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A B S T R A C T

The objective of this paper is to examine the fundamental mechanisms responsible for the transition between
subcritical evaporation and supercritical dense-fluid-mixing in the absence of convection effects, specifically
focusing on the liquid–vapor interfacial dynamics. To isolate the dynamics of this transition process, we
characterize the different physical behaviors exhibited by an 𝑛-dodecane nanoscale droplet placed in different
nitrogen ambient conditions across the fuel’s critical point. We employ a continuum-based interface-resolving
diffuse-interface method to explore the underlying phase-exchange mechanisms that bring about such distinct
dynamics. Following the comparison against molecular dynamics simulations and experiments of evaporating
droplets and experimental data for vapor–liquid equilibria, a parametric study at various ambient conditions
and droplet sizing is performed to identify four regimes of evaporation/mixing behaviors: sub- and supercritical
droplet evaporation, and sub- and supercritical dense-fluid-mixing. It is shown that the distinction in the phase-
exchange mechanisms in these four regimes are brought about by the different thermodynamic phases the
droplet center can exhibit during the evaporation/mixing process: subcritical liquid, supercritical liquid-like,
subcritical gaseous, and supercritical gas-like, respectively. It is shown that the subcritical dense-fluid-mixing
behavior is a direct result of nanoconfinement of the liquid–vapor interfacial structure and thus is not present
for large droplet sizes. The present study also shows that the supercritical phase-exchange dynamics can
follow two different pathways: supercritical droplet-like evaporation and supercritical dense-fluid-mixing.
Furthermore, promoting the early transition to supercritical dense-fluid-mixing can significantly expedite the
phase-exchange process through the disintegration of the liquid-like droplet core.
1. Introduction

In rocket motors, gas turbines, and diesel engines, the operating
conditions are often such that liquid fuel is injected into a high-pressure
environment that exceeds the critical temperature and pressure of the
fuel [1]. At these conditions, the phase-exchange behavior transitions
from subcritical evaporation, with sharp liquid–vapor interface and
strong surface-tension influence, to supercritical dense-fluid mixing
(DFM), featuring the high-pressure mixing of a dense single-phase
supercritical fluid [2]. During this transitional process, the liquid–vapor
interface gradually diffuses as a consequence of the reduced surface
tension and latent heat of vaporization. In this context, we note that the
term ‘‘phase-exchange’’ is introduced to refer to all the different two-
phase evaporation and single-phase mixing behaviors that can occur
when liquid-phase fuel is placed into a supercritical environment.

For multi-component systems, encountered in fuel injection con-
figurations, the added compositional degrees of freedom allows for
distinct liquid and vapor phases even at supercritical ambient pressures
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when the surface temperature is below the critical mixing point [3].
Thus, while the terminology for sub- and supercritical temperature and
pressure follows the classical definition with respect to the liquid fuel’s
critical point, the distinction between sub- and supercritical phase-
exchange behaviors depends solely on whether the local temperature
at the fuel’s surface 𝑇𝑠 exceeds the critical mixing temperature of
the mixture 𝑇𝑐,𝑚𝑖𝑥. Therefore, a sharp-interface subcritical evaporation
behavior can exist even at supercritical pressure conditions when 𝑇𝑠 <
𝑇𝑐,𝑚𝑖𝑥. Note that the mixture critical temperature 𝑇𝑐,𝑚𝑖𝑥 is a function
of pressure and composition and can be obtained via thermodynamics
theory [4].

While the overall distinction between sharp-interface subcritical
evaporation and DFM has been described [5], the mechanisms respon-
sible for such a transition between the two modes of phase-exchange
remains a subject of active investigation [1]. Recent experiments of
supercritical fuel injection have focused on the interaction between
convective forces and surface tension. These studies have contributed
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to the construction of regime maps of ambient condition for describing
the transition from subcritical injection to DFM based on the vanishing
of surface tension [2,6]. However, these convection-dominated fuel
injector configurations do not allow for the isolation of the fundamental
dynamics of evaporation and mixing. Dahms and Oefelein [7], through
the reconstruction of steady-state interfaces at elevated conditions,
demonstrated that the transition from subcritical to supercritical evapo-
ration and mixing processes is not necessarily induced by the vanishing
of surface tension, but also through the diffusion and collapse of the
interfacial structure. Furthermore, droplets in liquid spray systems span
a wide range of diameters and can be so fine that effects of natural and
forced convection are negligible [8].

To study the phase-exchange process in the absence of convec-
tion and other physical effects, the microgravity droplet evaporation
configuration has been employed. Past experimental studies at tran-
scritical conditions [8–11] have uncovered the non-linear effects of
ambient pressure on the droplet’s lifetime and evaporation rate, which
is attributed to the competition between opposing effects of increasing
ambient pressure on lowering the latent heat of vaporization and on
limiting the mass diffusion. However, a main challenge is the ex-
perimental determination of the actual timing and dynamics of the
transition from subcritical to supercritical evaporation and mixing due
to difficulties in finely probing the properties of the flow.

To address the aforementioned experimental challenges, numerical
analyses of microgravity droplet evaporation have been conducted to
obtain further insight into the transition from subcritical to supercriti-
cal phase-exchange behaviors [12]. The approaches employed in these
numerical studies fall into two broad categories. The first approach
considers continuum governing equations and typically employs an
infinitely-thin and quasi-steady model of the interface during subcriti-
cal evaporation, switching to a single-fluid model during supercritical
evaporation and mixing [13–16]. While this continuum modeling ap-
proach has been successful in predicting phase-exchange dynamics at
both subcritical and supercritical conditions, the assumption of quasi-
steady and infinitely-thin liquid–vapor interface precludes the detailed
modeling of interfacial dynamics at near-critical transition conditions,
where the diffusing interface departs from the quasi-steady condi-
tion [7]. Therefore, in the second approach, molecular dynamics (MD)
simulations have been employed to resolve the interfacial dynamics
during the transition from subcritical to supercritical evaporation [17–
21]. However, the computational cost restricts MD simulations to small
computational domains that constrain the representation of realistic
ambient conditions. Furthermore, the statistical nature of MD simu-
lations complicates physical interpretations of the transcritical evapo-
ration behaviors. To address the limitations of both continuum-based
and MD simulations, the present work employs an interface-resolving
and continuum-based diffuse-interface method (DIM) that resolves the
physical nanoscale interfacial structure by dynamically modeling the
mean molecular interactions across the liquid–vapor interface [22].

The objective of this paper is to examine the fundamental mech-
anisms that give rise to the transition between subcritical and super-
critical phase-exchange processes and regimes of ambient conditions
at which these processes dominate. The DIM formulation currently
employed has been successfully utilized in the past in resolving both
steady-state interfacial profiles [7,23] as well as transient dynamics
of transcritical shear layers [24], and diffusion flames [25]. In the
present work, this method is extended to a nanoscale spherical droplet
evaporation configuration of 𝑛-dodecane into a supercritical nitrogen
nvironment. The mathematical model and numerical details are sum-
arized and compared against MD simulations and experiments in

ection 2. The results of the subsequent analyses of nanodroplet evap-
ration and mixing are presented in Section 3, where a regime map for
our distinct phase-exchange behaviors is constructed. The manuscript
2

inishes with conclusions in Section 4. a
2. Mathematical formulation

2.1. DIM governing equations

We model the two-phase transcritical flow using an interface-
resolving transient DIM in the form of transport equations for mass,
momentum, species, and energy that are derived from the Cahn–
Hilliard linear gradient theory (LGT) [24,25]. The theory, formulated
by van der Waals and later by Cahn and Hilliard [22], models the
mean molecular interaction effects across the nanoscale liquid–vapor
interface by augmenting thermodynamic potentials with a contribution
from the interfacial gradients. The ability of LGT in resolving the mean
nanoscale interfacial structure and physical properties such as inter-
facial thickness and surface tension have shown excellent agreement
with Monte Carlo molecular simulations [26]. Here, we highlight the
distinction between the nanoscale-interface-resolving DIM formulation
used in the present work from the more commonly used Cahn–Hilliard-
based phase field method [27], which is also derived from LGT. In
the present interface-resolving DIM formulation, we consider in the
coexistence zone the full thermodynamic variation of the mixture
free energy, thus resolving the physical nanoscale interfacial struc-
ture, surface-tension, and phase-exchange dynamics at transcritical
conditions. In contrast, the Cahn–Hilliard-based phase field method
employs a prescribed and simplified double-well free energy function
in order to construct a mathematical description of the interface at
some non-physical thickness that is an adjustable parameter in the
model, typically 𝜖 ≫ 1nm. As a result, the Cahn–Hilliard-based phase
field method requires external models for phase-change and, while
powerful in simulating subcritical multiphase flows, cannot resolve the
complex nanoscale interfacial dynamics during the transcritical phase-
exchange process [7]. This difference is the motivation for the use
of the interface-resolving DIM formulation in the present analysis of
transcritical phase-exchange behaviors.

To reduce the stiffness of the momentum equation resulting from the
interfacial stress, a low-Mach approximation of the transport equations
is employed. The validity of the low-Mach approximation is justified
by the typical Mach number obtained from simulation results, 𝑀𝑎 ≈
0.03. Furthermore, an analysis of the competition between acoustic
dissipation timescale across the interface, 𝜏𝑣 ≡ 𝛿2∕𝜈, and the droplet
evaporation timescale 𝜏𝑒 yields a typical value of 𝜏𝑣∕𝜏𝑒 ≈ 1.5 × 10−3.
Here, 𝛿 denotes the interfacial thickness and 𝜈 the kinematic viscosity.
This shows that the acoustic waves dissipate at a timescale much faster
than the evaporation timescale of interest, further validating the low-
Mach number assumption. Thus, the resulting governing equations take
the following form:

𝐷𝑡𝜌 = −𝜌∇ ⋅ 𝐮, (1a)

0 = ∇ ⋅ (−𝑃𝐺𝐷𝑰 +), (1b)

𝐷𝑡𝑌𝑖 = −∇ ⋅ (𝑱 𝑖 +  𝑖), 𝑖 = {𝐹 ,𝑂}, (1c)

𝜌𝐷𝑡𝐸 = ∇ ⋅ (𝝈 ⋅ 𝒖) − ∇ ⋅ (𝒒 +𝑸). (1d)

Here, 𝐷𝑡 = 𝜕∕𝜕𝑡 + 𝒖 ⋅ ∇ denotes the material derivative, 𝒖 is the
low velocity, 𝑌𝑖 is the mass-fraction of species 𝑖, where 𝑖 = 𝐹 denotes
-dodecane and 𝑖 = 𝑂 denotes nitrogen. Furthermore,

𝐺𝐷 = 𝑃 − 1
2

∑

𝑖={𝐹 ,𝑂}

∑

𝑗={𝐹 ,𝑂}
𝜅𝑖𝑗∇(𝜌𝑌𝑖) ⋅ ∇(𝜌𝑌𝑗 ), (2a)

𝐸 = 𝑒 + 1
2𝜌

∑

𝑖={𝐹 ,𝑂}

∑

𝑗={𝐹 ,𝑂}
𝜅𝑖𝑗∇(𝜌𝑌𝑖) ⋅ ∇(𝜌𝑌𝑗 ) (2b)

are the gradient-dependent forms of the pressure and of the internal
nergy that account for interfacial contributions, respectively. 𝜅𝑖𝑗 is
he capillary coefficient,  is the Korteweg stress tensor resulting from
nterfacial effects, 𝝈 = (−𝑃𝐺𝐷𝑰 +) is the total thermodynamic stress
ensor, 𝑱 𝑖 and 𝒒 are the diffusive species and conductive heat fluxes,
nd  and  are the interfacial species and heat fluxes. The definitions
𝑖
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Fig. 1. Comparison between volume-corrected Peng–Robinson (VC-PR) EOS and as-
ociated transport models with CoolProp [30] and NIST [31] database at 𝑃 =
30 bar.

of the fuel-species and heat fluxes 𝑱𝑭 and 𝒒, the interfacial fuel-species
and heat fluxes   and , and the interfacial stress tensor  are as
ollowed [28],

𝑱𝐹 = −
𝜌𝐷𝐹𝑂𝑊𝐹𝑊𝑂𝑋𝐹 (1 −𝑋𝐹 )

𝑅𝑇𝑊
×

[

∇(𝜇𝐹 − 𝜇𝑂) + (𝑠𝐹 − 𝑠𝑂)∇𝑇
]

− 𝜌𝐷𝐹𝑂𝑘𝐹 ,𝑇
∇𝑇
𝑇

, (3a)

𝒒 = − 𝜆∇𝑇 + (ℎ𝐹 − ℎ𝑂)𝑱𝐹

− 𝜌𝐷𝐹𝑂𝑘𝐹 ,𝑇
[

∇(𝜇𝐹 − 𝜇𝑂) + (𝑠𝐹 − 𝑠𝑂)∇𝑇
]

, (3b)

𝐹 =
𝜌𝜅𝐹𝐹𝐷𝐹𝑂𝑊𝐹𝑊𝐹𝑋𝐹 (1 −𝑋𝐹 )

𝑅𝑇𝑊
×

[

∇(∇2(𝜌𝑌𝐹 )) + ∇2(𝜌𝛽𝑣𝑌𝐹 )∇𝑇
]

, (3c)
 =𝜅𝐹𝐹∇(𝜌𝑌𝐹 )

[

𝜌𝑌𝐹∇ ⋅ 𝒖 + ∇ ⋅ (𝑱𝐹 +  𝐹 )
]

− 𝜅𝐹𝐹 (𝑱𝐹 +  𝐹 )
[

∇2(𝜌𝑌𝐹 ) + 𝑇∇2(𝜌𝛽𝑣𝑌𝐹 )
]

+ 𝜌𝜅𝐹𝐹𝐷𝐹𝑂𝑘𝐹 ,𝑇
{

∇
[

∇2(𝜌𝑌𝐹 )
]

+ ∇2(𝜌𝛽𝑣𝑌𝐹 )∇𝑇
}

+ (ℎ𝐹 − ℎ𝑂) 𝐹 . (3d)

 =𝜌𝑌𝐹 𝜅𝐹𝐹∇2(𝜌𝑌𝐹 )𝑰 − 𝜅𝐹𝐹∇(𝜌𝑌𝐹 )⊗ ∇(𝜌𝑌𝐹 ). (3e)

Here, 𝜇𝑖, 𝑠𝑖, and ℎ𝑖 for 𝑖 = 𝐹 ,𝑂 are the partial chemical potential,
entropy, and enthalpy, respectively. 𝑊𝑖 for 𝑖 = 𝐹 ,𝑂 are molecular
weight of each species, 𝑅 = 8314.4621 J/kmol⋅K is the universal gas
constant, and 𝑋𝑖 for 𝑖 = 𝐹 ,𝑂 are species molar fractions. 𝛽𝑣 is the
volume expansivity, 𝜆 is the thermal conductivity, and 𝐷𝐹𝑂 is the
binary diffusion coefficient. 𝑘𝑖,𝑇 for 𝑖 = 𝐹 ,𝑂 are the thermal diffusion
factors that characterize Soret and Dufour effects [29].

In summary, the low-Mach interface-resolving DIM formulation is
as follows. The transport equations and stress balance Eq. (1) are used
to solve for the flow variables {𝜌, 𝜌𝐮, 𝜌𝑌𝐹 , 𝜌𝐸}. In these equations, the
gradient-dependent forms of pressure and energy (2) are employed to
account for the high-gradient interfacial region. The functional forms
of the species and heat fluxes and interfacial stress tensor are given in
(3). In the formulation, the thermodynamic variables {𝜌, 𝑃 , 𝑒, 𝜇𝑖, 𝑠𝑖, 𝛽𝑣}
are closed using the volume-corrected Peng–Robinson equation of state
(EOS) [32] to accurately capture liquid-phase thermodynamic prop-
erties, most notably liquid-phase density, at elevated pressures; The
capillary coefficients 𝜅𝑖𝑗 = √

𝜅𝑖𝜅𝑗 are functions of temperature and
re calculated using correlations from experimentally measured surface
ension [23]; The mixture conductivity 𝜆 and binary diffusivity 𝐷𝐹𝑂
re functions of the thermodynamic state and are calculated using the
ethod of Chung et al. [33] and the high-pressure-corrected Chapman–
nskog theory [34,35], respectively; The thermal diffusion factors 𝑘𝑖,𝑇
re also functions of the thermodynamic state and are calculated from
3

kinetic theory [29]. Fig. 1 compares the density and thermal conductiv-
ity obtained from the volume-corrected Peng–Robinson EOS and Chung
et al. [33] transport model with CoolProp [30] and NIST [31] database
and demonstrate good agreements in liquid-phase (𝑛-dodecane) density
and gas-phase (nitrogen) transport properties, which are the dominant
factors influencing the droplet evaporation process [36].

2.2. Numerical solution algorithm

Due to the stiffness of the interfacial terms, the robust numerical
integration of the governing Eqs. (1) requires careful numerical treat-
ments. In the present work, the governing equations are discretized
on a 1-D spherical mesh. Following a mesh convergence study, see
Appendix, a minimum mesh resolution of 0.04 nm is used to accurately
resolve the interfacial thickness (𝛿 ≈ 2 nm). The mesh is uniform for
𝑟 < 1.3𝑅0, where 𝑅0 is the initial droplet radius, so that the interfacial
profile is always well resolved throughout the droplet heating and
evaporation duration. To reduce the computational cost in resolving the
large gas-phase ambience, an inflation layer is used for 𝑟 >= 1.3𝑅0 with
𝑖+1∕ℎ𝑖 ∈ [1, 1.01], where ℎ𝑖 ≡ 𝑥𝑖 − 𝑥𝑖−1 is the grid spacing. Spherical
ifferential operators are discretized on the non-uniform mesh using a
irst-order central difference scheme that reduces to second order in the
imit of a uniform mesh,

𝜕𝑛𝜙
𝜕𝑟𝑛

≈ �̂�(𝑛)
𝑖 =

ℎ𝑖�̂�
(𝑛)
𝑖−1,forward + ℎ𝑖+1�̂�

(𝑛)
𝑖+1,backward

ℎ𝑖 + ℎ𝑖+1
. (4)

Here, �̂�(𝑛)
𝑖 , �̂�(𝑛)

𝑖,backward, and �̂�(𝑛)
𝑖,forward are the first-order central,

backward-biased, and forward-biased 𝑛th order numerical differenti-
ation of variable 𝜙(𝑟) at 𝑟𝑖. The formulations of �̂�(𝑛)

𝑖,backward and �̂�(𝑛)
𝑖,forward

are obtained via Taylor-series expansion [37]. We note that while
a second-order accurate differentiation scheme can be derived from
the same centered stencil, the first-order accurate scheme presented
above results in better numerical stability in simulations of advection–
diffusion equations [38]. Furthermore, Manteuffel and White [39]
showed that both discretization schemes are second-order global ac-
curate on non-uniform meshes.

Applying the above spatial discretization scheme on the governing
Eqs. (1) results in an index-2 differential–algebraic-equation (DAE)
system of the form:

𝑑𝝆
𝑑𝑡

=𝒇 (𝝆𝒖), (5a)

𝟎 =𝒈(𝝆,𝝆𝒀 𝑭 ,𝝆𝑬), (5b)
𝑑𝝆𝒀 𝑭
𝑑𝑡

=𝒉(𝝆,𝝆𝒀 𝑭 ,𝝆𝑬,𝝆𝒖), (5c)

𝑑𝝆𝑬
𝑑𝑡

=𝒍(𝝆,𝝆𝒀 𝑭 ,𝝆𝑬,𝝆𝒖), (5d)

where 𝝆, 𝝆𝒀 𝑭 , 𝝆𝑬, 𝝆𝒖 are the vectors of unknown variables of density,
𝑛-dodecane partial density, internal energy, and radial momentum
at each mesh point, respectively. The functions 𝒇 (𝝆𝒖), 𝒈(𝝆,𝝆𝒀 𝑭 ,𝝆𝑬),
𝒉(𝝆,𝝆𝒀 𝑭 ,𝝆𝑬,𝝆𝒖), and 𝒍(𝝆,𝝆𝒀 𝑭 ,𝝆𝑬,𝝆𝒖) are the discretized right-hand-
side and convective operators in (1). To further improve numerical
robustness, an index-reduction technique is employed to obtain an
equivalent index-1 DAE system that is more amenable to stiffness in
the interfacial terms. Thus, in the index-1 DAE system, (5a) becomes

𝒈𝝆𝒇 = −𝒈𝝆𝒀 𝑭
𝒉 − 𝒈𝝆𝑬 𝒍, (6)

where 𝒈𝝆, 𝒈𝝆𝒀 𝑭
, 𝒈𝝆𝑬 are the Jacobians of 𝒈 with respect to 𝝆, 𝝆𝒀 𝑭 , and

𝝆𝑬, respectively. Thus, the differential Eqs. (5c) and (5d) are used to
march 𝝆𝒀 𝑭 and 𝝆𝑬 forward in time, and the algebraic Eqs. (6) and (5b)
are used to solve for 𝝆 and 𝝆𝒖, respectively.

The index-1 DAE system described above is integrated in time using
a variable-step second-order backward-differentiation-formular time-
integration scheme to handle stiffness in the governing equations due
to interfacial dynamics [40]. The typical time step size is 𝑂(10−11s) in
order to adequately resolve temporal interfacial dynamics.
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Fig. 2. Configuration of nanodroplet for DIM comparison against MD simulations.

To identify the droplet surface for both subcritical and supercritical
conditions, we employ the method of Xiao et al. [18], which tracks the
droplet surface as the location where the local density is the mean of the
maximum and minimum values in the system. This mean-density cri-
terion is consistent with experimental measurements [8,10], where the
droplet surface is identified from light-intensity measurements obtained
from back-lit photography. We also note the existence of a droplet
surface even at supercritical conditions due to the distinction between
a denser liquid-like droplet core and the surrounding lighter gas-like
environment. In this paper, we report the initial droplet temperature
and the ambient conditions using reduced values (𝑇 ′

𝑙,0, 𝑇
′
𝑎 , 𝑃

′
𝑎) based on

the critical point of 𝑛-dodecane (𝑇𝑐 = 658 K, 𝑃𝑐 = 18.15 bar), where
𝑃 ′ = 𝑃∕𝑃𝑐 and 𝑇 ′ = 𝑇 ∕𝑇𝑐 .

2.3. Comparison against MD simulations

To assess the accuracy of the DIM approach in resolving the
nanoscale interface, we compare DIM results against MD simulations
of an 𝑛-dodecane nanodroplet in a nitrogen environment that are
performed using LAMMPS [41]. Fig. 2 shows the configuration of the
MD simulations. The domain is a cube with side length 𝐿 = 80 nm and
periodic boundary conditions. Initially, the portion of the domain with
𝑟 < 𝑅0 is occupied by 𝑛-dodecane molecules and the portion with 𝑟 > 𝑅0
by nitrogen molecules, where the initial droplet radius is 𝑅0 = 10 nm.
The number of 𝑛-dodecane and nitrogen molecules are calculated
using their respective densities at the initial droplet temperature and
pressure. First, this initial system is brought to an equilibrium under
isothermal conditions using NVT ensemble. Following that, a heating
region surrounding the droplet (𝑟 > 𝑅𝑎) is created using a Nosé-Hoover
thermostat to simulate the droplet evaporation. The droplet and its
surrounding nitrogen is simulated in the NVE ensemble to capture the
interfacial dynamics during the vaporization process. To replicate the
far-field nitrogen environment, 𝑛-dodecane molecules that enter the
heating region are removed [18]. With this approach, the ambient
condition is located at 𝑅𝑎∕𝑅0 = 3, which is comparable to previous
MD simulations of nanodroplets [18].

The united-atom SKS model [42] is used to simulate 𝑛-dodecane
since the model has been validated extensively for capturing
𝑛-dodecane/nitrogen interface [17]. In the SKS model, the non-bonded
interactions are modeled using Lennard-Jones 12–6 potential with
𝜎 = 𝜎 = 3.93 Å, 𝜖 = 0.2264 kcal/mol, 𝜖 = 0.0933
4

𝐶𝐻3 𝐶𝐻2 𝐶𝐻3 𝐶𝐻2
kcal/mol and a cutoff radius of 15 Å. For unlike molecules, the Lorentz–
Berthelot mixing rule is used [43]. The standard SKS model considers
all bonds as rigid. However, we have implemented the flexible bond
model [17] since LAMMPS [41] does not allow bond constraints for
large molecules. In this context, the bonds and angles are modeled with
harmonic potential

𝑈𝑏𝑜𝑛𝑑 (𝑟) =
𝑘𝑟
2
(𝑟 − 𝑟0)2, (7a)

𝑈𝑎𝑛𝑔𝑙𝑒(𝜃) =
𝑘𝜃
2
(𝜃 − 𝜃0)2, (7b)

with bond length 𝑟0 = 1.53 Å and bond angle 𝜃0 = 114◦. The force
constants are 𝑘𝑟 = 191.77 kcal/(molÅ2) and 𝑘𝜃 = 124.12 kcal/(mol rad2).
The dihedral angles have been represented by a Fourier potential

𝑈𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙(𝜙) =𝑐1(1 + cos(𝜙)) + 𝑐2(1 − cos(2𝜙))

+ 𝑐3(1 + cos(3𝜙)),
(8)

with 𝑐1 = 0.705 kcal/mol, 𝑐2 = −0.135 kcal/mol and 𝑐3 = 1.571
kcal/mol. For nitrogen, the model proposed by Rivera et al. [44] was
used with 𝜎𝑁 = 3.31 Å and 𝜖𝑁 = 0.072 kcal/mol.

To obtain the density and mass-fraction profiles as well as to locate
the droplet surface, the simulation domain is divided into thin shells
of thickness 0.38 nm, centered around the initial droplet center. The
spatially averaged density and mass-fraction values in each shell are
averaged over 50 time steps with a time-step size of 2 fs for all MD
simulations.

Four equilibrium simulations are performed to analyze the steady-
state spherical liquid–vapor interfacial structure at conditions 𝑇 ′

𝑎 =
𝑇 ′
𝑙,0 = {0.55, 0.84} and 𝑃 ′

𝑎 = {1.65, 3.30}. Fig. 3a compares equilib-
rium interfacial profiles between DIM and MD for the four conditions
studied. Specifically, the interfacial-profile thickening at increased tem-
perature and pressure is correctly captured by the DIM formulation.
This is possible by the dynamic modeling of the interfacial species
and heat fluxes that are derived from first-principle consideration of
nanoscale molecular interactions across the interface. In Fig. 3a, it
can be seen that while the interfacial thickness is a strong function
of temperature, the dependency on pressure is weak, resulting from
the reduction in critical mixing temperature with increasing ambient
pressure.

To simulate droplet evaporation, in the equilibrium solutions ob-
tained for 𝑇 ′

𝑎 = 𝑇 ′
𝑙,0 = 0.55 and 𝑃 ′

𝑎 = 1.65, similar boundary conditions
are applied in both DIM and MD to raise the ambient temperature to
𝑇 ′
𝑎 = 0.91. Here, we consider a subcritical evaporation configuration

(𝑇𝑠 < 𝑇𝑐,𝑚𝑖𝑥) to specifically verify the ability of DIM to simulate the
transient dynamics of the sharp liquid–vapor interface during subcrit-
ical evaporation. Fig. 3b shows good agreement between evaporation
profiles predicted by DIM and MD simulations in all the aspects of the
evaporation process, including the initial droplet heating and expan-
sion, the transition to evaporation, the evaporation rate, and the total
droplet lifetime. The variations in the 𝑑2-profile in the MD simulation
is due to its statistical nature, while the DIM simulation is smooth since
it models the mean molecular interactions at a continuum level.

2.4. Comparison against microgravity droplet evaporation experiments

The accuracy of the present DIM model in simulating droplet evap-
oration at supercritical pressure conditions is compared against exper-
imental microgravity evaporation data by Nomura et al. [10]. Here,
the configuration is 𝑛-heptane/nitrogen. The initial liquid tempera-
ture is 𝑇 ′

𝑙,0 = 0.56 and the ambient conditions are 𝑃 ′
𝑎 = 1.82 and

𝑇 ′
𝑎 = {0.74, 0.84, 0.91}. For reference, the critical point of 𝑛-heptane

is 𝑃𝑐 = 27.4 bar, 𝑇𝑐 = 540 K. Note that despite the supercritical
pressure condition, these configurations result in subcritical evapo-
ration behavior since temperature remains below the critical mixing
temperature. The initial droplet radius in the experiment is 𝑅0 =
0.3 − 0.4 mm. In the interface-resolving DIM simulation, we use an
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Fig. 3. (a) Comparison of equilibrium interfacial profiles for density of a droplet with 𝑅0 = 10 nm at thermodynamic conditions 𝑇 ′
𝑎 = 𝑇 ′

𝑙,0 = {0.55, 0.84} and 𝑃 ′
𝑎 = {1.65, 3.30}

obtained using DIM and MD simulations. (b) 𝑑2-profiles of subcritical droplet evaporation (𝑇 ′
𝑙,0 = 0.55, 𝑇 ′

𝑎 = 0.91, 𝑃 ′
𝑎 = 1.65, 𝑅0 = 10 nm) obtained from DIM simulation and MD

simulation, error bars indicate statistical variation during MD simulation.
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Fig. 4. 𝑑2-profiles of 𝑛-heptane/nitrogen droplet evaporation (𝑇𝑙,0 = 0.56, 𝑇𝑎 =
0.74, 0.84, 0.92}, 𝑃 ′

𝑎 = 1.82) obtained from DIM simulation and experiments by Nomura
t al. [10].

nitial droplet radius of 𝑅0 = 60 nm, assuming self-similarity for the
2-evaporation rate when 𝛿 ≪ 𝑅0. This similarity is the consequence
f the linear reduction in 𝑑2 during the evaporation phase that has
een observed in microgravity droplet experiments [1,8–10] and was
redicted from classical theory [36]. In the literature, this similarity
f the 𝑑2 evaporation rate has also allowed for comparisons between
anoscale MD simulations and millimeter-scale experiments of droplet
vaporation [19,21]. Furthermore, the ambient location is extended to
𝑎∕𝑅0 = 40 to eliminate unphysical influence of the ambient condition
n the evaporation dynamics.

Fig. 4 compares the droplet evaporation history (𝑑2-profile) between
imulation and experiments by Nomura et al. [10], showing good
greement between the predicted evaporation rates with experimental
ata at increasing ambient temperature conditions. The difference in
he 𝑑20 -scaled heating period, which is much longer in the simulations
ompared to the experiments, can be attributed to the discrepancy in
he droplet scale, since 𝑑20 scaling requires the linear variation of 𝑑2

ith time and thus only strictly applies to the subsequent evaporation
eriod [10]. Another possible source for discrepancy in the heating
eriod is in the initial condition [14]. Specifically, while the exper-
ments are performed by a sudden deposition of a cold droplet into

hot ambience, the simulation’s initial condition features a smooth
emperature profile between the droplet and the ambient condition
o maintain numerical robustness. We note that the choice of the
nitial condition only influence the initial transience (i.e. the heating
5

o

period) and does not affect the steady evaporation period, as evident
by the good agreement in evaporation rate between simulation and
experiment.

3. Results

In this section, we analyze simulations of 𝑛-dodecane/nitrogen
nanoscale droplet evaporation over a range of sub- to supercritical
temperature and supercritical pressure conditions by considering an
extended ambient environment, where 𝑅𝑎∕𝑅0 = 20, such that the
simulation results are largely independent of 𝑅𝑎 [13,16]. The initial
droplet temperature is 363 K (𝑇 ′

𝑙,0 = 0.55). Furthermore, compared
to the configuration used in comparison with MD, the initial droplet
radius is increased to 𝑅0 = 15 nm to extend the portion of the lifetime
before confinement can have significant impact on the interfacial
dynamics [45].

3.1. Subcritical evaporation dynamics

At low pressure and temperature ambient conditions, the droplet
surface remains subcritical (i.e., 𝑇𝑠 < 𝑇𝑐,𝑚𝑖𝑥) over the droplet’s life-
time, see Fig. 5. Thus, a sharp liquid–vapor interface and non-zero
surface tension is always present. The subcritical evaporation process
is governed by the motion of this sharp liquid–vapor interface that
initially moves outward during the heating phase, during which 𝑇𝑠
increases significantly. Eventually, with increasing surface temperature,
the process transitions to the evaporation phase due to the build-up of
fuel vapor at the droplet surface that drives the subsequent evaporation
dynamics. Concurrently, the increase in 𝑇𝑠 slows down due to the need
o overcome the enthalpy of vaporization. The quasi-steady evaporation
eriod is classically characterized by a linear reduction in the droplet
iameter squared [36] and is demonstrated in Fig. 5. Furthermore,
he build-up of fuel-vapor at the surface over the droplet lifetime is
consequence of the VLE conditions across the surface as 𝑇𝑠 increases,

ee Fig. 6. The slight deviation of these dynamically saturated liquid–
apor conditions from experimental VLE results by García-Córdova
t al. [46] shows that the elevated droplet pressure due to surface
ension has a small impact on the saturation conditions across the
nterface thanks to the low compressibility of the liquid phase.

To investigate the influence of the ambient conditions on the droplet
vaporation, we define three quantities that characterize the subcritical
vaporation process. The definitions of these quantities are consistent
ith previous experimental and numerical studies [8,18]. The evap-

2
ration rate 𝑘𝑒 is defined as the negative slope of 𝑑 (𝑡) during the
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Fig. 5. Evaporation profiles of subcritical droplet evaporation at increasing (a) ambient pressures and (b) ambient temperatures.
w
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Fig. 6. Vapor–liquid saturation conditions across the droplet surface during subcritical
evaporation. Also shown for comparison are experimental VLE conditions for a planar
𝑛-dodecane/nitrogen interface by García-Córdova et al. [46].

evaporation period, 𝑑2 ≡ (𝑑∕𝑑0)2 ∈ (0.05, 0.7), using a least-square
linear fit. The intersection of this linear fit with 𝑑2 = 1 defines the
droplet heating duration 𝜏ℎ. The droplet lifetime is defined as the time
at which 𝑑2 = 0.05, i.e., when the droplet volume is about 1% of its
initial value. Fig. 5a provides geometric interpretations of these charac-
teristic quantities in relation to the 𝑑2-profile. The influence of ambient
conditions on these evaporation characteristics are demonstrated in
Fig. 7. Specifically, we found that increasing ambient temperature
decreases the heating duration and droplet lifetimes and increases the
evaporation rate, due to the enhancement in heat conductivity and
species diffusivity at higher temperature. In contrast, while increasing
ambient pressure does have a positive effect on the evaporation rate
via reducing latent heat of vaporization, the negative relationship
between ambient pressure and evaporation rate at the subcritical am-
bient temperature 𝑇 ′

𝑎 = 0.91 indicates that the evaporation process is
dominated by vapor-phase species diffusion, which is suppressed at
increasing pressure by the combined effects of limiting species diffusiv-
ity and vapor-phase fuel mass-fraction (see Fig. 6). This behavior is in
agreement with previous experiments of microdroplet evaporation [8,
10,11] and is here demonstrated also for nanodroplet configurations.
Moreover, Fig. 7 shows that, at near-critical and supercritical ambient
temperature conditions, the initial transient heating duration can take
up a significant fraction of the total droplet lifetime. This is due to the
enhanced heat conduction into the droplet at initial times before steady
evaporation is reached and motivates the use of more complex droplet
6

e

evaporation models in high-temperature Lagrangian spray simulations
that can account for the heating period [47].

3.2. Transcritical evaporation and mixing dynamics

With increasing ambient temperature and pressure beyond the fuel’s
critical point, the droplet phase-exchange behavior involves other evap-
oration and mixing mechanisms that are distinct from classical subcriti-
cal droplet evaporation. The emergence of these transcritical dynamics,
demonstrated in Fig. 8a through the 𝑑2-profiles and temporal evolution
of the droplet’s surface temperature during the phase-exchange process,
is the subject of this section.

First, we note the emergence of a supercritical droplet surface at
sufficiently high ambient temperature, such that the droplet surface
temperature can cross the critical mixing point during the evaporation
process. At this time, the sharp liquid–vapor interface ceases to exist,
while the evaporation process transitions from subcritical droplet evap-
oration (𝑇𝑠 < 𝑇𝑐,𝑚𝑖𝑥) to supercritical droplet evaporation (𝑇𝑠 > 𝑇𝑐,𝑚𝑖𝑥).
During supercritical droplet evaporation, the liquid–vapor distinction
vanishes and mass diffusion and thermal conduction are active across
the surface of the droplet. Nevertheless, the concept of a distinct droplet
surface that retracts persists thanks to the distinction between the
supercritical liquid-like fluid in the droplet’s core and the supercritical
gas-like fluid in the surrounding. With increasing ambient tempera-
tures, the emergence of the temporal transition, 𝜏𝑐 , at which the droplet
surface reaches the critical mixing condition, and the corresponding
non-dimensional surface location 𝑑2𝑐 are shown for the case of 𝑃 ′

𝑎 =
1.65 and 𝑇 ′

𝑎 = 1.26 in Fig. 8a. In this context, we note that the term
‘‘supercritical droplet evaporation’’ used in this paper is consistent with
recent literature [18–21] to refer to the ‘‘emission’’ [1] of a fuel droplet
into the surroundings when its surface is beyond the critical mixing
temperature.

The vanishing of surface tension as the interfacial temperature
increases towards the critical mixing point is plotted in Fig. 8b for
the three cases with different ambient temperature conditions. Here,
the surface tension is automatically resolved by the interfacial stress
term  and its value is post-processed directly from the Young–Laplace
equation as

𝜎 =
𝑅𝑠
2
[𝑃 (𝑟 = 0) − 𝑃 (𝑟 = 𝑅𝑎)], (9)

here 𝑅𝑠 is the instantaneous radius of the droplet’s surface, as defined
y the mean-density criterion. While a quasi-steady equilibrium inter-
ace model would result in a collapse of 𝜎(𝑇𝑠) across the three distinct
ransience simulations, the slight deviation in 𝜎(𝑇𝑠) at increasing ambi-

nt temperature, shown in Fig. 8b, can be attributed to the effects of
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Fig. 7. Subcritical evaporation characteristics (𝜏𝑙 , 𝜏ℎ, and 𝑘𝑒) as functions of increasing (a) ambient pressures and (b) temperatures.
Fig. 8. (a) Emergence of supercritical droplet evaporation and sub- and supercritical DFM at increasing ambient temperature conditions. Here, symbols indicate the time snapshots
used in Figs. 9 and 10 to illustrate subcritical droplet evaporation (▽), supercritical droplet evaporation (△), subcritical DFM (◦), and supercritical DFM (⋄) behaviors. (b)

anishing of surface tension 𝜎 as a function of increasing surface temperature 𝑇𝑠 towards the critical mixing point. Here, 𝑃 ′
𝑎 = 1.65.
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inite interfacial thickness. Specifically, in the present nanoscale droplet
onfiguration, the finite interfacial structure allows for non-isothermal
ondition across the liquid–vapor interface that causes the interfacial
rofile to increasingly deviate from quasi-steady equilibrium at higher
mbient temperature conditions.

Furthermore, we note that the present continuum-based simula-
ions of nanoscale droplet evaporation show that the phase-exchange
rocess transitions smoothly between subcritical and supercritical be-
aviors and that there is no discontinuity across the temporal point
t which the transition happens. This behavior is in agreement with
revious MD simulations of transcritical droplet and planar evapora-
ion [17,18]. In contrast, past microdroplet simulations that employ the
ybrid modeling approach show a sharp discontinuity in the evapora-
ion profile at the point of transition [16]. This discrepancy between
anoscale/interface-resolving simulations and microscale simulations
ighlights the importance of dynamic modeling of the interface in
orrectly resolving the transcritical evaporation process.

Another mechanism of interest is the transition to non-𝑑2 behavior
owards the end of the evaporation phase that also emerges at increased
mbient temperature and pressure conditions. This transition manifests
s a sudden increase in the droplet’s apparent surface radius that

2

7

eviates completely from the 𝑑 -droplet-evaporation behavior and can p
ccur both during subcritical droplet evaporation (𝑇𝑠 < 𝑇𝑐,𝑚𝑖𝑥, case of
′
𝑎 = 1.65 and 𝑇 ′

𝑎 = 1.11 in Fig. 8a) and during supercritical droplet
vaporation (𝑇𝑠 > 𝑇𝑐,𝑚𝑖𝑥, case of 𝑃 ′

𝑎 = 1.65 and 𝑇 ′
𝑎 = 1.26 in Fig. 8a).

fter this transition, the dynamics resembles that of DFM, involving
ither a subcritical-gaseous/supercritical-gas-like fluid in the case of
ubcritical DFM or a uniformly supercritical-gas-like fluid in the case of
upercritical DFM. As demonstrated in Fig. 8a, the temporal transition,
𝑚, at which transition to DFM occurs, and the corresponding non-
imensional surface location, 𝑑2𝑚, are defined as the minimum in the
2-profile of the droplet phase-exchange process.

The distinction in phase-exchange dynamics between sub- and su-
ercritical droplet evaporation and sub- and supercritical DFM, as
bserved in Fig. 8, are further demonstrated in Figs. 9 and 10 for
he same configurations. The time snapshots used to illustrate these
our phase-exchange behaviors in Figs. 9 and 10 are summarized in
ig. 8a. Specifically, in subcritical droplet evaporation, the process
s described by the movement of a sharp liquid–vapor interface that
eparates the fuel-dense droplet from the nitrogen-dense surrounding.
he sharp gradient of 𝑌𝐹 in Figs. 9a and 10a signifies the existence
f this subcritical liquid–vapor interface. In contrast, in supercritical
roplet evaporation, the liquid–vapor interfacial structure is no longer

resent, as shown by the disappearance of the sharp gradient of 𝑌𝐹
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Fig. 9. Representative profiles of fuel mass-fraction 𝑌𝐹 and density 𝜌 during subcritical droplet evaporation, supercritical droplet evaporation, subcritical DFM, and supercritical
DFM.
Fig. 10. Representative 2D contours of density 𝜌 and fuel mass-fraction 𝑌𝐹 during subcritical droplet evaporation, supercritical droplet evaporation, subcritical DFM, and supercritical
DFM. Magenta dashed lines show the instantaneous location of droplet surface as defined by the mean density criterion. In this figure, the ambient conditions for each panel
correspond to those in Fig. 9.
in Figs. 9b and 10b. Nevertheless, droplet-like evaporation behavior,
that is the retraction of a distinct surface, is still observed thanks to
the difference between supercritical liquid-like condition with higher
density in the droplet’s core and the supercritical gas-like condition
with lower density in the surroundings. Furthermore, we note the
presence of enhanced droplet heating in supercritical droplet evapora-
tion compared to subcritical droplet evaporation that arises due to the
vanishing of the enthalpy of vaporization. This is evidenced in Fig. 9
by the more significant temporal reduction of droplet density in super-
critical droplet evaporation. In contrast to the sub- and supercritical
droplet evaporation processes, sub- and supercritical DFM behaviors
feature no distinction between liquid/gas conditions or liquid-like/gas-
like conditions. Instead, the evaporation process is described by the
8

uniform mixing of a single-phase gas/gas-like fluid, see Figs. 9(c,d) and
10(c,d).

3.3. Transition to dense-fluid-mixing at sub- and supercritical surface con-
ditions

The supercritical transition to DFM, where the core condition
changes from supercritical liquid-like to supercritical gas-like condition
has been observed in experimental jet injection configurations [2].
In contrast, the subcritical transition to DFM, involving a subcritical
liquid–vapor interface and the droplet’s core thermodynamic condition
transitioning from liquid to gaseous, has only recently been discov-
ered in MD simulations of nanodroplet [20,21] and is confirmed in
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Fig. 11. (a) Evolution of fluid density at the droplet’s center across subcritical DFM transition (cases 30-Sub and 60-Sub) and supercritical DFM transition (cases 30-Super and
60-Super). Inset figure shows evolution of radial strain rate at the droplet’s center for cases 30-Sub and 30-Super. (b) Profiles of fuel mass-fraction leading up to subcritical (case
60-Sub) and supercritical (case 60-Super) DFM transitions.
Table 1
Ambient conditions considered for sub- and supercritical DFM transitions.
Name Transition type 𝑃 ′

𝑎 𝑇 ′
𝑎

30-Sub Subcritical DFM 1.65 1.11
30-Super Supercritical DFM 1.65 1.26
60-Sub Subcritical DFM 3.30 0.98
60-Super Supercritical DFM 3.30 1.41

the present study through continuum-based interface-resolving sim-
ulations. So far, micro-to-millimeter-scale jet injection and droplet
evaporation experiments have not observed the subcritical DFM phe-
nomenon. Furthermore, the fundamental distinction between sub- and
supercritical DFM transitions has not been investigated in literature. In
this section, we answer these questions by investigating the distinction
of sub- and supercritical DFM transitions at two ambient pressure
conditions. The configurations studied and their naming scheme is
listed in Table 1. Here, we note that subcritical DFM can occur for both
subcritical ambient temperature (case 60-Sub) and low supercritical
ambient temperature (case 30-Sub) conditions, as long as the droplet
surface remains subcritical (𝑇𝑠 < 𝑇𝑐,𝑚𝑖𝑥) at the time of DFM transition.

The dynamics of the transition of the droplet’s center condition from
liquid to gaseous, for subcritical DFM, and liquid-like to gas-like, for
supercritical DFM, is shown in Fig. 11a as the sudden drop in center
density shortly after the time of DFM transition 𝜏𝑚. This significant
reduction in the center density coincides with large peaks in radial-
velocity strain rate at the center, 𝑠0 ≡ 𝜕𝑢𝑟∕𝜕𝑟(𝑟 = 0), which facilitates
the disintegration of the droplet’s liquid/liquid-like core and the rapid
mixing of fuel species into the surrounding, thereby resulting in the
expansion of the apparent droplet surface during DFM.

The fundamental difference between subcritical and supercritical
DFM transition is shown in Fig. 11b, which plots profiles of fuel mass-
fraction at various times leading up to the DFM transition time 𝜏𝑚. Since
supercritical DFM involves a supercritical droplet surface condition, no
interfacial structure is present and uniform mixing of fuel mass-fraction
is already in effect before the transition to DFM. In contrast, in the times
leading up to the transition to subcritical DFM, there exists a sharp
subcritical liquid–vapor interface that retracts towards the droplet cen-
ter. In this context, the transition to subcritical DFM is initiated by the
effect of nanoconfinement cutting off the interfacial structure at the
9

droplet center, thus forcing the thermodynamic condition at the center
to transition through the vapor–liquid coexistence dome from the liquid
phase to the gaseous phase.

This fundamental difference in the dynamics of sub- and super-
critical DFM is further elucidated by analysis of the thermodynamic
trajectories of the droplet surface and center conditions through an
isobaric thermodynamic regime diagram at transcritical conditions,
see Fig. 12. While the droplet’s center trajectory also traverses in
the pressure axis during subcritical evaporation due to the influence
of surface tension, their projection onto the isobaric plane is useful
due to the low compressibility of the liquid phase. The negligible
impact of increased liquid-phase pressure on subcritical multi-phase
thermodynamics is demonstrated in Fig. 6 by the agreement between
VLE conditions obtained from current spherical droplet simulations and
from experiments for a planar liquid–vapor interface.

The theoretical basis of phase transfer and pseudo-phase transfer at
transcritical conditions in the isobaric thermodynamic regime diagram
is as follows. At subcritical conditions, 𝑇 < 𝑇𝑐,𝑚𝑖𝑥, the vapor–liquid
coexistence dome separates the vapor-phase region (denoted as G in
Fig. 12a), with low fuel concentration, from the liquid-phase region (de-
noted as L in Fig. 12a), with high fuel concentration. Conditions within
the coexistence dome are thermodynamically unstable and do not man-
ifest in macroscale systems without the presence of nanoconfinement
or liquid–vapor interface [48]. In contrast, at supercritical conditions,
𝑇 > 𝑇𝑐,𝑚𝑖𝑥, the sharp distinction between liquid and vapor phases
are replaced by a continuous transition layer between a supercritical
liquid-like state (LL in Fig. 12a) and a supercritical gas-like state (GL
in Fig. 12a) across the Widom line [49], which is defined as the locus
of maxima in heat capacity. Similar to the difference between vapor
and liquid phases in subcritical conditions, the supercritical liquid-like
regime features higher fluid density and heat conductivity compared to
the supercritical gas-like regime.

In the context of the transcritical thermodynamic regime diagram,
the process of subcritical DFM transition occurs entirely in the sub-
critical (𝑇 < 𝑇𝑐,𝑚𝑖𝑥) region, see Fig. 12. Specifically, the thermal
trajectory of the droplet’s center starts in the subcritical liquid-phase
regime during subcritical droplet evaporation. As the subcritical droplet
surface retracts towards the center, the droplet radius can no longer
accommodate the liquid–vapor interfacial structure and the transition
to subcritical DFM occurs at time 𝜏𝑚. This results in the cutting-off of
the interfacial profile that forces the center condition to go through the
liquid–vapor coexistence dome into the subcritical gas-phase region.
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Fig. 12. Thermodynamic trajectories of droplet’s center (solid lines) and surface (dash lines) for cases with subcritical (blue lines) and supercritical (red lines) DFM transition.
Light black lines connect the thermodynamic conditions at the droplet’s surface and center at the same time instance. Also shown by star symbols are the droplet’s center and
surface conditions at the time of DFM transition. For reference, the liquid–vapor coexistence dome (bold black line), the critical mixing temperature (horizontal black dash line),
the Widom line (diagonal black dash line), and the contour plot of isobaric heat capacity 𝑐𝑝 are also included.
Beyond this subcritical DFM transition, the process becomes the mixing
of a uniformly gaseous/supercritical-gas-like fluid.

The process of transition into supercritical DFM is also shown in
Fig. 12 and also starts with the droplet center condition within the
subcritical liquid-phase region. However, the evaporation process first
becomes supercritical droplet-like with the transition of the surface
condition across the 𝑇 = 𝑇𝑐,𝑚𝑖𝑥 line. After this transition to supercrit-
ical droplet evaporation at time 𝜏𝑐 , the evaporation process maintains
droplet-like behavior of a retracting surface distinguishing the denser
supercritical liquid-like fluid inside the surface with the lighter super-
critical gas-like fluid in the surroundings. With sufficient heating of the
droplet center condition, which is further enhanced in the supercritical
droplet evaporation period thanks to the collapse of the enthalpy of
vaporization, the droplet center crosses the Widom line and transitions
to supercritical gas-like. Beyond this supercritical DFM transition at
𝜏𝑚 > 𝜏𝑐 , the process resembles the mixing of a uniformly supercritical
gas-like fluid.

While the transition to supercritical DFM occurs as a result of
gradual heat transfer into the droplet center and thus is present at
all droplet sizes, the transition to subcritical DFM is a direct result
of the nanoscale droplet configuration confining the interfacial struc-
ture. Thus, the regime of subcritical DFM transition vanishes for large
droplets. This is confirmed in the study of the regime maps of droplet
phase-exchange behavior in the next section and provide explanation
for why the phenomenon of subcritical DFM has only previously been
observed in nanoscale MD study [20,21].

3.4. Regimes of nanodroplets phase-exchange behaviors

In the present study, four distinct phase-exchange behaviors of a
nanodroplet at increasing ambient temperature and pressure conditions
have been identified: sub- and supercritical droplet-like evaporation,
and sub- and supercritical DFM. The construction and analysis of
regimes of ambient conditions at which these distinct evaporation and
mixing behaviors manifest is the subject of this section. Here, we also
consider the effect of droplet sizes by considering simulations with
𝑅0 = {15, 30, 60} nm. For all cases, the ambient location is set at
𝑅𝑎∕𝑅0 = 20 to limit unphysical influence of the finite ambient location.
The resulting regime maps of phase-exchange behavior at different
ambient conditions are shown in Fig. 13 for the three droplet sizes.

At low ambient conditions, the phase-exchange process is mono-
lithic subcritical droplet evaporation, where a sharp interface retracts
continuously towards the droplet center (regime I in Fig. 13). With
10
increase in ambient temperature and pressure, a transition to DFM
emerges at the end of the droplet evaporation process. The criterion
for the emergence of DFM at the end of the droplet-like evaporation
phase is whether the minimum surface radius is higher than the cut-
off for the droplet lifetime, i.e., 𝑑𝑚 ≥ 0.05, see the black contour in
Fig. 13. After the emergence of DFM, the droplet lifetime becomes
unbounded and an evaporation time that signifies the amount of time
spent in sub- and supercritical droplet-like evaporation behavior is
defined as 𝜏𝑒 = min(𝜏𝑚, 𝜏𝑙). Note that without the presence of DFM, 𝜏𝑒
reduces to the droplet’s lifetime 𝜏𝑙. The contour map of this evaporation
time as a function of ambient temperature and pressure conditions
is plotted in Fig. 13. This demonstrates that the trend of increasing
ambient pressure/temperature on increasing/decreasing the evapora-
tion timescale extends from subcritical droplet evaporation to other
transcritical phase-exchange behaviors. With increasing in ambient
temperature and pressure, leading to enhanced surface heating, the
droplet surface crosses the critical mixing point sometimes before the
end of the droplet-like evaporation phase 𝜏𝑒, i.e., 𝑇𝑠(𝜏𝑒) ≥ 𝑇𝑐,𝑚𝑖𝑥,
leading to the emergence of supercritical droplet-like evaporation and
supercritical DFM behaviors, see the blue contour line in Fig. 13.

The occurrence of subcritical DFM transition requires (a) the emer-
gence of DFM, i.e. 𝑑2𝑚 ≥ 0.05, and (b) subcritical surface temperature
at the time of transition, i.e. 𝑇𝑠(𝜏𝑒) ≤ 𝑇𝑐,𝑚𝑖𝑥. Thus, at each ambient
pressure condition, the range of ambient temperature conditions for
the presence of subcritical DFM is bounded from below by 𝑑2𝑚 = 0.05
and from above by 𝑇𝑠(𝜏𝑒) = 𝑇𝑐,𝑚𝑖𝑥 (regime II in Fig. 13a). For the
smallest droplet size considered in this study, 𝑅0 = 15 nm, the ambient
temperature/pressure of the 𝑑2𝑚 = 0.05 contour are larger than those of
the 𝑇𝑠(𝜏𝑒) = 𝑇𝑐,𝑚𝑖𝑥 contour, implying the presence of subcritical DFM,
for all ambient pressure conditions studied (see Fig. 13a). However,
with increasing droplet sizes, the 𝑑2𝑚 = 0.05 contour shifts to larger am-
bient temperatures/pressures. For 𝑅0 = 120 nm, the ambient conditions
along the 𝑑2𝑚 = 0.05 contour are larger than those along the 𝑇𝑠(𝜏𝑒) =
𝑇𝑐,𝑚𝑖𝑥 for all conditions studied, implying that all DFM transitions occur
at supercritical surface conditions. This shows that the occurrence of
subcritical DFM vanishes with increasing droplet size, which explains
the non-existence of subcritical DFM in millimeter-scale experiments of
supercritical jet injection and droplet evaporation [2,5,6,8,10].

With the emergence of supercritical phase-exchange behaviors be-
yond the 𝑇𝑠(𝜏𝑒) = 𝑇𝑐,𝑚𝑖𝑥 contour, the phase-exchange process be-
comes dominated by either the supercritical-droplet evaporation or
the supercritical DFM mechanism. In the former case, most of the
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Fig. 13. Regime map of sub- and supercritical droplet-like evaporation, and sub- and supercritical DFM behaviors for droplets of increasing initial radii. In panel (c), also shown
for reference with cyan dash line is the regime transition to DFM in transcritical 𝑛-dodecane spray injection obtained from timescale analysis by Poursadegh et al. [2] for injection
temperature 𝑇𝐹 = 363 K and initial droplet diameter 𝑑0 = 1 μm, with injection velocity 𝑢0 = 500 m/s.
phase-exchange process is accounted for by the supercritical-droplet-
like evaporation behavior, featuring the retraction of a supercritical
surface. In the latter case, the transition to supercritical DFM oc-
curs shortly after the attainment of the supercritical droplet surface.
Thus, the phase-exchange process is considerably expedited by the
disintegration of the droplet’s liquid-like core into the surroundings.
The distinction between these two supercritical evaporation and mix-
ing processes are demonstrated in Fig. 14a. The regime of ambient
conditions featuring supercritical-droplet-dominated evaporation is de-
lineated by 𝑑2𝑐 −𝑑

2
𝑚 ≥ 0.5 (regime III-a in Fig. 13). On the other hand, the

regime of ambient conditions featuring supercritical-DFM-dominated
mixing is delineated by 𝑑2𝑚 ≥ 0.5 (regime III-b in Fig. 13). In Fig. 13,
the overlap of regimes III-a and III-b is where both supercritical DFM
and supercritical droplet-like evaporation have comparable influence
over the total droplet phase-exchange process. Here, we note that the
relative importance of supercritical droplet evaporation and supercrit-
ical DFM on the overall droplet phase-exchange process ((𝑑2𝑐 − 𝑑2𝑚) and
𝑑2𝑚, respectively) exhibit continuous variation with respect to changing
ambient conditions, as quantitatively plotted in Fig. 14b. Thus, in
Fig. 13, the exact choice of 0.5 in the 𝑑2 regime-transition criteria is
made only to delineate regions of the ambient-condition regime map
11
where supercritical-droplet behavior or supercritical-DFM behavior is
observed for the majority of the droplet phase-exchange process.

In the present analysis, we found that increasing ambient pressure
and temperature conditions promote the occurrence of the supercritical-
DFM-dominant mixing process, 𝑑2𝑚 ≥ 0.5. This is consistent with
existing theory on the transition to supercritical mixing [2,6] and can
be attributed to the enhanced thermal conduction into the droplet’s
surface and center. In contrast, the occurrence of supercritical-droplet-
dominant evaporation is suppressed at higher ambient pressures due
to the enhanced thermal conductivity, which promotes the earlier
transition to supercritical DFM after the attainment of the supercritical
surface. This in turn limits the influence of the intermediate process
of supercritical droplet-like evaporation. Furthermore, we find that
increasing ambient temperature has a non-monotonic influence on
the dominance of supercritical-droplet-like evaporation (𝑑2𝑐 − 𝑑2𝑚), see
Fig. 14b. Specifically, the initial positive relationship between 𝑇 ′

𝑎 and
(𝑑2𝑐 − 𝑑2𝑚) is because the transition to supercritical droplet-like evap-
oration is promoted faster than the supercritical DFM transition with
increasing ambient temperature (see the initial slopes of the lines of
𝑑2𝑐 and 𝑑2𝑚 in Fig. 14b. However, with increasing ambient temperature
to high values, the promotion of the supercritical-droplet transition
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Fig. 14. (a) Distinction between supercritical-DFM dominant (case of 𝑃 ′
𝑎 = 6.60, 𝑇 ′

𝑎 = 1.29) and supercritical-droplet dominant (case of 𝑃 ′
𝑎 = 1.65, 𝑇 ′

𝑎 = 1.26) evaporation/mixing
processes. (b) Droplet surface diameter at the times of supercritical-droplet transition (𝑑2

𝑐 ) and of supercritical-DFM transition (𝑑𝑚) at increasing ambient temperatures and 𝑃 ′
𝑎 = 3.71.

In this plot, 𝑅0 = 120 nm.
to earlier times (lower 𝜏𝑐) and, correspondingly, to larger droplet
surface locations (higher 𝑑2𝑐 ) is limited by the heating duration and
the maximum droplet diameter at the end of the heating period, see
for example the case of 𝑃 ′

𝑎 = 6.60, 𝑇 ′
𝑎 = 1.29 in Fig. 14a. Thus, in

Fig. 14b, for 𝑃 ′
𝑎 = 3.7, the droplet surface location at the point of

supercritical-droplet transition (𝑑2𝑐 ) becomes insensitive to increasing
ambient temperature for 𝑇 ′

𝑎 > 1.2 as the timing approaches the end of
the heating period. The effect of 𝑑2𝑐 becoming insensitive to increasing
ambient temperature at high 𝑇 ′

𝑎 allows for 𝑑2𝑚 to catch up, resulting in
the subsequent negative relationship between 𝑇 ′

𝑎 and (𝑑2𝑐 − 𝑑2𝑚).
In the literature, the regime boundary for the attainment of trans-

critical surface (contour of 𝑇𝑠(𝜏𝑒) = 𝑇𝑐,𝑚𝑖𝑥, i.e, the onset of supercritical
phase-exchange behavior) has also been constructed for millimeter-
scale 𝑛-heptane and 𝑛-hexane droplets using the infinitely-thin-interface
continuum-based method [16,50,51] and for n-dodecane nanodroplets
and planar films using MD [17,18,20]. The current result shows that in-
creasing ambient temperature and pressure promote the attainment of a
transcritical surface, which is in agreement with these aforementioned
studies. However, for 𝑛-dodecane, the presently predicted minimum
ambient pressures and temperatures for attaining a transcritical surface
are, similar to results in the planar MD studies of Mo & Qiao [17],
smaller than the values found the nanodroplet MD studies of Xiao
et al. [18]. We attribute this quantitative difference of the transcritical
regime boundary to the difference in the location of ambient condition,
where we employ a larger 𝑅𝑎∕𝑅0, resulting in smaller gradients in the
gas phase and thus longer droplet lifetimes that allow more time for
the droplet surface to attain critical mixing temperature. Furthermore,
Fig. 13 shows that the regime boundary for attaining a transcritical
surface becomes insensitive to droplet sizing for 𝑅0 ≥ 60 nm, in
contrast with MD studies of nanodroplets [18,20]. This behavior is
consistent with existing millimeter-scale transcritical evaporation stud-
ies [16,51] for n-hexane droplets, where the infinitely-thin-interface
continuum-based method is employed.

On the other hand, the present study contributes novel physical
understanding to the subcritical DFM behavior. Specifically, Fig. 13
demonstrates that the regime of subcritical DFM vanishes for large
droplet sizes, 𝑅0 ≥ 60 nm, thus validating the conclusion made
in Section 3.3 that subcritical DFM is a direct consequence of the
nanoscale configuration confining the liquid–vapor interface at the end
of the droplet lifetime. Another contribution of the present study is
the decomposition of the supercritical phase-exchange regime (III) into
supercritical-droplet-domina-
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ted (III-a) and supercritical-DFM-dominated (III-b) regimes, which are
Fig. 15. Sensitivity of droplet 𝑑2
0 -scaled evaporation profile with increasing initial

droplet radius 𝑅0 towards the infinitely-thin interface limit. Inset figure shows the
variation of 𝑑2

0 -scaled droplet lifetime 𝜏𝑙 ≡ 𝜏𝑙∕𝑑2
0 with increasing 𝑅0. In this figure,

𝑃 ′
𝑎 = 3.30 and 𝑇 ′

𝑎 = 0.91.

the two pathways that supercritical phase-exchange process can un-
dergo.

In the transcritical spray injection configuration, the regime dia-
gram showing the global transition to supercritical DFM behavior has
been constructed by Poursadegh et al. [2] from scaling arguments of
the droplet shedding and convection-dominated droplet evaporation
timescales. While direct comparison of phase-exchange behavior be-
tween the spray injection configuration and the present microgravity
droplet configuration is not straightforward, we found that the regime
of global supercritical DFM behavior in spray injection [2] falls within
the regime of supercritical-DFM-dominated droplet evaporation con-
structed in the present study (regime III-b), even in the limit of high
injection velocities (see Fig. 13c).

Finally, we note that while regime II (occurrence of subcritical
DFM) vanishes quickly with increased droplet size 𝑅0 due to subcritical
DFM being a direct consequence of confinement in the nanoscale
droplet configuration, the boundaries of regimes I (monolithic subcriti-
cal droplet), III-a (supercritical-droplet dominance), and III-b
(supercritical-DFM dominance) becomes insensitive to increasing
droplet sizes above 𝑅0 = 60 nm towards the infinitely-thin liquid–
vapor-interface limit, see Fig. 13c and Fig. 13d. This behavior is due
to the insensitivity of the droplet 𝑑20 -scaled evaporation profile to in-

creasing droplet sizing 𝑅0 when 𝑅0 ≥ 60 nm (see Fig. 15). Furthermore,
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Fig. A.16. Convergence of interfacial grid resolution 𝑁𝑖 in (a) 𝑑2-profile and (b) droplet heating duration, 𝜏ℎ, lifetime, 𝜏𝑙 , and initial surface tension, 𝜎(𝑡 = 0). Here, convergence
s measured as 𝐸𝜙 ≡ 𝜙(𝑁𝑖)∕𝜙(𝑁𝑖 = 100) − 1.
y

his insensitivity of the regime map with droplet size is consistent with
xisting regime maps of the attainment of supercritical droplet surface
btained from simulations of millimeter-scale droplet evaporation using
he infinitely-thin interface assumption [16,51]. Thus, while the largest
roplet size presently studied, 𝑑0 = 0.24 μm, is still one to two orders-
f-magnitude below the typical mean droplet diameter in high-pressure
asoline spray injectors, 𝑑0 ∼ 𝑂(1 − 10 μm) [52], this insensitivity
uggests that the physics investigated in this paper on the subcritical
roplet evaporation, supercritical droplet-like evaporation, and super-
ritical DFM behaviors, as well as the transitions between regimes in
hich each of them is the dominant phase-exchange mechanism, are
lso applicable for typical high-pressure spray conditions.

. Conclusions

In this work, we perform analyses of the 𝑛-dodecane/nitrogen nan-
droplet phase-exchange process under transcritical ambient temper-
ture and supercritical pressure conditions using a continuum-based
nterface-resolving approach. The use of this detailed formulation al-
ows for modeling of both the nanoscale interface and the macroscopic
urrounding. The ability of the formulation in capturing interfacial
ynamics in both equilibrium and transient evaporating conditions
re compared against MD simulations and experiments of evaporat-
ng droplets and experimental data of vapor–liquid equilibria. We
howed good agreement both in comparison with MD and experimental
ata. Thus, we demonstrated that the interface-resolving DIM formu-
ation used in the present paper is a robust addition to existing MD
nd infinitely-thin-interface continuum-based methods in the study of
ranscritical phase-exchange phenomena.

The subsequent analysis of droplet dynamics sheds light on four
egimes of distinct droplet phase-exchange behaviors. In regime I, cor-
esponding to low ambient temperatures and pressures, the process is
onolithic subcritical droplet evaporation. In regime II, corresponding

o slightly higher ambient temperatures and pressures, the subcritical
vaporation process transitions to subcritical DFM towards the end of
he evaporation phase. With further increase in ambient conditions into
egime III, the droplet surface temperature crosses the critical mixing
oint and the subcritical droplet evaporation behavior transitions first
o supercritical droplet evaporation behavior then to supercritical DFM.
hus, the regime featuring supercritical evaporation and mixing behav-

ors (regime III) can be subdivided into regime III-a, where supercritical
roplet evaporation is dominant, and regime III-b, where supercritical
FM is dominant.

A major finding of this study is the distinction between subcriti-
al DFM and supercritical DFM. Specifically, analysis shows that the
13

mergence of supercritical DFM, due to heat transfer into the droplet
causing the center condition to transition from supercritical liquid-like
to supercritical gas-like, is present at all droplet scales. In contrast,
subcritical DFM is a direct result of the effect of nanoconfinement
on the subcritical interfacial structure and thus is only present in
nanodroplet configurations. This conclusion is confirmed by the rapid
vanishing of regime II with increasing droplet size.

The presence of the four distinct sub- and supercritical phase-
exchange regimes highlights the complex phase-exchange dynamics a
fuel droplet can exhibit under transcritical ambient conditions. Specif-
ically, the present study shows that the supercritical phase-exchange
dynamics can follow two different pathways, supercritical droplet-like
evaporation and supercritical DFM. Furthermore, promoting the early
transition to supercritical DFM can significantly expedite the phase-
exchange process through the disintegration of the liquid-like droplet
core.

Through the use of the dynamic interface-resolving DIM formula-
tion, the present paper extends upon prior works that investigate the
effect of transcritical thermodynamic conditions on the steady-state in-
terface [7]. Furthermore, the present analysis of the four distinct phase-
exchange behaviors is of great value in understanding the complex
phase-exchange phenomena encountered in transcritical spray combus-
tion and in the development of high-efficiency combustion engines [2,
6]. Lastly, the observed insensitivity of the phase-exchange regime map
with droplet sizing for 𝑅0 ≥ 60 nm suggests that millimeter-scale exper-
iments of microgravity droplet evaporation at high supercritical ambi-
ent conditions can be conducted to study the transition between the
supercritical-droplet-dominated and the supercritical-DFM-dominated
regimes of droplet phase-exchange.
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Appendix. Mesh convergence

For the mesh convergence study, we consider an 𝑛-dodecane/
itrogen configuration with 𝑃 ′

𝑎 = 1.65, 𝑇 ′
𝑎 = 0.91, 𝑇 ′

𝑙,0 = 0.55, 𝑅0 =
15 nm, and 𝑅𝑎∕𝑅0 = 20. Three uniform grid spacings are considered,
𝛥𝑥 = {0.067, 0.04, 0.02} nm, targeting three numbers of grid points
across the initial interface thickness, 𝑁𝑖 = {30, 50, 100}, respectively.

The results of the mesh convergence study are summarized in
ig. A.16. Specifically, we found no qualitative variation in the 𝑑2-
rofile between the three mesh resolutions studied. Furthermore, at
he grid resolution chosen for this study, 𝑁𝑖 = 50, 𝛥𝑥 = 0.04 nm, the
onvergence of droplet evaporation characteristic timescales 𝜏ℎ and 𝜏𝑙

is within 0.2%, while that of the initial interfacial surface tension is
within 4%. Thus, mesh convergence in resolving the phase-exchange
process as well as the nanoscale interfacial dynamics is achieved.
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