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A B S T R A C T

Due to the intricacies of the interface between vapor and liquid, evaporation and condensation processes are
not fully understood. The small spatial extent of the interface renders experimental studies on this subject
challenging so that computational investigations are indispensable. For two heat and mass transfer scenarios
across a vapor–liquid interface, molecular dynamics simulation is compared with the direct simulation Monte
Carlo solution of the Enskog–Vlasov kinetic equation. A heat flux from the vapor to the liquid in a closed
system as well as classical evaporation into an open half-space are considered. In both scenarios, temperature
and one-dimensional driving gradients are widely varied, sampling systems containing 5 ⋅ 105 molecules. Since
the two simulation methods rest on different potential models for the molecular interactions, a meaningful
transformation between the truncated and shifted Lennard-Jones fluid and the Sutherland fluid is proposed.
Spatially resolved density, temperature and velocity profiles from these simulation methods are consistent,
except for the interface width. Consequently, particle flux and downstream pressure match as well. The
good agreement between the results reinforces the validity of these approaches. The study is accompanied
by successful comparisons of these simulations to kinetic gas theory with respect to macroscopic property
variations at the interface.
1. Introduction

Evaporation and condensation processes, i.e. phase change between
liquid and vapor, are ubiquitous in nature and technical applications.
They take place across a phase boundary that is usually addressed
as the interface, which complicates these mechanisms. Despite their
longstanding investigation, they are not fully understood.

Molecular simulations [1–9] reveal the interface as a region with
steep gradients of density and – under non-equilibrium conditions – of
temperature, hydrodynamic velocity and other properties. With a thick-
ness that is typically on the order of ten molecular diameters (plus a
Knudsen layer that extends over several multiples of the mean free path
under non-equilibrium conditions [9]), the interface region is narrow
so that it appears as a discrete boundary at resolutions that are typically
employed for applications. On this scale, the steep interfacial variations
of temperature and velocity reduce to discontinuities, and emerge,
e.g., as a temperature jump or velocity slip [10,11]. Hence, from the
viewpoint of non-equilibrium applications, well-designed jump and
slip conditions are required that connect the Navier–Stokes–Fourier
equations for the adjacent phases. These must be constructed such that

∗ Corresponding author.
E-mail address: vrabec@tu-berlin.de (J. Vrabec).

they reflect the underlying microscopic details of the resolved interface
region.

Well-known jump and slip models based on the kinetic gas theory
or non-equilibrium thermodynamics rely on phenomenological inter-
face parameters, such as evaporation and condensation coefficients or
interface resistivities [10,12–16], which must be determined from ex-
periments or first principles. However, the experimental determination
of these parameters is notoriously difficult, with reported values for
evaporation and condensation coefficients of, e.g., water varying over
three orders of magnitude or more [17,18]. At least in part, this is
because pronounced jump effects are expected mainly in microscopic
systems, where interface resistivities contribute significantly to the
overall resistance to heat and mass transfer [19].

Results from experiments with macroscopic systems published by
C.A. Ward and his group since 1999 [20–23] were widely noticed,
triggering new interest in research on non-equilibrium phase change.
Ward and coworkers measured temperature jumps and deviations from
the saturation pressure in forced steady-state evaporation experiments,
finding unexpectedly large temperature jumps of up to 7K (or even
https://doi.org/10.1016/j.ijheatmasstransfer.2025.126828
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larger when the vapor was heated [24]). Measurements of this type
are subject to possibly significant errors: Temperature differences are
difficult to localize since thermo-couples are much wider than the
interface region. Also, pressure deviations from saturation are as large
s the experimental error associated with their measurement. A recent

detailed assessment of experiments and models [25] shows that this
high level of uncertainty renders it impossible to judge competing theo-
ries that aim to describe non-equilibrium processes involving interfaces
between vapor and liquid phases.

Due to the lack of reliable experimental data, interface parameters
must be determined from first principles, either directly, or indirectly
from molecular simulations. Indeed, next to the macroscopically ob-
served material behavior that manifests itself in the thermodynamic
equilibrium properties and transport coefficients, also the coveted inter-
face resistivities are a consequence of the interactions of the molecules
that the given fluid is comprised of [9]. From the viewpoint of clas-
ical physics, the behavior of matter is governed only by the mass
f molecules and their interactions, which give rise to repulsive and
ttractive forces. For simple molecules like the noble gases, already
wo parameters suffice to characterize their interactions, e.g., with the
ennard-Jones (LJ) and Sutherland potentials discussed below.

While an analytical method to determine macroscopic property rela-
tions, including interface parameters, from molecular properties alone
would be preferable, this is typically not possible due to the complex-
ity of the problem. An alternative are numerical experiments, where
atomistic simulations with a sufficiently large number of molecules are
carried out to sample the fully resolved bulk liquid and vapor phases
together with their connecting interface. The desired macroscopic prop-
erties and interface parameters can then be extracted from the results,
e.g., by fitting continuum models with jump and slip [4,9].

The determination of interface parameters requires accurate non-
quilibrium simulations over a wide range of process parameters. Al-
hough several authors have presented related numerical experiments
nd results [4,9,26,27], these have not yet gelled into a comprehensive

understanding of the interface parameters, and their dependence on the
local state as well as – possibly – process conditions. Kinetic theory
models, which are limited to low pressure, where the vapor behaves
as an ideal gas, point to state-dependent evaporation and condensation
coefficients, which are expected to depend at least on the temperature
of the interface [4,9].

Onsager’s reciprocity relations postulate a symmetric resistivity ma-
rix [10,28], at least for linear processes that are not overly far from

equilibrium. Typical molecular simulations take place under strong
non-equilibrium conditions, induced by large temperature gradients or
evaporation mass flows. This is required to distinguish the emerging
signals from stochastic fluctuations. While some authors claim symme-
try for their results [26], these are not conclusive [29], and more recent
results on larger systems clearly give non-symmetric resistivities [9],
which might be related to a very strong degree of non-equilibrium [30].
However, it should be noted that experimental conditions are typically
much closer to (local) equilibrium and are thus quite different from
those in molecular simulations.

To summarize: (a) Interface jump conditions for continuum models
require interface resistivities (or evaporation and condensation coeffi-
ients) as functions of the local state at the interface. (b) These must
e determined with atomistic simulations covering a wide range of
onditions from close to far from the critical point, and from weak to
trong non-equilibria. This contribution focuses on the second demand.

Molecular modeling and simulation approaches are costly, with
igher accuracy requiring larger systems and more computational ef-
ort. With that, the desired program of generating simulations over a
arge range of conditions is challenging. Ideally, several independent
pproaches would be used to create complementary data, where each
s employed in its most suitable range of the simulation space. The focus
f this contribution lies on the comparison of two molecular simulation

ethods, Molecular Dynamics (MD) and the Direct Simulation Monte i

2 
Carlo (DSMC) solution of the Enskog–Vlasov (EV) kinetic equation [5,
7,31,32]. In the following, the latter is referred to as EV-DSMC.

In the model hierarchy addressed above, MD provides the most
accurate description of a fluid whose properties are completely defined
by the chosen intermolecular potential, without additional assump-
tions beyond those intrinsic in the numerical integration of Newton’s
equations of motion for a molecular ensemble. Truncated potentials
with a limited interaction range reduce the computational cost so that
this work relies on the truncated and shifted Lennard-Jones (LJTS)
otential.

The EV model is intrinsically less accurate due to its underly-
ing assumptions. Following Enskog theory of the dense hard-sphere
fluid [33], the EV equation forces a fluid, whose atoms interact pairwise
ia the Sutherland potential [34], to be completely characterized by the

one-particle distribution function. Pair correlations are thus described
phenomenologically [35]. The addition of intermolecular attractive
forces through a Vlasov-like self-consistent force field to the hard-
sphere Enskog collision term gives the EV equation the capability to
provide a unified description of the liquid and vapor phases, connected
by a fully resolved interface [7,31,32].

As MD, EV-DSMC also operates with particles, representing atoms or
molecules. For spatially one- or two-dimensional problems, EV-DSMC
requires a computational effort per particle that is much smaller than
MD to traverse the temporal domain. For three-dimensional problems,
however, the computational effort is expected to become comparable,
mainly because of the evaluation of the Vlasov term [5,7,36]. Irrespec-
tive of computational efficiency, the EV model is useful since, although
approximate, it is described by a single kinetic equation. The latter
can be exploited not only on the numerical side, but also to obtain
analytical results [7,32] as well as hydrodynamic equations [9,37] that
elp understanding such complex flows. Due to its phenomenological

nature, the EV equation model needs to be validated against MD
hat is free from the assumptions leading to the EV model, extending
he successful comparisons between MD and Enskog theory for the
ard-sphere fluid [38].

Section 1 introduces the considered simulation scenarios, gives
a brief overview of the employed MD and EV-DSMC methods and
discusses the choice of potential models that allow for a meaningful
comparison. Section 2 presents a detailed comparison of the simula-
tion results for the heat flux scenario and the evaporation scenario.
Further, in view of the importance of past kinetic theory studies [39,
40], simulation results are compared to ideal gas kinetic theory with
espect to the jumps at the interface. Such comparisons are important
ecause the Boltzmann equation [41], governing ideal gas flows, uses

phenomenological boundary conditions at the vapor–liquid interface.
However, it can describe flows on the scale of the mean free path that
re much larger than the molecular size, under ideal gas conditions. MD

and EV, with a different accuracy, are complementary to the Boltzmann
quation to some extent. MD and EV share the capability of describing
he fluid at the scale of the molecular size. Unlike the Boltzmann
quation, they can be used to investigate non-ideal vapors in the kinetic
egime and to obtain/validate the kinetic boundary conditions for the
oltzmann equation, thanks to their capability of giving a unified
escription of liquid, interface and vapor. The very same reasons that
ake MD or EV useful, render them impractical to study flows on a

cale that is much larger than the molecular size. Additional results are
summarized in the supplementary material. The final section concludes
this work.

2. Methods

2.1. Scenarios

Two stationary scenarios were selected to serve as a benchmark for
the comparison between MD and EV-DSMC simulations. One scenario
mposes a strong heat flux across a vapor–liquid interface without net
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Fig. 1. Schematics of the two test scenarios with their boundary conditions. Molecules
are symbolized as gray circles.

particle flux, while the other one considers evaporation. To generate
such scenarios, appropriate boundary conditions have to be specified
in MD and EV-DSMC, respectively. Different temperatures were con-
sidered as well as varying gradients so that a wide parameter range
was covered in this comparison.

In the heat flux scenario (see Fig. 1, top), the simulation domain was
closed, i.e. the number of molecules remained constant. To invoke and
maintain a heat flux from the vapor to the liquid, the central section of
the bulk liquid was cooled, while a section of the far field of the bulk
vapor was heated.

In the evaporation scenario (see Fig. 1, bottom), the target hydro-
dynamic velocity near the outer limit of the far field of the vapor was
imposed by deleting certain molecules. To maintain stationarity, the
liquid was replenished. While the central section of the bulk liquid
was thermostated to a constant specified temperature, the rest of the
domain was left untouched such that the molecules could move freely.
The vapor volume was sufficiently large to accommodate a possible
Knudsen layer adjacent to the interface.

2.2. Molecular dynamics

MD treats fluids by mimicking the motion of a set of individual
molecules. It assumes that the entire molecular ensemble acts as a
mechanical system and follows a trajectory in phase space. The inter-
actions between the molecules are used to calculate the resulting force
𝐹 on each molecule. Following Newton’s law of motion, 𝐹 = 𝑚 𝑞,
the acceleration 𝑞 is related to the force and the molecule’s mass 𝑚.
Since the resulting force on each molecule depends on its position 𝑞
and the positions of other molecules around it, Newton’s law of motion
is a coupled second-order differential equation. For more than two
molecules in the system, this equation has to be solved numerically
by time discretization, which was done in the present work with the
software ls1 mardyn [42] using a Leapfrog integrator with an appro-
priate time step that amounted to 𝛥𝑡 ≈ 2 fs when assuming potential
parameters for argon [43]. Since MD simulation is based on very few
model assumptions and is capable of keeping track of each molecule’s
individual path through space and time, phenomena on the molecular
scale can be investigated with great precision and accuracy.
3 
One of the main assumptions of MD is the specification of the
interaction potential between the molecules. A good trade-off between
predictive power and computational efficiency is given by the LJ po-
tential [44,45], which also defines the force 𝐹 = −𝜕 𝑢LJ∕𝜕 𝑟 between
two molecules as a function of their distance 𝑟

𝑢LJ(𝑟) = 4𝜀
[

(𝜎
𝑟

)12
−
(𝜎
𝑟

)6
]

, (1)

with the size parameter 𝜎 and the energy parameter 𝜀.
The LJ potential was used here in its truncated and shifted form,

avoiding long-range corrections, which is beneficial for simulations of
heterogeneous systems. Using a cutoff radius of 2.5𝜎, the LJTS potential
is given by

𝑢LJTS(𝑟) =
{

𝑢LJ(𝑟) − 𝑢LJ(2.5𝜎), 𝑟 ≤ 2.5𝜎 ,
0, 𝑟 > 2.5𝜎 . (2)

Numerous studies [46–49] have been carried out with this potential
so that its equilibrium properties and transport coefficients are well
known, which is a sound basis for the present investigations.

In both scenarios, the number of molecules was approximately 5⋅105

and the production runs were executed for about 5 ⋅ 106 time steps
under stationary conditions. This allowed to keep the fluctuations low
and achieve good statistics. The quantities of interest, e.g., density,
temperature and hydrodynamic velocity profiles, were sampled bin-
wise during the production run with a bin width of half a molecule
diameter 0.5𝜎. Both scenarios were initially set up by simulating co-
existing liquid and vapor phases in direct physical contact so that a
vapor–liquid equilibrium (VLE) evolved. By subsequently applying the
boundary conditions described in the following, the two considered
scenarios emerged.

In the heat flux scenario, the simulation domain was chosen to
be symmetric and composed of a liquid and a vapor phase so that
periodic boundary conditions could be invoked in all spatial directions.
To generate the heat flux from the vapor to the liquid, two thermostats
with a width of 5𝜎 were established in sections of the respective phases.
The non-thermostated region had a width of 𝐿L = 10𝜎 in the liquid and
𝐿V = 400𝜎 in the vapor.

In the evaporation scenario, an algorithm described by Meland
et al. [6] that operates by deleting certain molecules was used to specify
the target hydrodynamic velocity in the far field of the vapor. The
liquid was replenished using a dedicated method [1] to maintain sta-
tionarity. Between the thermostat in the bulk liquid and the interface,
there was a non-thermostated liquid region of width 𝐿L = 10𝜎. The
width of the vapor phase without any external interference was chosen
to be 𝐿V = 400𝜎 so that its geometry was consistent with the other
scenario.

2.3. Enskog–Vlasov equation

The EV equation, proposed by De Sobrino in 1967 [31], provides an
approximate description of a fluid constituted by monatomic molecules
with the mass 𝑚 that interact pairwise via the Sutherland potential [34]

𝜙 (𝑟) =

{

∞ 𝑟 < 𝜎 ,
𝜙𝑡(𝑟) 𝑟 ≥ 𝜎 , (3)

in which repulsion is described by hard-sphere impulsive forces,
whereas attraction is described by the soft tail potential 𝜙𝑡. In Eq. (3), 𝜎
is the hard-sphere diameter and 𝑟 the distance between two molecules.

Following the Enskog theory of the dense hard-sphere fluid [50], a
closed equation for the fluid one-particle distribution function [51] is
obtained in the unsteady and spatially one-dimensional form
𝜕 𝑓
𝜕 𝑡 + 𝑣𝑧

𝜕 𝑓
𝜕 𝑧 +

𝐹𝑧(𝑧, 𝑡)
𝑚

𝜕 𝑓
𝜕 𝑣𝑧

= 𝐶hs(𝑓 , 𝑓 ), (4)

where 𝑓 (𝑧, 𝐯, 𝑡) is the one-particle distribution function of molecular
velocities 𝐯 at the spatial position 𝑧 and time 𝑡.
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The collision integral 𝐶hs(𝑓 , 𝑓 ) on the r.h.s. of Eq. (4) gives the rate
f change of 𝑓 due to short-range, repulsive interactions, described as
nstantaneous, binary elastic collisions between two molecules. At the

time of their collision, the spatial positions of the molecules are 𝐫 and
𝐫 − 𝜎𝐤, with 𝐤 being a unit vector determining the relative position
of the colliding molecules. Each collision changes the velocities of the
interaction partners 𝐯 and 𝐯1 to their respective post-collision values 𝐯∗
and 𝐯∗1
𝐯∗ = 𝐯 + (𝐤 ⋅ 𝐯𝑟)𝐤, 𝐯∗1 = 𝐯1 − (𝐤 ⋅ 𝐯𝑟)𝐤, 𝐯𝑟 = 𝐯1 − 𝐯. (5)

Within the framework of the Standard Enskog Theory [52], 𝐶hs(𝑓 , 𝑓 )
takes the form

𝐶hs(𝑓 , 𝑓 ) =𝜎2 ∫
[

𝜒hs(𝑧, 𝑧 + 𝜎 𝑘𝑧)𝑓 (𝑧 + 𝜎 𝑘𝑧, 𝐯∗1 , 𝑡)𝑓 (𝑧, 𝐯∗, 𝑡)

− 𝜒hs(𝑧, 𝑧 − 𝜎 𝑘𝑧)𝑓 (𝑧 − 𝜎 𝑘𝑧, 𝐯1, 𝑡)𝑓 (𝑧, 𝐯, 𝑡)
]

(𝐯𝑟 ⋅ 𝐤)+𝑑𝐯1𝑑2𝐤 ,

(6)

where 𝜒hs is the uniform equilibrium pair correlation function at con-
tact [51] and the superscript + indicates that the surface integral is
restricted to the half-sphere for which (𝐯𝑟 ⋅ 𝐤) > 0. 𝜒hs is a function of
the local number density 𝑛(𝑧) and is often approximated as

𝜒hs(𝐫, 𝐫 ± 𝜎𝐤) = 𝑌

(

𝑛
[

𝐫 ± 𝜎 𝐤
2

]

)

,

𝑌 (𝑛) = 1
2

2 − 𝜉
(1 − 𝜉)3

,

𝜉 = 𝜋 𝑛
6
𝜎3,

(7)

using the relation between 𝑌 and the equation of state of the hard-
phere fluid [51], which is well described by the Carnahan–Starling

equation [53].
The 𝑧 component of the Vlasov self-consistent force field 𝐹𝑧(𝑧, 𝑡)

escribes the total action of attractive forces on a molecule at spatial
osition 𝑧 and time 𝑡. Neglecting spatial correlations, elementary cal-
ulations show that in the one-dimensional slab geometry considered
ere, this attractive force is [7,32]

𝐹𝑧(𝑧, 𝑡) = −2𝜋
[

𝜙𝑡(𝜎)∫
|𝑦−𝑧|≤𝜎

(𝑦 − 𝑧) 𝑛(𝑦, 𝑡) 𝑑 𝑦

+ ∫
|𝑦−𝑧|>𝜎

(𝑦 − 𝑧)𝜙𝑡(|𝑦 − 𝑧|) 𝑛(𝑦, 𝑡) 𝑑 𝑦
]

. (8)

The soft tail potential 𝜙𝑡 affects the thermodynamic properties of the
fluid described by Eq. (4) [7,8]. It is easily shown that the equation of
state of the Sutherland fluid has the form of a generalized van der Waals
equation [54]. Its critical temperature 𝑇𝑐 depends on the assumed tail
potential 𝜙𝑡, whereas the critical number density 𝑛𝑐 is determined only
by the hard-sphere diameter [8]. In this work, an algebraic tail of the
form

𝜙𝑡(𝑟) = −𝜀
(𝜎
𝑟

)6
, (9)

with the minimum of the potential well 𝜀 was used. The exponent 6
was chosen to mimic the attractive contribution of the LJ potential [44,
45]. The critical parameters for this particular form of the Sutherland
potential are [7]

𝜉𝑐 =
𝜋 𝑛𝑐
6

𝜎3 = 0.13044 𝜎3, 𝑇𝑐 =
𝜀
𝑘B

8
10.601

, (10)

For a temperature 𝑇0 < 𝑇𝑐 , Eq. (4) admits equilibrium solutions
subscript 0) of the form

𝑓0(𝑧, 𝐯) =
𝑛0(𝑧)

(2𝜋 𝑅𝑇0)3∕2
exp

(

− 𝐯2
2𝑅𝑇0

)

, (11)

with the gas constant 𝑅 = 𝑘B∕𝑚 and the Boltzmann constant 𝑘B. The
non-uniform density of the two-phase fluid obeys the equation [7]

𝑘 𝑇
𝑑 𝑛0 = 𝑛 (𝑧)𝐹 (𝑧)
𝐵 0 𝑑 𝑧 0 0

4 
+2𝜋 𝜎2𝑛0(𝑧)𝑘𝐵𝑇0 ∫
+1

−1
𝑘𝑧𝑌

(

𝑛0

(

𝑧 − 𝜎
𝑘𝑧
2

))

𝑛0(𝑧 − 𝜎 𝑘𝑧) 𝑑 𝑘𝑧, (12)

where 𝐹0(𝑧) is determined by 𝑛0(𝑧) through Eq. (8).

2.4. Direct simulation Monte Carlo solution of the Enskog–Vlasov equation

Eq. (4) can be solved numerically by the extension of the well-
nown DSMC particle scheme to the dense hard-sphere fluid [5,7],

originally formulated by G. A. Bird [55] for the Boltzmann equation of
the ideal gas. In the particular implementation of the particle scheme
adopted here, a liquid slab occupied the central region of a volume
delimited by two identical parallel solid walls. The two symmetrically
disposed regions between each interface and its adjacent wall had a
nominal width 𝐿V and were occupied by the vapor phase. The central
section of the liquid slab was kept at the temperature 𝑇L with a
Berendsen thermostat [56], whereas both solid walls were assigned
with the temperature 𝑇W = 𝑇V. The computational domain, whose
right half in space 𝑧 ≥ 0 is depicted in Fig. 1 (top), was specularly
symmetric with respect to the plane located in the center of the liquid
slab. Duplicating the spatial domain doubles the computational effort,
but avoids the specification of boundary conditions in the center of the
liquid slab and reduces the statistical noise associated with Monte Carlo
sampling of fluid properties.

At the wall positions, the boundary conditions for the distribution
function 𝑓 (𝑧, 𝐯, 𝑡) were specified by

𝑓 (𝑧−W, 𝐯, 𝑡) =
𝑛−W(𝑡)

(

2𝜋 𝑅𝑇W
)3∕2

exp
(

− 𝐯2
2𝑅𝑇W

)

, 𝑣1 > 0,

𝑓 (𝑧+W, 𝐯, 𝑡) =
𝑛+W(𝑡)

(

2𝜋 𝑅𝑇W
)3∕2

exp
(

− 𝐯2
2𝑅𝑇W

)

, 𝑣1 < 0, (13)

with wall densities 𝑛±W(𝑡) specified according to the flux of impinging
olecules on each wall

𝑛±W

√

𝑅𝑇W
2𝜋

= (1 − 𝑃abs)∫𝐯⋅𝐳±>0

(

𝐯 ⋅ 𝐳±
)

𝑓 (𝑧±W, 𝐯, 𝑡) 𝑑𝐯, 𝐳± = ∓𝐳, (14)

and the unit vector 𝐳 associated with the coordinate 𝑧.
The boundary conditions (13) and (14) specified that vapor phase

olecules hitting any of the walls were either absorbed (with a proba-
ility 𝑃abs) or instantaneously reflected into the domain (with a prob-
bility 1 − 𝑃abs) and thermalized to 𝑇W.

Under the present stationarity conditions, the two parameters 𝑇W
nd 𝑃abs determine the heat and mass fluxes. For the heat flux scenario,
abs was set to zero so that the walls became impermeable and the
et mass flux was zero. In this case, 𝑇W, together with the bulk liquid
emperature 𝑇L, determined the temperature profile and the heat flux.
n the evaporation scenario, the temperature gradient in the down-
tream equilibrium flow is zero and, as shown by several theoretical
nd numerical investigations [39,40,57], the downstream equilibrium

density and temperature are determined by a single parameter which
ay either be the mass flux or the downstream Mach number. In this

ase, it was necessary to tune both 𝑇W and 𝑃abs to obtain the desired
ass flux and a flat downstream temperature profile [9]. Absorbed

molecules were re-inserted into the thermostated section of the liquid,
after sampling their velocities from a Maxwellian at the temperature
𝑇L. Results were obtained by the combined time and phase average of
20 statistically independent runs, each considering 4 ⋅ 105 molecules.

2.5. Potential models

Due to the different nature of the LJTS and Sutherland potentials,
their properties, e.g., the critical temperature, differ. To allow for a
meaningful comparison between simulation results obtained with MD
on the basis of the LJTS potential and those obtained with EV-DSMC
on the basis of the Sutherland potential, a transformation between LJTS
data and Sutherland data was needed. This transformation allows for a
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Fig. 2. Potential energy 𝑢 according to the LJTS potential and the Sutherland potential
n LJTS space. The temperature dependence of the size parameter of the Sutherland

potential leads to a horizontal shift, depicted for the triple-point temperature 𝑇t r and
he critical temperature 𝑇c.

joint assessment of key thermodynamic properties that provide insights
nto the similarities and differences between the two potential models.
hermodynamic properties in LJTS units 𝑥 can be transformed to units

n the Sutherland space 𝑥𝑆 using the parameters 𝜎, 𝜀 and 𝑚 (see
Table 1).

Since a successful replication of VLE data by a potential model
indicates its ability to capture the fundamental thermodynamic char-
acteristics of a fluid in the present scenarios, the conversion of the size
arameter 𝜎 and energy parameter 𝜀 followed the objective to optimize
he agreement of the vapor pressure and the saturated liquid density
f the LJTS fluid and the Sutherland fluid, with the former being
ransformed into the Sutherland space. In the relevant temperature
ange, the Barker–Henderson diameter depends approximately linearly
n the temperature [58] so that 𝜎 was modeled as a linear function of 𝑇 .
or the LJTS potential, expressions for vapor pressure 𝑝𝑠 and saturated
iquid density 𝜌𝑙 were taken from Ref. [46], while the Sutherland data

arose from the EV equilibrium obeying Maxwell’s equal area rule [37].
VLE data of the LJTS and Sutherland fluids are depicted in Fig. 3.

Although the linear temperature dependence of 𝜎 fails to capture the
shape of the binodal in the critical regime, a satisfying agreement of
vapor pressure and saturated densities with deviations below 2% was
chieved up to 80% of the critical temperature. A comparison of the

resulting enthalpy and entropy under saturation conditions is provided
n the supplementary material.

The mass parameter 𝑚 is only relevant for the transport coefficients.
Hence, the thermal conductivity 𝜆 and the shear viscosity 𝜂 were
considered for this transformation. Expressions for both quantities were
provided by Lautenschläger and Hasse [49] for the LJTS fluid and
y Struchtrup et al. [9] for the Sutherland fluid. The adjustment of
he mass parameter led to a relatively good agreement of the thermal
onductivity of the liquid, but larger deviations arose for the shear
iscosity, see supplementary material.

In summary, the obtained Sutherland potential parameters are
𝜎 = 1.08161672 − 0.12344852 𝑇 ,
𝜀 = 1.49580967 ,
𝑚 = 0.82866477 .

(15)

Consequently, the parameters of the transformed LJTS potential in
utherland space are given by the inverse of Eq. (15), namely the

temperature-dependent size parameter 𝜎𝑆 = (1.08161672−0.12344852 𝑇 )−1
nergy parameter 𝜀𝑆 = 0.6685342 and mass 𝑚𝑆 = 1.2067606. The
ehavior of the two potentials in LJTS space is illustrated in Fig. 2.

For the sub-critical fluid states considered in this work, the transformed
Sutherland potential arises from a horizontal shift in the range between
the two depicted potentials, which correspond to the triple-point tem-
perature 𝑇t r = 0.62 and the critical temperature 𝑇c = 1.08 of the LJTS
fluid according to Ref. [46].
5 
Fig. 3. Saturated densities 𝜌′ and 𝜌′′ (top) and vapor pressure 𝑝𝑠 (center) of the
LJTS fluid and the Sutherland fluid as well as their relative deviations (bottom). All
roperties are given in Sutherland space units.

Table 1
Overview of the transformation of LJTS properties into Sutherland space
(superscript 𝑆).

Property Transformation

length 𝑧𝑆 = 𝑧∕𝜎
time 𝑡𝑆 = 𝑡

√

𝜀∕𝑚∕𝜎
temperature 𝑇 𝑆 = 𝑇 ∕𝜀
density (molar) 𝜌𝑆 = 𝜌𝜎3

pressure 𝑝𝑆 = 𝑝𝜎3∕𝜀
enthalpy (molar) ℎ𝑆 = ℎ∕𝜀
chemical potential (molar) 𝜇𝑆 = 𝜇∕𝜀
thermal conductivity 𝜆𝑆 = 𝜆𝜎2

√

𝑚∕𝜀
shear viscosity 𝜂𝑆 = 𝜂 𝜎2∕

√

𝑚𝜀
particle flux (molar) 𝑗𝑆𝑝 = 𝑗𝑝𝜎3

√

𝑚∕𝜀
energy flux 𝑗𝑆𝑒 = 𝑗𝑒𝜎3

√

𝑚∕𝜀∕𝜀
heat flux 𝑞𝑆 = 𝑞 𝜎3

√

𝑚∕𝜀∕𝜀

3. Results

Simulations under the same boundary conditions were conducted
or both scenarios with MD and EV-DSMC. In the heat flux scenario,
hree bulk liquid temperatures were considered, while the temperature

gradient between liquid and vapor was varied. In the evaporation
cenario, also three bulk liquid temperatures were considered and
he hydrodynamic velocity in the far field of the vapor was varied.

The numerical values of all quantities in this section are discussed in
Sutherland space. However, for the sake of brevity, the superscript 𝑆
is omitted.
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Fig. 4. Density 𝜌 and temperature 𝑇 as a function of the spatial coordinate 𝑧 from one
simulation run with MD and EV-DSMC, respectively, of the heat flux scenario with a
bulk liquid temperature 𝑇L = 0.5348 and a target temperature gradient 𝛥𝑇 ∕𝛥𝑧 = 0.4⋅10−3.

3.1. Heat flux scenario

Density and temperature profiles from MD and EV-DSMC in the heat
lux scenario are depicted in Fig. 4 for exemplary simulations under the

same boundary conditions. From the density profiles, the liquid, vapor
and interface can be clearly identified. The sampled density profiles
obtained with the two simulation methods show a good agreement in
the vapor and liquid. However, the interface thickness calculated by
EV-DSMC is smaller than the one obtained from MD. This deviation
of the density profile from EV-DSMC can be observed for all present
cases in the heat flux scenario (see supplementary material) and can be
ascribed to the differences between the LJTS and Sutherland potentials.
It should be noted that the interface thickness was not considered in the
potential parameter transformation.

The temperature profiles from MD and EV-DSMC agree well for the
case depicted in Fig. 4. While they match almost perfectly in the liquid,
here are deviations in the vapor that are the consequence of the mis-
atch at the interface. The different interface thickness shifts the vapor

emperature profile from EV-DSMC in positive 𝑧 direction. Disregarding
his shift, it can be seen that the slope of both temperature profiles
grees well in the vapor phase. This deviation is visually magnified by
he relatively small gradients and fluxes in this scenario compared to
vaporation. Cases with other boundary conditions, i.e. bulk liquid tem-
erature and temperature gradient, are provided in the supplementary
aterial. For a higher bulk liquid temperature and smaller gradients,
 better agreement between MD and EV-DSMC in the interface region
nd vapor phase was found.

Fig. 5 (top) shows the pressure in the far field of the vapor 𝑝∞
as a function of the temperature gradient between liquid and vapor
𝑇 ∕𝛥𝑧. While the temperature gradients from MD and EV-DSMC differ,
he sampled pressure agrees well. The deviation of the temperature
radients can be explained to some extent by the diverging inter-
ace thickness. Further, the gradients in this scenario are rather small
ompared to evaporation so that the pressure 𝑝∞ mainly depends on
he bulk liquid temperature and the temperature gradient has little
nfluence. Hence, 𝑝∞ approximately corresponds to the saturation vapor
ressure 𝑝𝑠 under VLE conditions (𝛥𝑇 ∕𝛥𝑧 = 0).

3.2. Evaporation scenario

Density, temperature and velocity profiles of simulations sampled
ith MD and EV-DMSC under the same boundary conditions are shown

n Fig. 6. Even though MD and EV-DSMC show an overall good agree-
ent for the liquid and vapor densities, the thickness of the interface

differs, which was also observed in the heat flux scenario. This mis-
match of the density profiles in the interface region is not only present
n the case shown in Fig. 6, but was observed throughout. Similar to
he density profile, the temperature and hydrodynamic velocity profiles
6 
Fig. 5. Pressure in the far field of the vapor 𝑝∞ as a function of the temperature
gradient 𝛥𝑇 ∕𝛥𝑧 in the heat flux scenario (top) and the hydrodynamic velocity in the
far field of the vapor 𝑣𝑧,∞ in the evaporation scenario (bottom). The dashed lines are
a guide to the eye and connect simulations with the same bulk liquid temperature 𝑇L.

Fig. 6. Density 𝜌, temperature 𝑇 and hydrodynamic velocity 𝑣𝑧 as a function of the
patial coordinate 𝑧 from one simulation run with MD and EV-DSMC, respectively,
f the evaporation scenario with a bulk liquid temperature 𝑇L = 0.4947 and a
ydrodynamic velocity in the far field of the vapor 𝑣𝑧,∞ = 0.144. The faint lines in
he center panel show the kinetic temperature in 𝑧 direction.

agree well in the liquid and vapor phases. However, the steep gradients
of temperature and hydrodynamic velocity at the interface are slightly
shifted toward the liquid in the EV-DSMC simulations. This effect is in-
dependent of the bulk liquid temperature or the hydrodynamic velocity
in the far field of the vapor. The second panel of Fig. 6 also shows the
omponent of the kinetic temperature in the downstream direction 𝑧.
he divergence between this component of the kinetic temperature and
he total temperature underlines the strong non-equilibrium character
f this evaporation process. Both simulation methods show a quali-
atively good agreement, even though the kinetic temperature profile
rom EV-DSMC exhibits a larger jump at the interface. This effect is
resent in all evaporation cases, independent of bulk liquid temperature

or hydrodynamic velocity in the far field of the vapor.
Fig. 5 (bottom) depicts the pressure 𝑝∞ as a function of the hydro-

dynamic velocity 𝑣𝑧,∞, both sampled in the far field of the vapor. For
all three bulk liquid temperatures, the agreement between the results
of MD and EV-DSMC is satisfying. Except for small deviations at the
highest values, the sampled hydrodynamic velocity in the far field is
onsistent. However, it can be seen that there is a systematic offset of

the pressure in the far field of the vapor. The values from EV-DSMC are

almost always about 5% larger than those from MD.
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Fig. 7. Particle flux 𝑗𝑝 as a function of the hydrodynamic velocity in the far field of
the vapor 𝑣𝑧,∞ of all simulations in the evaporation scenario. The dashed lines are a
guide to the eye and connect simulations with the same bulk liquid temperature 𝑇L.

Fig. 7 shows the particle flux 𝑗𝑝 as a function of the hydrodynamic
velocity in the far field of the vapor 𝑣𝑧,∞ for the simulations in the
evaporation scenario. Since there is no particle flux under VLE con-
ditions, all three lines, which connect simulations with the same bulk
liquid temperature, have to intersect at the origin. It can be seen that
MD and EV-DSMC yield a very similar particle flux under the same
oundary conditions. Since the particle flux 𝑗𝑝 is given by the product
f hydrodynamic velocity 𝑣𝑧 and density 𝜌, i.e. 𝑗𝑝 = 𝑣𝑧𝜌, also the density

must agree well. This is confirmed by the findings in Fig. 6. Minor
deviations of the resulting particle flux between MD and EV-DSMC were
found for a high bulk liquid temperature and a large hydrodynamic
elocity in the far field of the vapor.

3.3. Jumps due to heat flux and evaporation

The detailed comparisons between MD and EV-DSMC simulations
re completed in this section by a companion analysis of the jumps
hat the hydrodynamic quantities exhibit across the interface and the
earby Knudsen layer. Characterizing these jumps, for instance through
esistivities [4,9,30], allows for connecting the hydrodynamic regions
f liquid and vapor by simple relations, which take the presence of
he interface and Knudsen layer into account. The MD and EV-DSMC
imulations in the evaporation scenario were used to obtain density and
emperature jumps across the Knudsen layer, developed by the vapor
xpansion [40,59]. Temperature jumps caused by a temperature gra-

dient arose from the heat flux scenario. For both scenarios, particular
ttention was devoted to highlighting possible non-ideal gas effects by
ontrasting MD and EV-DSMC jumps with the results of the kinetic

theory of ideal gases.
The latter was applied only to the vapor region by solving the

Boltzmann equation [41]. Coupling with the liquid phase was strongly
implified by assuming a sharp, structureless and planar interface,
here the following boundary condition for the distribution function
was assigned

𝑣𝑧𝑓 (𝐯) = 𝑣𝑧𝑓𝑒(𝐯) + ∫𝑣′𝑧<0
𝐾𝑠(𝐯|𝐯′)|𝑣′𝑧|𝑓 (𝐯

′) 𝑑𝐯′ 𝑣𝑧 > 0. (16)

Eq. (16) states that the flux entering the vapor domain from the
interface results from the superposition of two terms. The first one,
represented by the distribution function 𝑓𝑒, arises from the molecules
that spontaneously evaporate from the liquid bulk. The second term
consists of the molecules that are initially impinging on the interface
with velocity 𝐯′ and are scattered back to the vapor with velocity 𝐯,
after interacting with the liquid for a time that is much shorter than the
vapor mean free time. This assumed instantaneous scattering process is
formally described by the time-independent kernel 𝐾𝑠(𝐯|𝐯′) [41]. The
tandard choice for modeling the vapor–liquid interaction within the

general framework of Eq. (16) is to assume the following Maxwellian
form for 𝑓𝑒

𝑓𝑒(𝐯) = 𝜎𝑒𝑓𝑒𝑞(𝐯), 𝑓𝑒𝑞(𝐯) =
𝜌′′(𝑇I)

( )3∕2
exp

(

− 𝐯2
)

. (17)

2𝜋 𝑅𝑇I

2𝑘B𝑇I

7 
Therein, 𝑇I is the liquid temperature at the interface, whereas 𝜌′′(𝑇I)
s the saturated vapor density at 𝑇I. These expressions assume that the
quilibrium Maxwellian 𝑓𝑒𝑞 has no hydrodynamic velocity and is solely
haracterized by 𝑇I and 𝜌′′(𝑇I). The velocity-independent evaporation
oefficient 𝜎𝑒 accounts for the deviation of the spontaneous evaporation
ate from its nominal value.

The associated scattering kernel 𝐾𝑠 is usually written in the form

𝐾𝑠(𝐯|𝐯1) = (1 − 𝜎𝑒)

{

𝛼
2𝜋(𝑘B𝑇L)2

exp
(

− 𝐯2
2𝑘B𝑇L

)

+ (1 − 𝛼) 𝛿(𝐯 − 𝐯1 + 2[𝐯1 ⋅ 𝐳]𝐳)
}

, (18)

with the velocity-independent accommodation coefficient 𝛼 and the
Dirac delta function 𝛿. According to Maxwell’s gas-surface scattering
model [41], 𝛼 = 0 leads to specular reflection only, while for 𝛼 = 1
there is just diffuse scattering.

The model boundary condition expressed by Eqs. (16) to (18) corre-
sponds to the simplest and, by far, most popular choice to simplify the
complexities of molecular scattering from liquid interfaces, but other
phenomenological models have been proposed [60,61].

3.3.1. Temperature jump in the heat flux scenario
The temperature profiles in the vapor phase were further analyzed

in the framework of the kinetic theory of ideal gases, described by the
oltzmann equation [41]. In this context, temperature jumps across

condensed phase boundaries toward a gas have received considerable
attention [62]. Therefore, it is of interest to compare the present

D and EV-DSMC vapor temperature profiles with ideal gas results,
based on the phenomenological boundary condition given by Eq. (16).
or each case simulated with MD and EV-DSMC, a companion DSMC
imulation of the vapor phase was made, based on the Boltzmann
quation for the ideal hard-sphere gas. As usual [55], reference values

of the hard-sphere diameter or mean free path 𝜆ref were obtained from
the shear viscosity 𝜂 by

𝜆ref =
16

5
√

2𝜋

𝜂(𝑇I, 𝜌′′(𝑇I))

𝜌′′(𝑇I)
√

𝑇I
. (19)

The above relation is exact for the ideal hard-sphere gas, but provides
nly a formal, yet useful, definition of the mean free path for other
nteractions or under non-ideal gas conditions. It should also be noted
hat the comparison of ideal hard-sphere simulations poses fewer prob-
ems in the case of EV-DSMC results since the self-consistent field is
egligible in the vapor phase and the hard-sphere interactions domi-
ate. The shear viscosity of the LJTS fluid has a different dependence

on temperature and density, and using Eq. (19) only allows matching
he shear viscosity of the hard-sphere gas to that of the LJTS fluid at the
pecified reference values, i.e. 𝑇 = 𝑇I and 𝜌 = 𝜌′′(𝑇I). However, in all
onsidered cases, both temperature and density exhibit small deviations
rom the respective reference values so that the effective 𝜆ref can be

considered as representative for the entire gaseous flow field.
When pairing ideal gas simulations with EV-DSMC, 𝜆ref is computed

rom the shear viscosity of the dense hard-sphere fluid 𝜂hs, as given by
the following expression [51]

𝜂hs(𝜌, 𝑇 ) =
𝜂0(𝑇 )
𝑌 (𝑛)

[

1 + 4
5
𝑦 +

( 4
25

+ 48
25𝜋

)

𝑦2
]

, (20)

with the shear viscosity of the ideal hard-sphere gas [63] 𝜂0(𝑇 ) and
𝑦 = 4𝜉 𝑌 (𝑛). For LJTS-related simulations, the shear viscosity from Ref.
64] was used.

Fig. 8 shows 𝜆ref as a function of temperature along the saturated
vapor line of the LJTS and Sutherland fluids. 𝜆ref was computed from
the ideal gas limit of the shear viscosity as well as from expressions that
ake the density dependence into account. The differences are rather
mall for both fluid models. Fig. 8 shows the mean free path normalized

with the respective size parameter 𝜎. A large value indicates a dilute
fluid, where only few interactions occur through binary collisions. A
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Fig. 8. Effective reference mean free path 𝜆ref in the saturated vapor phase as
a function of temperature 𝑇 for the Sutherland fluid (red) and the LJTS fluid
(green). Vertical lines delimit the temperature range of the present simulations. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

small value indicates that the mean free path is on the order of the
olecular size and the fluid is then dense and non-ideal.

For the ideal gas simulations, the computational domain was
bounded by two planar surfaces, located at 𝑧 = 𝑧I and 𝑧 = 𝑧W, with
the spatial width 𝐿V = 𝑧W −𝑧I of the simulation domain. The boundary
condition (16) was applied at 𝑧 = 𝑧I to mimic the presence of the
apor–liquid interface, which is at the position of the maximum slope
f the density profile. Similarly, the temperature 𝑇I in Eq. (16) was
et to 𝑇 (𝑧I). As shown in Refs. [7,65], this choice allows for a good

match between the results of MD/EV and kinetic theory. The required
temperature gradient in the vapor phase was imposed by specifying 𝑇W
n the thermal wall condition (14) at 𝑧 = 𝑧W, with 𝑃abs = 0. At least
5 ⋅ 105 molecules were used and the kinetic boundary condition (13)

as applied at the nominal vapor–liquid interface position 𝑧 = 0. The
vaporation coefficient 𝜎𝑒 was set to unity.

The resulting temperature profiles from those DSMC simulations
are shown in Fig. 9 along with a comparison to EV-DSMC. For the
lowest bulk liquid temperature (bottom), the vapor can be considered
as almost ideal, since 𝜆ref is about 19.4, i.e., much larger than the
molecular hard-sphere diameter. The profiles exhibit a smooth transi-
tion from the liquid to the vapor phase across the interface. Following
the transition, the vapor phase emerges where the temperature gradient
is fairly constant because of the small temperature variation across
the domain. In the EV-DSMC simulations, the region extends up to a
distance on the order of 𝜆ref from the thermal wall. The temperature
gradient was estimated by simple regression methods and the obtained
value was taken for the associated ideal gas simulations by adjusting
the temperature 𝑇W.

The temperature profiles in the vapor obtained by the accompa-
nying ideal gas simulations cannot describe the temperature variation

ithin the interface, but they are in excellent agreement with the
EV-DSMC profiles in the vapor phase. In these particular cases, EV-
DSMC is simulating a nearly ideal hard-sphere vapor so that there
is a good match with the Boltzmann-based hard-sphere simulations.
However, it is not trivial that the imposed phenomenological boundary
condition at the virtual vapor–liquid interface would yield the correct
EV temperature jumps.

For the intermediate bulk liquid temperature 𝑇L = 0.5349, the
eference mean free path 𝜆ref is about 11.3, indicating a weakly non-
deal vapor. This is confirmed by its compressibility at the interface
emperature 𝑍(𝑇I) = 0.89, which is the ratio of real to ideal pressure.
lso in these cases, ideal gas simulations reproduce the EV-DSMC
esults quite well, cf. Fig. 9 (center). For the highest bulk liquid
emperature, the reference mean free path 𝜆ref was around 5.2, whereas
he compressibility 𝑍(𝑇I) dropped to about 0.806. As Fig. 9 (top) shows,

the overall agreement between EV-DSMC temperature profiles and their
associated ideal gas profiles is again good, although the ideal gas
8 
Fig. 9. Comparison of vapor temperature profiles from EV-DSMC and ideal gas
imulations in the heat flux scenario. The vertical lines indicate the position of the
apor–liquid interface.

simulation slightly overestimates the EV-DSMC temperature jump when
the gradient takes its largest value.

A similar comparison with ideal gas profiles was conducted for the
D simulations, cf. Fig. 10. Note that the reference mean free path

f the LJTS fluid is about half of the corresponding Sutherland value,
which is a consequence of the different shear viscosity, cf. Fig. 8.
The LJTS vapor phase is therefore less ideal, which is confirmed by
the slightly lower compressibility 𝑍(𝑇I) over the entire investigated
temperature range, see supplementary material. For the lowest bulk
liquid temperature, the agreement between the respective MD and
deal gas profiles is rather good. The same holds for the bulk liquid
emperature 𝑇L = 0.5349, except for one case, where the ideal profile
verestimates the MD data. The temperature gradient does not seem to

play a role in this discrepancy, which is likely caused by uncertainties
in the temperature gradient estimation. For the highest bulk liquid
temperature, the agreement of the temperature profiles is worse than
for lower bulk liquid temperatures, since it seems that the ideal profiles
overestimate those from MD. Furthermore, the discrepancy increases
with a rising temperature gradient.

3.3.2. Density and temperature jumps in the evaporation scenario
Fig. 11 shows the normalized density and temperature jumps from

D and EV-DSMC simulations for a varying downstream Mach number
𝑀∞ and varying bulk liquid temperature 𝑇L to obtain an increasingly
non-ideal vapor in the downstream flow. The far-field vapor density 𝜌∞
and temperature 𝑇∞ were normalized with the saturated vapor density
at the interface temperature 𝜌′′(𝑇I) and the interface temperature 𝑇I,
respectively. The Mach number was computed from the non-ideal speed
of sound of the LJTS [48] and Sutherland fluids.

MD and EV-DSMC jumps were compared with the following analyt-
ical expressions obtained by Ytrehus [40] and generalized by Cercig-
nani [59] for an evaporation coefficient of unity, which simplify in the
resent case of a monatomic fluid to

𝑇∞
𝑇I

=
⎛

⎜

⎜

⎝

√

𝜋 𝑆2
∞

64
+ 1 −

√

𝜋 𝑆∞

8

⎞

⎟

⎟

⎠

2

, (21)

𝜌′′(𝑇I) =
𝑇∞ 2 exp (−𝑆2

∞
)

√
. (22)
𝜌∞ 𝑇I 𝐹 (𝑆∞) + 𝐺(𝑆∞) 𝑇∞∕𝑇I
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Fig. 10. Comparison of vapor temperature profiles from MD and ideal gas simulations
n the heat flux scenario. The vertical lines indicate the position of the vapor–liquid

interface.

Fig. 11. Normalized density jump 𝜌∞∕𝜌′′(𝑇𝐼 ) (top) and temperature jump 𝑇∞∕𝑇𝐼
bottom) as a function of the downstream Mach number 𝑀∞ from MD (green) and EV-
SMC (red) are compared to ideal gas kinetic theory (dashed line). (For interpretation

of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Therein, the speed ratio 𝑆∞ = 𝑣∞∕
√

2𝑅𝑇∞ with 𝑅 = 𝑘B∕𝑚 is propor-
ional to 𝑀∞. The functions 𝐹 and 𝐺 are defined as

𝐹 (𝑆∞) = −
√

𝜋 𝑆∞
[

1 − erf(𝑆∞)
]

+ exp (−𝑆2
∞
)

, (23)

𝐺(𝑆∞) = (2𝑆2
∞ + 1) [1 − erf(𝑆∞)

]

−
2𝑆∞
√

𝜋
exp

(

−𝑆2
∞
)

. (24)

Eqs. are based on an approximate, but accurate [66] moments
method solution of the Boltzmann equation, combined with an ad hoc
form of the vapor distribution function.
9 
Fig. 12. MD and EV-DSMC vapor compressibility in the far field 𝑍∞ for a varying
bulk liquid temperature 𝑇L as a function of the downstream Mach number 𝑀∞.

MD and EV-DSMC simulations refer to the same bulk liquid tem-
peratures 𝑇L = 0.4947, 0.5348 and 0.6017. The deviation from the
deality of the downstream vapor condition can be seen in Fig. 12.

As expected for both fluids, the vapor compressibility in the far field
𝑍∞ = 𝑝∞∕(𝜌∞𝑘B𝑇∞) decreases when the liquid temperature 𝑇L rises.
or a given 𝑇L, increasing 𝑀∞ leads to a stronger vapor expansion,
ower 𝜌∞ and higher 𝑍∞. Although with different degrees for the two
otential models, the flow conditions range from almost ideal to non-
deal. The deviations from ideal flow conditions do not seem to affect
he density and temperature jumps appreciably. For both MD and EV-
SMC simulations, the temperature jump follows the nearly linear
urve of the ideal gas with an evaporation coefficient of unity. The
ensity jumps are also very close to the ideal gas curve, cf. Fig. 11.

However, both MD and EV-DSMC data show slight deviations at the
highest bulk liquid temperature 𝑇L, where points exceed the jump in
the ideal gas density.

A good agreement between MD, EV-DSMC and kinetic theory jumps
was found, despite the different vapor–liquid interface structure of
the LJ and Sutherland fluid. Jump relationships reflect the way how
vapor molecules are back-scattered or absorbed by the vapor–liquid
interface and the way liquid phase molecules evaporate. The good
agreement suggests that in both models, the evaporation coefficient is
close to unity, i.e., most of the vapor molecules hitting the interface are
bsorbed and liquid phase molecules enter the vapor region with a half-
ange Maxwellian distribution which is characterized by the saturated
apor density at the interface temperature.

4. Conclusions

The present study compared MD with EV-DSMC simulations fo-
cusing on two different scenarios under non-equilibrium conditions
which comprised a vapor–liquid interface, where macroscopic quanti-
ties exhibit variations on the molecular size scale. The MD simulation
method rested on the LJTS potential, while EV-DSMC simulations were
conducted with the Sutherland potential. Since these two potentials
are structurally different, a transformation between them was derived
which accurately matches the VLE behavior of the two fluids defined by
these potentials. The two non-equilibrium scenarios were used to assess
the performance of both methods across a wide range of driving forces
with a focus on the vapor–liquid interface. In the heat flux scenario,
a closed system with a temperature gradient between bulk liquid and
vapor far field was investigated, while in the other scenario classical
evaporation into a half-space was considered, with a net particle flux,
but zero heat flux in the vapor.

In the heat flux scenario, MD and EV-DSMC simulations showed
a good agreement in the liquid and vapor phases, particularly with
respect to density and temperature. However, there was a notable dif-
ference in the interfacial region. The interface thickness from EV-DSMC

was consistently smaller than that obtained with MD for all considered
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temperatures and driving forces. This thinner interface from EV-DSMC
ed to a shift of the temperature profile in the vapor phase, while its
lope agreed well. Despite this difference, the overall agreement of the
ethods with respect to the heat flux was good.

In the evaporation scenario, the agreement of MD and EV-DSMC
imulations was similar. Density and temperature in the bulk liquid and
apor phases agreed well, but the EV-DSMC simulations consistently
ielded a thinner interface region. Nevertheless, the pressure in the far
ield of the vapor, the particle flux and the hydrodynamic velocity from
he two simulation methods matched well.

The present work also investigated density and temperature jumps
cross the interface. For the heat flux scenario, both MD and EV-
SMC produced similar results with an overall good agreement. Small
eviations between the ideal gas DSMC calculations and the MD sim-
lations were observed for the highest temperature combined with
trong gradients. This can be attributed to the DSMC simulations, which
odel the vapor as an ideal gas, which does not fully hold at high

emperatures and in the vicinity of the interface. In the evaporation
cenario, the normalized temperature and density jumps from MD and
V-DSMC matched rather well with the predictions of the kinetic theory
f ideal gases assuming an evaporation coefficient of unity.
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ional figures on the comparison between the LJTS and Sutherland
otentials. Also included are property profiles resulting from the MD
nd EV-DSMC simulations, covering the heat flux scenario and the
vaporation scenario.
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