
thickening period is shorter for the 900 K case as transition to GL 

Table 3 
Correlation coefficients for evaporation rate (d/d0)2.  

Independent Variables Correlation Coefficient 
Droplet diameter d0(nm)  0.00 
Background temperature Tb (K)  0.34 
Background pressure pb(MPa)  0.04 
Normalized time t/Tu (-)  0.87  

Fig. 18. Agreement of the linear evaporation rate model with non-dimensional 
droplet data varying with non-dimensional time normalized with respect to 
undroplet time Tu, varying the temperature. 
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behavior is accelerated with an increase in background temperature. 
This behavior indicates that the transcritical phase is identified with an 
increased mass depletion rate in the presence of surface tension before 
the undroplet phenomenon occurs. 

As depicted in Fig. 19, there is a significant increase in mass deple-
tion close to the undroplet time for 700 and 900 K cases at t/Tu = 1. The 
substantial increase in mass depletion over time at transcritical tem-
peratures is a consequence of the strong coupling between thermal and 
species diffusion. The elevated temperatures intensify the GL diffusion 
rates, leading to a more rapid depletion of droplet mass. The droplet core 
disintegration occurs henceforward, and a finite time is necessary to 
complete this transition. This shift in evaporation behavior is consistent 
with the sharp increase in the droplet size past the undroplet time, as 
indicated in Fig. 17. The changes in mass depletion are more pro-
nounced with an increase in temperature; however, even at a subcritical 
temperature of 500 K, mass depletion increases with an increase in 
pressure past the critical point (i.e., 6, 10, and 20 MPa), as shown in 
Fig. 19. Interestingly, the increase in mass depletion is not highly 
affected by an increase in pressure at transcritical temperatures of 700 

and 900 K, and the mass depletion monotonically increases at a lower 
rate for a subcritical pressure of 1 MPa. This intriguing behavior suggests 
that the rate of evaporation is primarily influenced by temperature 
beyond the critical points, while the effects of droplet size and pressure 
become less significant in determining mass depletion. However, at 
subcritical temperatures, the role of pressure becomes more prominent 
in shifting the evaporation behavior. The calculated pairwise correla-
tions for mass depletion shown in Table 4 corroborate that temperature 
is strongly correlated with mass depletion, and pressure is less 
influential. 

A new normalized mass depletion model as a function of background 
temperature, pressure, and undroplet time is developed for the entire 
dataset (Table 1) as outlined in Eqn. (12) to predict the normalized mass 
depletion (M/M0) as a function of background temperature Tb(K), 
pressure pb(MPa), and normalized time t/Tu. It is noted that Tu is 
calculated using Eqn. (6). This model accounts for a wide range of 
conditions, from sub- to supercritical conditions. The R2 coefficient of 
determination is 0.69 and 0.97 for the multiple regression and gradient- 
boosting methodologies, respectively. The agreement between the 
training set and the testing sets for the depleted mass is depicted in 
Appendix III. The developed mass depletion rate model can serve as a 
valuable input for adjusting the mass transfer coefficient in classical 
evaporation models that do not consider the transcritical effects. 
(M/M0) =

(
5.98 × 10

−3
)
pb(MPa)+

(
7.66 × 10

−4
)
Tb(K)+

(
3.74

× 10
−1
)
(t/Tu)− 0.663 (12)  

Fig. 19. Normalized mass depletion varies with pressure, temperature, and droplet size vs. normalized time with respect to the undroplet time, i.e., t/Tu.  

Table 4 
Correlation coefficients for normalized mass depletion (M/M0).  

Independent Variables Correlation Coefficient 
Droplet diameter d0(nm)  0.00 
Background temperature Tb (K)  0.36 
Background pressure pb(MPa)  0.14 
Normalized time t/Tu (-)  0.72  
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Fig. 20. Mass transfer number variation with temperature vs. normalized time t/Tu showing a difference in subcritical (1 MPa) and transcritical (6 MPa) cases for a 
20 nm droplet diameter. 

Fig. 21. Mass transfer number varies with pressure, temperature, and droplet size vs. normalized time with respect to the undroplet time, i.e., t/Tu.  
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4.6. Mass transfer number 

To compare the effects of transcritical behavior on evaporation with 
its subcritical counterpart, the non-dimensional mass transfer number is 
defined as Bm = Ys−Y∞

1−Ys , where Ys is the mass fraction of n-dodecane vapor 
at the interface region including the thickened interface, and Y∞ is the 
mass fraction of n-dodecane at the far-field region away from the droplet 
surface. The interface thickness is considered at the point where the 
local surface tension coefficient reaches a plateau, as shown in Fig. 7c. 
The number density of n-dodecane is calculated at the interface region 
and far-field based on MD results shown in Fig. 6 to calculate Ys and Y∞. 
Fig. 20 shows the variation of Bm with temperature vs. normalized time 
(t/Tu) at 1 and 6 MPa surrounding pressure for a 20 nm n-dodecane 
droplet to represent both sub- and supercritical conditions. As expected, 
the transcritical cases (700, 900, and 1100 K) at 6 MPa exhibit a peak in 
mass transfer during the interface thickening stage as a large number of 
atoms evaporate at the thickened interface before the droplet is entirely 
disintegrated. The peak of mass transfer number persists for a longer 

time at lower temperatures (700, 900 K at 6 MPa) and disappears before 
reaching the undroplet time. The mass transfer number increases by a 
factor of two during that period compared to the subcritical pressure 
case (i.e., 1 MPa). The mass transfer significantly drops, approaching the 
undroplet time as nitrogen penetrates the droplet core. The subcritical 
temperatures (300, 500 K) at 6 MPa and all cases at subcritical pressure 
of 1 MPa do not exhibit any peak even at supercritical temperatures, and 
the mass transfer increases monotonically since interface thickening 
does not occur at subcritical pressures. 

Fig. 21 shows the variation of Bm with normalized time (t/Tu) for 
different temperatures, pressures, and droplet sizes. The increase in 
droplet size shows a proportionality with the mass transfer number, 
which is evident by a factor of two increases in the mass transfer peak 
with a two-fold increase in droplet size for transcritical cases. Fig. 21 
also shows that for subcritical pressure of 1 MPa, the mass transfer does 
not exhibit a peak regardless of the droplet size and temperature. These 
results further highlight the uniqueness of transcritical evaporation re-
flected in the peak in mass transfer which occurs at supercritical pres-
sures and temperatures close and above the critical temperature of n- 
dodecane due to interface thickening. A multiple regression model has 
been developed for the prediction of mass transfer number Bm, as shown 
in Equation (13), with an R2 value of 0.76. The mass transfer number 
model has been developed based on the entire data set and can be used 
for sub- to supercritical conditions. 
Bm =

(
1.59 × 10

−2
)
pb(MPa)+

(
2.15 × 10

−4
)
Tb(K)+

(
1.32

× 10
−2
)
d0(nm)+

(
2.38 × 10

−1
)
(t/Tu)+

(
− 3.98 × 10

−1
) (13) 

In summary, new models for surface tension coefficient, surface 
tension decay rate, evaporation rate, depleted mass, and mass transfer 
number for transcritical droplets are developed, which are applicable to 
a wide range of droplet sizes and background conditions. By normalizing 
the time with respect to the undroplet time, these models are indepen-
dent of droplet size and weakly correlated with background pressure. 
Furthermore, a separate formulation for the undroplet time has been 
provided, which can be used in conjunction with the new models. 
Maximum and average absolute errors for multiple regression models 
have been provided in Appendix IV. Apart from multiple regression 
models that provide an explicit formulation for calculating surface 
tension and evaporation rate, the generated data using the gradient 
boosting model are stored and organized as Appendix B supplementary 
material submitted along with this paper. This library will enable 
readers to easily access the model and utilize the generated data without 

Fig. A1. Validation of the evaporation rate for a 15 nm-diameter n-dodecane 
droplet evaporating in nitrogen at 10.8 MPa and 1185 K compared with MD 
simulations conducted by Wang et al. [68]. 

Fig. A2. Predicted evaporation rate (d/d0)2 vs. simulation using (a) multiple regression and (b) gradient-boosted tree ML methodologies.  
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having to retrain the machine learning model or replicate the data 
generation process. This library will promote reusability, code modu-
larity, and efficiency of working with the generated data. Overall, these 
findings offer promising insights into the behavior of transcritical 
droplets, and the new models can be useful in practical applications. 
While the current study is focused on n-dodecane, which is of high in-
terest to the combustion community, it is essential to investigate the 
effect of different hydrocarbons and multi-component hydrocarbon fuels 
and provide more accurate models for practical applications in high- 
pressure combustion systems. Therefore, in our future work, we plan 
to extend the current approach to investigate the transcritical behavior 
of other hydrocarbons and multi-component fuels. 

5. Summary & conclusions 

A comprehensive campaign of Molecular Dynamics simulations is 
conducted for an n-dodecane droplet with an initial subcritical tem-
perature exposed to a nitrogen environment with pressure and tem-
perature spanning from subcritical to supercritical conditions and 
different droplet sizes (total of 210 cases). Calculation of the surface 
tension coefficient using the Irving-Kirkwood method shows that phase 
transition from classical two-phase evaporation into a GL diffusion 
regime is strongly correlated with the decay of surface tension. A good 
agreement is observed between surface tension variation between cur-
rent MD simulations and LGT theory. The evaporation rate is investi-
gated by considering the changes in the droplet size and the rate of 
droplet mass depletion. To represent the surface tension and evapora-
tion behavior at transcritical conditions, new models are developed by 
using multiple regression and gradient-boosted tree models. To find the 
pairwise correlation of independent variables, namely pressure, tem-
perature, and droplet size with surface tension coefficient and evapo-
ration rate, a correlation matrix is created based on the Pearson’s 
product-moment correlation. The generated models are presented as 
correlation equations as well as online libraries in Appendix B 

supplementary materials accompanying this paper. 
The following conclusions are drawn from the results:  

1. Two key non-dimensional time parameters have been identified in 
this study: the first relates to the time required for the surface tension 
to completely vanish, while the second is associated with the 
moment when the nitrogen molecules reach the center of the droplet, 
known as the undroplet time which occurs after reaching zero sur-
face tension.  

2. The undroplet time exhibits a strong correlation with both the 
droplet size and the background temperature, with larger droplets 
requiring a longer time to undergo a complete transition to a GL 
state. 

3. The results show that during the transcritical phase, the droplet ex-
hibits liquid-like (LL) behavior with a decaying surface tension and a 
thickened interface where fuel and nitrogen interact, and the droplet 
core is intact. The transcritical phase is associated with a higher rate 
of evaporation by a factor of 2.5 compared to the initial phases of the 
evaporation.  

4. Upon reaching the undroplet time, the droplet core undergoes 
disintegration, marking the transition to GL diffusion. This transition 
is accompanied by a significant increase in the evaporation rate, 
evident in the drastic expansion of the droplet and a fourfold increase 
in mass depletion.  

5. The mass transfer number behavior further highlights the uniqueness 
of transcritical evaporation reflected in the mass transfer peak, which 
occurs only at supercritical pressures and temperatures close to and 
above the critical temperature of n-dodecane. This behavior is linked 
to the interface thickening behavior, where diffusion of the fuel as a 
GL fluid into nitrogen occurs within a thickened layer before the 
droplet is entirely disintegrated.  

6. Pairwise correlation analyses reveal that normalizing the time with 
respect to the undroplet time yields surface tension coefficient, sur-
face tension decay rate, and evaporation rate values that are inde-
pendent of droplet size. Furthermore, it is observed that temperature 
exerts a more significant influence on these parameters compared to 
pressure.  

7. This study provides new models for surface tension and evaporation 
rate independent of the droplet size that can be used in continuum 
simulations. These findings hold great promise for bridging the 
existing divide between nanoscale and microscale simulations of 
transcritical droplets. 

Future work involves extending the presented analysis to understand 
the transcritical behavior of other hydrocarbons and multi-component 

Fig. A3. Predicted normalized mass depletion (M/M0)vs. simulation using (a) multiple-regression and (b) gradient boosted tree ML methodologies.  

Table 5 
Maximum and average error for multiple regression model.  

Property Maximum error Average error 
Tu 0.32 ns 0.11 ns 
σ 2.31 mN/m 0.81 mN/m 
σ̇ 3.12 × 108 N/ms 1.67 × 108 N/ms 
(d/d0)2 0.18 0.11 
M/M0 0.24 0.16 
Bm 0.14 0.09  
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Appendix I. Droplet evaporation rate validation 

A cubic simulation box of size 75 nm with a 15 nm-diameter n-dodecane droplet, as shown in Fig. 2, is considered for validation of droplet 
evaporation rate compared to previous MD studies. The background nitrogen is set at 10.8 MPa pressure and 1185 K temperature, and the droplet is 
initially at a 363 K temperature. The simulation is run with the NVT ensemble for 1,000,000 steps with 2 fs time intervals and periodic boundary 
conditions in all directions. The fluid density in each grid is calculated by counting the number of atoms in the grid. The droplet interface boundary is 
defined where the calculated density is equal to the average of the maximum and minimum densities of the entire system, which is used as a reference 
point to calculate the instantaneous droplet diameter. To study the behavior of the droplet over time, the square of the non-dimensional droplet 
diameter (d/d0)2 is plotted versus time, where d0 is the droplet initial diameter. The results show that during the quasi-steady evaporation peri-
od,(d/d0)2 decreases linearly with time. This behavior continues until the end of the evaporation phase, i.e., t = 1.7 ns, following an initial droplet 
heat-up period. An abnormal increase in droplet diameter is observed after 1.7 ns which indicates rapid diffusion of the n-dodecane molecules into 
nitrogen after reaching a GL state. The changes in the non-dimensional droplet radius with time, i.e.,(d/d0)2 is compared with the MD simulations of 
Wang et al. [68] as shown in Fig. A1. Slight differences observed in this figure are a result of different molecular structure setup for the n-dodecane 
molecules as Wang et al. [68] uses In contrast to the united-atom (UA) model, which treats CH2– and CH3– groups as a single force site, the current 
study employs an all-atom (AA) model where each atom is considered with its individual force site. This approach was chosen to enhance compu-
tational accuracy and capture finer details in the simulation. 

Appendix II. Equations for radial distribution and mean squared displacement 

Understanding the parameters of molecular dynamics simulations, we investigate the mean squared displacement Eqn. (A1), radial distribution 
function g(r) Eqn. (A2) and the interaction energy given by the potential function in Equation (1). In Equation (A1), N is the number of molecules and 
x(t) is the location of a particular molecule at time t and reference time t0. In Equation (A2), NA and NB are number of molecules of nitrogen and n- 
dodecane, and r gives the distance between neighboring molecules for the system. The variation of these properties for different temperatures shows 
that increasing temperature leads to larger mean squared displacements due to an increase in kinetic energy. 

MSD =

〈
1

N

∑N

1

|x(t) − x(t0)|
2

〉

t

(A1)  

g(r) =
1

NANB

∑NA

i=1

∑NB

j=1

〈⃒⃒
ri − rj

⃒⃒
− r
〉 (A2)  

Appendix III. Agreement of data with the models 

Predicted evaporation rate (Fig. A2) and normalized mass depletion (Fig. A3) with simulation using multiple regression and gradient-boosted tree 
ML methodologies. . 

Appendix IV. Maximum and average error for multiple regression models 

Table 5 shows the maximum and average error for multiple regression models for each of the predicted property. 

Appendix B. Supplementary material 

The library files are attached to the study. The files contain a gradient-boosting tree model trained as an XGBoost regression model using a dataset 
containing pressure, temperature, diameter, and normalized time. The model is trained to predict undroplet time, surface tension, surface tension rate, 
initial surface tension, evaporation rate: droplet diameter, normalized depleted mass, and mass transfer number based on the input parameters. The 
executable files are created and can be used to make predictions on new input parameters, such as pressure, temperature, diameter, and normalized 
time. 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.fuel.2023.130187. 
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