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ABSTRACT

Understanding the temperature profile across a liquid–vapor interface in the presence of phase change is essential for the accurate prediction
of evaporation, boiling, and condensation. It has been shown experimentally, from non-equilibrium thermodynamics and using molecular
dynamics simulations, the existence of an inverted temperature profile across an evaporating liquid–vapor interface, where the vapor-side
interface temperature observes the lowest value and the vapor temperature increases away from the interface, opposite to the direction of
heat flow. It is worth noting, however, that an inverted temperature profile is not always the case from other experiments and simulations.
In this study, we apply non-equilibrium molecular dynamics simulations to systematically study the temperature profile across a liquid–
vapor interface during phase change under various heat fluxes in a two-interface setting consisting of both an evaporating and a condensing
interface. The calculated vapor temperature shows different characteristics inside the Knudsen layer and in the bulk vapor. In addition, both
the direction and magnitude of the vapor temperature gradient, as well as the temperature jump at the liquid–vapor interface, are functions of
the applied heat flux. The interfacial entropy generation rate calculated from the vibrational density of state of the interfacial liquid and vapor
molecules shows a positive production during evaporation, and the results qualitatively agree with the predictions from non-equilibrium
thermodynamics.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0024722., s

I. INTRODUCTION
Evaporation and condensation, where heat and mass transport occur across a liquid–vapor interface, are everywhere in
nature1–8 and crucial for thermal management,9–12 waste heat recovery,13,14 water desalination,15,16 and among other engineering applications.17–21 Assuming vapor molecules are in equilibrium with a
liquid–vapor (L–V) interface and behave as an ideal gas having a
Maxwell–Boltzmann (MB) velocity distribution,22,23 the evaporative
flux can be described by the Hertz–Knudson (HK) relation follow√
V
Ps (TIL )
m
ing jLV =
(σe √
− σc √P V ), where m is the mass of vapor
2πkB
L
TI

TI

molecules, kB is the Boltzmann constant, σ e and σ c are the evaporation and condensation coefficients, TIL and TIV are the temperatures
of liquid and vapor at the interface, and Ps (TI L ) and PV are the saturation pressure at the interfacial liquid temperature and the vapor
pressure, respectively. Accurate predictions of the evaporation and
condensation coefficients, which are often considered equal24 and
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referred to as the mass accommodation coefficient (i.e., the ratio of
the number of molecules crossing an L–V interface to those impinging on it25 ), temperature jump at the L–V interface, TIL − TIV , and
vapor-side temperature gradient are, hence, important to better estimate the heat flux associated with the evaporation and condensation
processes.
Consider a two-interface problem consisting of an evaporating
and a condensing interface, as shown in Figs. 1(a) and 1(b), where a
saturated vapor region of length, L, larger than the Knudsen layer,
lKn , is sandwiched between its own condensed phase. Inside the
Knudsen layer adjacent to an L–V interface, the collisions of vapor
molecules with the liquid molecules dictate the molecular behavior. The thickness of the Knudsen layer during evaporation can be
approximated as lKn ≈ 1.5l, where the heat flow reduces by a factor
of 10 and is valid when √ VzV
→ 0,26 where V z is the advection
5kB T /3m

velocity of vapor molecules, T V is the vapor temperature, and l is
the mean free path of vapor molecules. To be more precise, the ratio
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FIG. 1. The temperature profile across
an L–V interface with phase change. (a)
and (b) are the temperature profiles of
a two-interface problem with evaporation
at the left interface and condensation on
the right. (a) A conventional temperature
profile: q′′V > 0 and TIL − TIV > 0. (b)
An inverted temperature profile: q′′V < 0
and TIL − TIV > 0. (c)–(e) are the
temperature profiles of the evaporatinginterface-only problem. (c) A conventional temperature profile: q′′V > 0 and
TIL − TIV > 0. (d) An inverted temperature profile: q′′V < 0 and TIL − TIV > 0.
(e) An inverted temperature profile: q′′V
< 0 and TIL − TIV < 0.

of lKn /l can be approximated by fitting a second order polynomial,26
and the mean free path l is given by27
√
l = 1/( 2πda 2 na ).

(1)

Here, da is the diameter and na is the number density of vapor
molecules. A temperature difference, 2ΔT, between the hot end on
the left, T h , and the cold end on the right, T c , initiates evaporation
and condensation at the two L–V interfaces, respectively. Molecules
leaving the evaporating interface travel through the vapor region and
condense at the condensing interface, where the direction of latent
heat flux (or mass flux) is from left to right. Two different temperature profiles exist in the literature. The conventional temperature
profile shown in Fig. 1(a) has a positive interface temperature jump,
TIL − TIV > 0, and a decrease in vapor temperature away from the
evaporating interface, q′′V > 0, where q′′V is the sensible heat flux in
the vapor phase, whereas in an inverted temperature profile shown
in Fig. 1(b), the vapor temperature increases away from the evaporating interface (q′′V < 0) and the interface temperature observes a
positive jump (TIL − TIV > 0).
Another common setting for interface temperature studies is
the evaporating-interface-only problem shown in Figs. 1(c)–1(e),
where evaporation is initiated by either increasing the liquid temperature or reducing the vapor pressure. Figure 1(c) shows a conventional temperature profile with q′′V > 0 and TIL − TIV > 0, while
Fig. 1(d) depicts an inverted temperature profile with q′′V < 0 and
a positive interface temperature jump TIL − TIV > 0. Figure 1(e)
shows an inverted temperature profile with q′′V < 0 and a negative
interface temperature jump TIL − TIV < 0, which only exists for the
evaporating-interface-only scenario.
Not surprisingly, the temperature profile across an L–V interface during phase change has been extensively explored based on
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the kinetic theory, experimental measurements, non-equilibrium
thermodynamics, molecular dynamics (MD) simulations, and
continuum-level simulations.28–30 The possibility of an inverted
temperature profile with a positive temperature jump, as depicted
in Fig. 1(b), was predicted by Pao31 and others32–37 by using the
classical kinetic theory for a two-interface problem. Experimental studies by Fang and Ward,38 Badam et al.,39 and Duan et al.40
reported inverted temperature profiles with a negative temperature jump [Fig. 1(e)], while Shankar and Deshpande41,42 reported a
conventional temperature profile with a positive temperature jump
[Fig. 1(c)] for the evaporating-interface-only problem. Gatapova
et al.43 and Zhu et al.44,45 experimentally investigated the effect of
heat flux on the temperature profile of the evaporating-interface case
and showed that a high heat flux leads to a conventional temperature profile [Fig. 1(c)], while a low heat flux results in an inverted
temperature profile [Fig. 1(e)]. Using non-equilibrium thermodynamics, Kjelstrup et al.46 derived the condition for the existence
of an inverted temperature profile, similar to the case shown in
Fig. 1(b) (q′′V < 0 and TIL − TIV > 0), and found that evaporation
against a supersaturated vapor or condensation from an undersaturated vapor is the criterion for an inverted temperature profile,
where the boundary conditions used in heat and mass transport
across an interface were obtained from MD simulations of LennardJones (LJ) fluids. Considering a two-interface problem in a stationary state of statistical thermodynamics, the interfacial entropy
generation rate per unit L–V interface area can be written as Ṡgen
=

q′′ V
(TI L
TI L TI V

− TI V ) + m′′ T1L Δμ(TI L ), where m′′ is the evaporaI

tion flux and Δμ(TI L ) = μL (TI L ) − μV (TI L ), the chemical potential difference across the L–V interface, is positive for evaporation and negative for condensation.46,47 At the evaporating interface, for conventional temperature profiles (q′′V > 0) shown in
Figs. 1(a) and 1(c), both terms contributing to the interfacial entropy
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generation rate are positive making Ṡgen ≥ 0. For inverted temperature profiles (q′′V < 0) shown in Figs. 1(b) and 1(d), if
q′′ V

m′′ T1L Δμ(TI L ) ≥ ∣ T L T V (TI L − TI V )∣, an inverted temperature proI

I

I

file on the vapor side (q′′V < 0) can take place at TIL − TIV > 0 without
violating the second law of thermodynamics, Ṡgen ≥ 0.46 For the case
shown in Fig. 1(e), an inverted temperature profile on the vapor side
(q′′V < 0) with a negative temperature jump (TIL − TIV < 0) also leads
to Ṡgen ≥ 0.
MD simulations have been used as a powerful tool to understand the evaporation and condensation processes at an atomistic
level.25,48–59 Unlike the kinetic theory and non-equilibrium thermodynamics, MD simulations do not impose any boundary conditions
at the L–V interface. Recent MD studies48,51,52,54,55 tried to address
the discrepancy in the temperature profile across an L–V interface
during phase change between the kinetic theory31–33,35,36 and Fang
and Ward’s experiments.38 Frezzotti et al.55 provided the first evidence of an inverted temperature profile for a two-interface problem
[Fig. 1(b)] using MD simulations of LJ fluids. Cheng et al.51 studied the temperature profile with and without the advection term for
an evaporating-interface-only problem using LJ fluids composed of
monomer, dimer, and trimer, respectively, with 3 × 106 atoms.51
When the advective motion was included, the temperature gradient in the vapor region was found to be positive, q′′V < 0, with a
positive interface temperature jump TIL − TIV > 0 [Fig. 1(d)], while
the conventional temperature gradient (q′′V > 0) in vapor with a
positive temperature jump at the interface TIL − TIV > 0 [Fig. 1(c)]
was found when temperature is calculated using the mean kinetic
energy without the advection term.51 Using LJ fluids, Bird and
Liang52 studied both evaporating-interface and two-interface problems and found temperature anisotropy inside the Knudsen layer
adjacent to the L–V interface, where the vapor temperature without the advection term increases away from the evaporating interface in the mass flux direction but decreases perpendicular to mass
flux, whereas an isotropic temperature is found outside the Knudsen
layer.
Although studied extensively, the temperature profile across
an evaporating or condensing interface is still under debate as
demonstrated by the contradictory findings summarized above.
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Non-equilibrium thermodynamic calculations show that both
inverted and conventional temperature profiles exist. Are different temperature profiles simply due to the magnitude of heat flux?
Or are they related to the location of the temperature measurement, whether inside or outside the Knudsen layer? Because the
studies based on the kinetic theory often depend on prescribed
boundary conditions and the experimental artifacts can also be
non-trivial for accurate probing of the interfacial temperatures,
MD simulations can provide atomistic insights into the temperature profile across an L–V interface but have not been applied
to non-LJ fluids. The characteristics of vapor temperature profiles inside and outside the Knudsen layer also need to be further
explored.
In the present study, non-equilibrium MD simulations were
performed for a two-interface problem to investigate the temperature profile across an L–V interface during evaporation and condensation. Temperature profiles on the vapor side and the temperature
jump at the evaporating interface were analyzed for different heat
flux conditions. The TIP4P-Ew rigid water model60 was used, taking
into account both the translational and rotational components of the
kinetic energy. Different vapor temperature profiles were observed
inside the Knudsen layer and in the bulk vapor region. The interfacial entropy generation rate was also calculated from the vibrational
density of state (VDOS) of liquid and vapor molecules in the bulk
and interfacial regions, and the results were compared against nonequilibrium thermodynamics. In Sec. II, the MD simulation setup,
temperature, accommodation coefficient, and entropy calculation
are described in detail. The validation of MD computed water and
vapor entropies is shown in Sec. III. The simulation results and comparison with the literature are summarized in Sec. IV. Section V
presents the conclusion.

II. SIMULATION METHODOLOGY
A. MD simulation setup
MD simulations were performed to probe the temperature profile for a two-interface problem during evaporation and condensation. Figure 2 shows the computational domain containing solid

FIG. 2. MD simulation setup showing
the computational domain consisting of
solid, liquid, and vapor regions with
Knudsen layers on the vapor side of the
L–V interfaces for the study of evaporation and condensation processes. Red
and blue boxes correspond to heat
source and sink, respectively. The thin
water film of thickness, δ, in contact with
solid gold evaporates due to the presence of a heat source. Heat and mass
transport occur across both L–V interfaces. Vapor molecules have velocities
along x, y, and z directions, denoted as
v x , v y , and v z .
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gold, liquid water, and water vapor regions. Vapor region length
is defined as the distance between the liquid water interfaces at
the two ends. Vapor regions of 22.7 nm, 52.7 nm, and 102.7 nm
in length, sandwiched between liquid regions of 5 nm thickness, were used to examine the size independence of the evaporation flux. Periodic boundary conditions were applied along x,
y, and z directions. Two atomic layers of gold were frozen at
each end of the domain in z for all simulations. Interactions
between water and gold were described using the 12-6 LennardJones potential, where the energy and distance parameters are
εAu/O = 8.3 kJ/mol, σ Au/O = 2.95 Å, εAu/H = 0, and σ Au/H = 0,
respectively.61,62 The water–water interaction was described using
the TIP4P-Ew water model, which accurately predicts the energetic and entropic aspects of intermolecular interactions and also
tested from the triple point to the critical point.60,63 The embedded
atom model (EAM) potential was used to model the interactions
between gold atoms.64 The long-range intermolecular interactions
were calculated using the particle–particle–particle–mesh (PPPM)
method. All the simulations were performed using a Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) with a
time step of 1 fs.65
Solid gold surfaces and thin water films were equilibrated separately using an NVT (N the number of atoms, V the volume, and
T the temperature) ensemble at 300 K (the boiling point of the
TIP4P-Ew water model is at 370.3 K60 ) and then merged together
to create a two-interface problem shown in Fig. 2. The merged system was then equilibrated at 500 K using an NVT ensemble until
the temperature profile along the solid, liquid, and vapor becomes
uniform at 500 K. The saturated vapor region at 500 K was selected
such that the mean free path of vapor molecules is small, leading
to a narrow Knudsen layer, lKn . For a mean free path calculation, a
good estimation of water molecule diameter is the interaction distance between oxygen atoms of the TIP4P-Ew water model, σ O/O
= 3.164 35 Å.66 Using the interaction distance of 3.164 35 Å and
number density of na = 0.368 molecules/nm3 , the mean free path
is ≈6.1 nm, calculated using Eq. (1). In the present study, during evaporation, the advection
velocity, V z , varies from 13 m/s to
√
102 m/s, resulting in Vz / (5kB T V /3m) varying between 0.022 and
0.164 at a vapor temperature of 500 K, which yields the thickness of the Knudsen layer varying from 10.1 nm to 10.73 nm.26
This corresponds to a Knudsen number of ≈0.2 for the vapor
region of length 52.7 nm, suggesting that the vapor region is transitional, where the bulk vapor is bounded by the two Knudsen layers adjacent to the L–V interfaces. A large vapor region along the
heat flux direction in the present MD study allowed for accurate
probing of the temperature profile inside and outside the Knudsen layer during evaporation and condensation for a two-interface
problem.
Once the system reached equilibrium at 500 K, determined by
the temperature variation of the MD setup including the solid, liquid, and vapor regions to be within 0.6%, non-equilibrium molecular dynamics (NEMD) simulations using NVE (E is the total
energy) ensembles were carried out to examine the evaporation
and condensation processes. To initiate evaporation, the hot end
temperature, T h , was kept above 500 K, while the cold end, T c ,
was below 500 K. As heat transferred through the solid wall and
water film, water molecules started to evaporate, and the evaporated
vapor molecules traveled from the evaporating interface through the
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saturated vapor region and condensed on the cold end. The evaporation and condensation rates were evaluated using the rate of
change of water molecules in thin water films on the hot and
cold ends, respectively. The instantaneous evaporation flux, mi ′′ ,
was then calculated by dividing the evaporation rate by the interface area, Lx Ly , where Lx = Ly = 15.5 nm. The system reached
the steady-state conditions when the instantaneous evaporation flux
became constant, where the evaporation flux, m′′ , was calculated
by averaging the instantaneous values, mi ′′ , over the steady-state
time frame. The steady-state evaporation heat flux was calculated
using q′′ = m′′ hfg , where hfg is the latent heat of evaporation. To
keep heating and cooling symmetric, ΔT = T h − 500 K = 500 K
− T c was maintained in all cases and ΔT values of 6.25 K, 12.5 K,
25 K, and 50 K were applied to create four different heat flux
conditions.
B. Temperature calculation
Temperature profiles along the z-axis in the solid, liquid, and
vapor regions of the two-interface problem are investigated under
the steady-state conditions. The simulation domain is divided into
different slices for temperature calculations with a thickness of
0.63 nm for solid gold, 0.67 nm for liquid water, and 5 nm for
vapor. To ensure good statistics in temperature calculations, the
cross sectional area of the system was set to 15.5 nm by 15.5 nm
together with periodic boundary conditions. To further improve the
accuracy of temperature calculations, three independent runs were
performed for each case to get the average temperature and uncertainty for each data point. For solid gold, the temperature is calculated based on the total kinetic energy of all atoms within the slice,
following
Tsolid =

2 1 N 3 1
⟨ ∑ ∑ mn vn,i 2 ⟩.
3kB N n=1 i=1 2

(2)

Here, T is the temperature of each slice, the symbol ⟨⋯⟩ denotes
the time averaged within the steady-state limit, N is the number of
atoms, kB is the Boltzmann constant, mn is the mass of each atom,
and vn,i is the velocity of atom n in the i coordinate. For the rigid
TIP4P-Ew water model incorporating both translational and rotational components of kinetic energy during temperature calculation,
Eq. (2) is modified as
Twater =

1 1 N 3 1
⟨ ∑ ∑ mn vn,i 2 ⟩.
kB N n=1 i=1 2

(3)

Here, atom n can be an oxygen or hydrogen atom and N is the summation of all oxygen and hydrogen atoms in the slice. For water
vapor, the temperature calculation leaving out the bulk advective
motion due to mass flux in z is as follows:
Tvapor =

1 1 N 1
⟨ ∑ mn [vn,x 2 + vn,y 2 + (vn,z − v̄n,z )2 ]⟩.
kB N n=1 2

(4)

Here, x and y are parallel, and z is perpendicular to the L–V
interface. When the atom n is an oxygen atom, the term v̄n,z in
Eq. (4) is calculated considering only all oxygen atoms in that slice,
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N

∑ vn,z . Similarly, when the atom n is a hydro-

n=1

gen atom, only hydrogen atoms in that slice are considered for the
calculation of v̄n,z .
C. Accommodation coefficient calculation
The temperature jumps and profiles across the interface during evaporation in a two-interface setting are a classical problem,
studied by others using different approaches and set of assumptions. In the present study, mass accommodation coefficient is
approximated using classical relations for different mass fluxes to
put our work into perspective. Schrage modified the HK relation
into the Hertz–Knudsen–Schrage (HKS) relation following jLV HKS
√
V
Ps (TIL )
2
m
= 2−σ
(σe √
− σc √P V ), which can be rewritten for an
2πkB
L
c
TI

TI

evaporation heat flux across an L–V interface considering the mass
accommodation coefficient σ = σ e = σ c 67,68 as
LV

j

HKS

2σ
=
2−σ

√

m ⎛ Ps (TIL )
PV ⎞
−√
.
√
2πkB ⎝ TIL
TIV ⎠

(5)

Equation (5) is only valid when the advection velocity of vapor
molecules during evaporation is much smaller compared to thermal
velocities, where using the HKS relation can lead to more than 20%
error in the mass accommodation coefficient calculation.69 A more
accurate relation is provided by Schrage as follows:67,68
√
LV

j

S

=σ

√
√
kB
(ρs (TIL ) TIL − Γ(vR )ρV TIV ),
2πm

(6)

where ρs (TIL ) is the saturation vapor density, calculated at interfacial
water temperature TIL ,63 ρV is the vapor density at interface vapor
2
√
temperature TI V , and Γ(vR ) = e−vR − vR π(1 − erf (vR )). Here,
vR is the advection to thermal velocity ratio of vapor molecules.
Equation (6) is proven to be accurate for monoatomic and molecular non-polar fluids,69,70 as well as recently for polar fluids, such as
water.71 It considers the advection motion of vapor molecules and is
used instead to calculate the mass accommodation coefficient. The
resulting average mass accommodation coefficients are in the range
0.95–1.06.
III. ENTROPY CALCULATION FOR BULK WATER,
VAPOR, AND STATIONARY L–V INTERFACE
To verify whether the MD-calculated temperature profiles
across an L–V interface satisfy the second law of thermodynamics, the interfacial entropy generation rate is calculated based on
atom trajectories from MD simulations. Various methods, such as
the truncated expansion of molecular pair correlation functions,72
two-body pair correlation function,73 and cell theory,74 have been
applied to evaluate the entropy of a liquid from MD simulations, but
have only been limited to 25 ○ C and 1 atm due to the use of harmonic
approximations that inadequately account for the low frequency
modes of density of states.75,76 For the gas phase, where the low frequency modes of density of state functions are highly anharmonic
and representative of the diffusive motion, hard sphere assumptions
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are often used for the entropy calculation.76 For example, the twophase thermodynamics (2PT) model has been introduced to predict the thermodynamic properties of a liquid or gas by accounting
for the fluidicity parameter that determines the gas–solid partition
in a liquid, where quantum statistics is considered for the solid
component and hard sphere/rigid rotor thermodynamics for the
gas component.76 The 2PT model has been used to accurately predict the entropy of gas, liquid, and crystal, including various water
models, e.g., TIP4P-Ew, both in the bulk76 and in the interfacial
region.77
In the present study, the L–V interfacial entropy generation
rate during evaporation is calculated using the 2PT model.75,76 The
translational and rotational velocity components of water molecules,
extracted from the corresponding velocities of each atom every 10 fs,
are used to calculate the vibrational density of state (VDOS)
using the Fourier transform of the velocity autocorrelation functions within a time interval (e.g., 10 ps). The fluidicity parameter,
dependent on temperature and material properties such as density and diffusivity, is used to obtain the gas–solid partition in
the translational and rotational VDOS. Solid- and gas-like components of translational and rotational VDOSs are weighted by
weighting functions76 and then integrated to get the entropy, following the entropy calculation procedure shown in the top row of
Fig. 3.
In this section, the 2PT model for entropy calculations from
MD simulations is first validated for bulk liquid and vapor phases
and then tested for a stationary L–V interface at 298 K. The systems of liquid and vapor are each equilibrated for 2 ns using the
NVT ensemble at 298 K before taking the atom trajectories for
10 ps. The translational and rotational components of the VDOS
as a function of wave number for bulk TIP4P-Ew water at 298 K
are shown in Figs. 3(a) and 3(b), respectively, where the inset in
Fig. 3(b) shows the simulation setup of a cubical cell of 3.1 nm in
size containing 1000 water molecules with periodic boundary conditions.78 The VDOS values of the liquid phase are shown as black
solid lines, which are a combination of solid-like and gas-like phases
represented by red dashed and blue dashed–dotted lines, respectively. The red and blue dashed lines are multiplied by the proper
weighting functions76 and then integrated to calculate the entropy
for solid-like and gas-like phases. Solid-like and gas-like entropy
values are then added to get the entropy for the liquid. The MDcalculated translational and rotational components of the absolute
entropy are 52.13 J/mol K and 9.55 J/mol K for bulk water at 298 K,
which agree well with the predicted values of 49.79 J/mol K and 9.53
J/mol K for the TIP4P-Ew water model.76 The total entropy calculated by adding the two components is 61.68 J/mol K, which matches
well with the literature prediction of 59.32 J/mol K for the TIP4PEw water model and comparable to that of 69.95 J/mol K from
experiments.76
The translational and rotational components of the VDOS as
a function of wave number for bulk vapor at 298 K are shown in
Figs. 3(c) and 3(d), respectively. Comparing Figs. 3(a) and 3(c), the
translational part of the VDOS shows an obvious difference between
liquid and vapor, where the zero-frequency vibrational mode for
the vapor phase is higher supporting the higher diffusivity of vapor
molecules compared to that of the liquid. For the vapor phase
entropy calculations, a cubical cell of 109.3 nm in size containing
1000 water molecules is chosen based on the density of water vapor
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FIG. 3. The MD-calculated (a) translational and (b) rotational components of
the VDOS as a function of wave number
for bulk liquid in a cubical cell of 3.1 nm
in size containing 1000 water molecules
with periodic boundary conditions at
298 K. The MD-calculated (c) translational and (d) rotational components of
the VDOS as a function of wave number for bulk vapor in a cubical cell of
109.3 nm in size containing 1000 vapor
molecules with periodic boundary conditions at 298 K. Both water and vapor are
treated as a combination of solid and gas
in the 2PT model. Red and blue lines
show the solid-like and gas-like behaviors of the translational and rotational
components, respectively. The terms
Strans and Srot are the entropies calculated from the translational and rotational
components of velocities, respectively.
The absolute entropy and number density plot for a thin water film with a stationary L–V interface equilibrated at 298
K are shown in (e), and the MD system
considered for this case is shown in (f).
The shaded area shows the L–V interfacial region of ≈0.5 nm, where the dashed
line is the center of the L–V interface.

at 298 K,78 and the calculated translational and rotational components of entropy are 168.2 J/mol K and 63.6 J/mol K, respectively. A
total entropy of 231.8 J/mol K is obtained, which matches well with
the experimentally measured entropy of 217.63 J/mol K for water
vapor at 298 K.76
The entropy calculation is then extended to a stationary L–V
interface, where a 6.2 nm thick water film containing 32 000
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molecules is equilibrated using the NVT ensemble at 298 K for 2 ns
inside a domain of 12.4 × 12.4 × 14.2 nm3 in size, as shown in
Fig. 3(f). The absolute entropy and number density are plotted in
Fig. 3(e) with respect to the distance from the center of the liquid film due to symmetry. The number density plot shows that
the L–V interface has a thickness of ≈0.5 nm where the density
decreases sharply from 0.95n̄a,l to 0.05n̄a,l . The center of the L–V
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interface at z = 3.07 nm is shown as a dashed line in Fig. 3(e),
L−V

determined by ∫ (n̄a,l − na )dz =
−∞

∞

∫ (na − n̄a,v )dz, where n̄a,l

L−V

≈ 33 molecules/nm3 and n̄a,v ≈ 0.001 molecules/nm3 are the MDcalculated average number densities of the liquid and vapor phases,
respectively. The local entropy is calculated in each slice of 0.25 nm
thick based on the 2PT model. The resulting averaged entropy is
≈61.24 J/mol K in the bulk liquid and increases monotonically inside
the interfacial region, consistent with the entropy values obtained
from the TIP4P/2005 water model at 298 K.77 The validated 2PT
model is then used to predict the entropy generation rate of the L–V
interfacial region during evaporation.
IV. RESULTS AND DISCUSSION
A. Steady state and system size
The present MD study focuses on the two-interface problem
shown in Fig. 2. Figure 4(a) shows the instantaneous evaporation
flux, mi ′′ , as a function of time for a 5 nm water film evaporating from a flat gold surface at T h = 525 K and T c = 475 K.
The evaporation flux increases rapidly with time, plateaus after
0.4 ns, and then fluctuates within 15% of the steady-state value of
34 885 mol/m2 s, time-averaged within the steady-state limit of 0.4
ns–5.5 ns. Due to continuous evaporation, the liquid film thickness gradually decreases and leads to an increase in the disjoining
pressure, an excess pressure arising due to the solid–liquid intermolecular interactions. After 5.5 ns, the strong disjoining pressure suppresses the evaporation flux which gradually decreases over
time until a thin non-evaporating film remains on the solid surface. To check whether the length of the vapor region affects the
evaporation process, MD simulations with vapor region lengths of
22.7 nm, 52.7 nm, and 102.7 nm were performed under the same
conditions of setting T h = 525 K and T c = 475 K. As shown in
Fig. 4(b), the evaporation flux is found to be independent of the
vapor length, varying from 34 255 mol/m2 s to 35 295 mol/m2 s,
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with ∼3% fluctuation. This observation is consistent with the evaporation mass flux independent of the vapor length when the vapor
region is larger than the Knudsen layer.52 Considering the mean
free path of vapor molecules as ≈6.1 nm, a vapor region of 52.7 nm
is considered in the remainder of the study for probing the temperature profile across an L–V interface during evaporation and
condensation.
B. Vapor temperature
Figure 5 shows the MD-calculated steady-state temperatures
and number density profiles along z, the direction of heat flux, for
the system consisting of a vapor region bounded by two thin water
films. Temperatures of the hot and cold ends are kept at 525 K and
475 K, respectively. The number density profile at 1.3 ns shows the
locations of the evaporating and condensing interfaces at z = 9.5 nm
and 62.2 nm, respectively, making the vapor region of 52.7 nm in
length. The steady-state vapor temperatures are time-averaged values between 1.3 ns and 4.0 ns within the steady-state evaporation
limit of 0.4 ns–5.5 ns, as shown in Fig. 4(a). Due to continuous evaporation and condensation, the evaporating interface moves 2.4 nm
and the condensing interface moves 2.25 nm between 1.3 ns and
4.0 ns, where the slight difference is due to the dependence of water
density on temperature. The vapor slices for temperature calculations are kept stationary, where the bulk vapor advection velocity
is around two orders of magnitude larger than the velocity of the
L–V interface. A total of 10 vapor slices are considered with 5 nm
thick each except for the last one on the right of 3 nm thick and
the first vapor slice 2 nm away from the evaporating interface at
t = 1.3 ns.
The MD-calculated number density, number of water molecules
per unit volume, along the z-axis at t = 1.3 ns shows ≈28
molecules/nm3 on the evaporating liquid side, ≈30 molecules/nm3
on the condensing liquid side, ≈0.4 molecules/nm3 in the vapor
region, and varies sharply from one phase to another at the evaporating and condensing interfaces. The Knudsen layer, which is

FIG. 4. (a) Instantaneous evaporation flux over time for a thin water film on a gold surface, calculated at the evaporation end of the two-interface problem shown in Fig. 2,
depicting the steady state after 0.4 ns. (b) Evaporation fluxes for different vapor region lengths. The red dashed box contains water molecules of the thin water film, and the
arrow shows the direction of latent heat transport. The number of water molecules remaining in the red dashed box is used to calculate the instantaneous evaporation flux.
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FIG. 5. MD-calculated steady-state temperature and number density profiles
along z for ΔT = 25 K. The vapor temperature of length 52.7 nm is divided
into three sub-regions: Negative slopes
inside the Knudsen layers and positive
slope in the bulk region. The error bar for
the liquid is smaller than the symbol size.

≈10.3 nm for a ΔT value of 25 K at the vapor-side temperature of
500 K, is shown as an arrow in Fig. 5. Additional simulations were
run for each case using three different random velocity seeds to calculate the average temperature with a standard error, as shown in
Fig. 5, where the error bar for the liquid is smaller than the symbol size. The temperature profile on the liquid side indicates that
the sensible heat flux is toward the evaporating interface. The vaporside temperature is calculated using Eq. (4), which excludes the bulk
vapor motion or the advection term and is per vapor slab of 5 nm
thick consisting of ≈500 vapor molecules. All the MD-calculated
temperature values are time-averaged over 2.7 ns. As shown in Fig. 5,
the vapor temperature does not vary monotonically but instead has
negative slopes inside the Knudsen layers next to the evaporating
and condensing interfaces and a positive slope in the bulk vapor
region. This bulk vapor temperature profile is consistent with MD

predicted inverted temperature profiles for a two-interface problem using LJ fluids,55,79,80 but contradicts with the findings of Cheng
et al.51 for the evaporating-interface-only case where the vapor temperature profile is calculated within a small region ≈50 times the
diameter of the vapor atoms.51 The present MD-calculated vapor
temperature profile outside the Knudsen layers is also consistent
with the kinetic theory predictions illustrated in Fig. 1(b) and the
experimental findings of Fang and Ward in an evaporating-only
setting.38 In addition, the positive temperature jump across the
evaporating interface (TIL − TIV > 0) in the current MD study is
consistent with other MD studies52,55,69,79,80 for both two-interface
and evaporating interface problems and the kinetic theory,31,32 but
contradicting with the negative temperature jump (TIL − TIV < 0)
obtained by Fang and Ward.38 Even though the interface temperature measurement of Fang and Ward38 was taken around one

FIG. 6. Temperature jumps at (a) the evaporating (ΔTevp = TI L − TI V ) and (b) condensing interfaces (ΔTcond = TI V − TI L ) for the two-interface problem for a ΔT value of
25 K. The black dashed line is the center of the interface, and red circles and green triangles show the calculated liquid and vapor temperatures. Red and green dashed lines
are the least-squares fittings. Solid black line shows the steady-state number density profile along z at 1.3 ns.
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mean free path (≈19 μm) from the interface within the Knudsen layer, the temperature jump right at the evaporating interface
is still difficult to probe especially considering the experimental
artifacts.
Figure 6 shows the MD-calculated liquid and vapor temperatures, the least-squares fittings, and the number density profile
in the vicinity of the evaporating and condensing interfaces. The
number density profile reveals a L–V interface thickness of ≈2 nm
for T h = 525 K and T c = 475 K as compared to that of 0.5 nm
at 298 K due to a much higher temperature and the resulting
higher vapor and lower water densities.81 Both the liquid and vaporside interface temperatures are extrapolated by least-squares fitting
to calculate temperature jumps, ΔTevp = TI L − TI V and ΔTcond
= TI V − TI L , at the center of evaporating and condensing interfaces,
respectively. The resulting temperature jumps are 7.89 ± 0.28 K
at the evaporating interface and 9.93 ± 0.63 K at the condensing
interface, where the difference in magnitude could be due to different mass accommodation coefficients at the condensing interface.
A similar drastic drop of temperature inside the evaporating interface was shown by Zhakhovsky et al.82 when probing a 1.5 nm L–V

ARTICLE

scitation.org/journal/jcp

interfacial region of an LJ liquid using MD simulations. The temperature depression at the evaporating interface is believed to be due to
thermal energy required to break interactions among molecules in
the liquid phase and opposite scenario happens at the condensation
end.80
C. Effect of evaporation flux
The applied evaporation flux is varied in the present study to
examine its effect on the temperature profile inside and outside the
Knudsen layer. Four values of 6.25 K, 12.5 K, 25 K, and 50 K were
applied to create different evaporation flux conditions. Evaporation
fluxes, m′′ , of 1367.8 ± 0.78 kg/m2 s, 626.7 ± 1.28 kg/m2 s, 306.7
± 5.66 kg/m2 s, and 147.7 ± 2.56 kg/m2 s corresponding to ΔT values of 50 K, 25 K, 12.5 K, and 6.25 K are calculated. Evaporation
heat fluxes, q′′ , of 254.8 ± 0.15 kW/cm2 , 116.7 ± 0.24 kW/cm2 , 57.1
± 1.05 kW/cm2 , and 27.5 ± 0.47 kW/cm2 corresponding to ΔT values of 50 K, 25 K, 12.5 K, and 6.25 K are evaluated using q′′ = m′′ hfg ,
with latent heat of evaporation, hfg , calculated using the interface
water temperature, TI L .66 Figure 7 shows the number density and

FIG. 7. Vapor temperature profiles in the bulk and inside the Knudsen layers for ΔT values of (a) 50 K, (b) 25 K, (c) 12.5 K, and (d) 6.25 K. Red circles and green triangles
show the liquid and vapor temperatures, respectively. Liquid temperature for a ΔT value of 50 K is outside the displayed temperature range. Solid lines are the number
density profiles along z. Shaded areas show the liquid phase and Knudsen layers.
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temperature profiles for four different evaporation fluxes. For ΔT
values of 50 K, 25 K, and 12.5 K, as shown in Figs. 7(a)–7(c), the
vapor temperature profiles have negative slopes in the Knudsen layers of both the evaporating and condensing interfaces but a positive
slope in the bulk region. The slope of the temperature profile in the
bulk vapor region depends on the evaporation flux, while it is the
largest for a ΔT value of 50 K and decreases with the decrease in the
evaporation flux. Notable difference is found for ΔT = 6.25 K, where
the slope of the temperature profile in the bulk vapor becomes negative but positive in the Knudsen layers, opposite to the higher ΔT
cases, as shown in Fig. 7(d).
The temperature jumps at the evaporating interface for different evaporation fluxes are shown in Fig. 8. The average temperature
jump, ΔTevp = TI L − TI V , decreases from 17.27 ± 0.67 K to 1.76
± 0.46 K for ΔT changing from 50 K to 6.25 K. Temperature jump
at the interface, due to evaporation thermal resistance, is found to
depend on the applied evaporation flux. The temperature difference across the Knudsen layer is also calculated for different cases,
where ΔT Kn = 19.34 ± 0.66 K, 10.35 ± 0.58 K, 4.59 ± 0.4 K, and
0.75 ± 0.61 K corresponding to ΔT = 50 K, 25 K, 12.5 K, and 6.25 K,
respectively. The vapor temperature profile inside the Knudsen layer
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trends differently for various heat fluxes. For a high heat flux case,
e.g., ΔT of 50 K [Fig. 8(a)], the negative slope of temperature profiles on the water side and vapor side across the interface indicate
that latent heat of evaporation taken by the evaporating molecules
at the interface is mainly from the high energetic water molecules
(>520 K). While for a low heat flux, e.g., ΔT of 6.25 K [Fig. 8(d)],
the negative slope of the temperature profile on the water side and
the positive slope on the vapor side across the interface indicate that
vapor-side molecules also contribute to the latent heat supply since
water molecules (<505 K) are not as energetic as the high heat flux
case.
Figure 9 shows the temperature jumps at the evaporating interface (ΔT evp ) and across the Knudsen layer (ΔT Kn ) for different
applied ΔT values, where linear relations are observed for both cases.
Temperature jump across the Knudsen layer is higher than that at
the evaporating interface for all ΔT values except for 6.25 K. The
best fit lines merge into each other at low ΔT values and diverge from
each other at higher ΔT values. The slopes of vapor temperature profiles, calculated using three different vapor temperature data close
to the evaporating interface (Fig. 8), depend on the applied ΔT values. The calculated slopes from the average vapor temperature data

FIG. 8. Temperature jump at the evaporating interface, ΔT evp , and across the Knudsen layer, ΔT Kn , for ΔT values of (a) 50 K, (b) 25 K, (c) 12.5 K, and (d) 6.25 K. Red circles
and green triangles show the liquid and vapor temperatures. Solid lines are the number density profiles along z. Shaded areas show the liquid phase and Knudsen layer. Red
and green dashed lines are least-squares fitting.
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FIG. 9. Temperature jumps at the evaporating interface (ΔT evp ) and across the
Knudsen layer (ΔT Kn ) as a function of the applied ΔT, where dashed lines show
least-squares fitting.

were −0.193 K/nm, −0.239 K/nm, −0.123 K/nm, and 0.099 K/nm
for ΔT values of 50 K, 25 K, 12.5 K, and 6.25 K, respectively. The
magnitude of the slope increases with ΔT, and for a ΔT value of
6.25 K, the slope becomes positive, making the ΔT Kn value smaller
than ΔT evp .
D. Relation between vapor density, temperature,
and momentum
Now, the remaining question is why the slope of the temperature profile changes inside and outside the Knudsen layer and how it
is related to different evaporation fluxes. For kinetic-limited evaporation, it was found that vapor pressure gradually reduces away from
the interface.83 Inside the Knudsen layer, the transport resistance
is the kinetic resistance across the Knudsen layer, and the vapor
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pressure is larger than that in the bulk, where the transport resistance
is associated with the gas expansion.83 To check whether the present
study is kinetic-limited, the vapor molecule number densities inside
the Knudsen layer and in the bulk were calculated for two extreme
evaporation flux cases at ΔT values of 50 K and 6.25 K, respectively,
as shown in Figs. 10(a) and 10(b). The number density plot shows
higher values inside the Knudsen layer than that in the bulk for the
high evaporation flux case [Fig. 10(a)], which implies higher pressure inside the Knudsen layer, consistent with the kinetic-limited
evaporation. For a ΔT value of 50 K, the number density of vapor
close to the evaporating interface is 0.437 ± 0.002 molecules/nm3 ,
considered supersaturated as compared to the number density of
≈0.37 molecules/nm for saturated vapor at 500 K for the TIP4PEw water model.63 This observation agrees with the criterion of
an inverted temperature profile for evaporation against supersaturated vapor, based on irreversible thermodynamics.46 However, for
the low evaporation flux case of a ΔT value of 6.25 K, the number density of vapor close to the evaporating interface is 0.378
± 0.001 molecules/nm3 , which compared to the average number
density across the entire vapor region of 0.375 molecules/nm3 shows
no significant pressure variation making this scenario diffusion
limited.
The time-averaged advection velocity for each slice of the vapor
region for the rigid TIP4P-Ew water model was calculated using
Nm

Vz = ⟨ N1m ∑ (
n=1

mo vo n,z +mh vh n,z +mh vh n,z
)⟩
mo +mh +mh

and plotted together with the

vapor temperature for ΔT values of 50 K and 6.25 K, as shown in
Figs. 10(a) and 10(b), respectively. Here, N m is the total number of
vapor molecules in the slice, superscripts o and h represent oxygen and hydrogen, respectively. A higher number of collisions are
expected for the high evaporation flux case. Least-squares fittings of
the average advection velocity in the bulk region depict the trend
of vapor momentum: vapor molecules gain momentum inside the
Knudsen layer but gradually lose their momentum due to collisions
in the bulk, reflected by a temperature increase in that region. Inside

FIG. 10. Temperature profile, average advection velocity, V z , and number density, na , inside the Knudsen layer and in the bulk vapor for ΔT values of (a) 50 K and (b) 6.25 K.
The blue regions indicate the liquid phase, and the gray regions denote Knudsen layers close to the L–V interfaces. The dashed line is the least-squares fitted line, calculated
from the averaged advection z-velocity in the bulk phase. The error bars for the number density data points in (b) were smaller than the size of each symbol.
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the Knudsen layer, the gradual increase in vapor momentum is
associated with the reduction in vapor density (vapor pressure). Bird
and Liang also obtained the monotonic increase in vapor momentum with the decrease in temperature inside the Knudsen layer from
MD simulations of a two-interface problem of an LJ fluid.52 Negative slopes inside the Knudsen layer and positive slopes in the bulk
were also observed for ΔT values of 25 K and 12.5 K, as shown
in Figs. 8(b) and 8(c), where the slope inside the Knudsen layer
was in the range from −0.193 K/nm to −0.099 K/nm for ΔT values of 50 K to 12.5 K, respectively. However, the low evaporation
flux case (ΔT value of 6.25 K) shows a different behavior, as shown
in Fig. 8(d). The temperature jump at the L–V interface is only
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1.76 ± 0.46 K, meaning advective momentum gain by the evaporating molecules is also small, where the average bulk vapor velocity
is ≈13 m/s, roughly 1/8 that of a ΔT value of 50 K. The number
density plot shows no notable change inside and outside Knudsen
layers, as shown in Fig. 10(b). The least-squares fitted line of advection velocity in the bulk vapor region shows uniformity. As shown
in Fig. 10(b), for the low evaporation flux case, the number of collisions among vapor molecules moving toward the condensation
end is much smaller than that of the high evaporation flux case.
Thus, no obvious change of vapor momentum in the bulk vapor
region is observed. Because the temperature difference between the
evaporating and condensing liquid interfaces is only ≈4.4 K for the

FIG. 11. (a) Velocity distribution of vapor molecules in the bulk vapor region and inside the Knudsen layer during evaporation and condensation along with the Maxwell–
Boltzmann distribution function. (b) Evaporation flux as a function of temperature jump at an evaporating L–V interface, where the dashed line is the least-squares fitting. (c)
Mass accommodation coefficient, σ, vs evaporation flux, m′′ , calculated using Eq. (6). The error bars for the two higher evaporation flux data points in (c) were smaller than
the size of each symbol.
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low evaporation flux case (ΔT value of 6.25 K), small fluctuations
of MD-calculated temperature values make it difficult to draw any
conclusions.
E. Kinetic theory assumptions
There have been numerous studies on the prediction of temperature profile and jump across the interfacial region based on
classical kinetic theories. One assumption in deriving the HK relation is that vapor molecules follow the Maxwell–Boltzmann (MB)
√
mv 2
− i
m
velocity distributions defined as f (vi ) =
e 2kB T .22,84 The
2πkB T
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center of mass (COM) velocities of each vapor molecule along xo o
h h
v i +mh vh i
axis, y-axis, and z-axis are calculated as vi,COM = m v mi +m
o +mh +mh
(i = x, y, or z) and used for the MB velocity distribution function.
This MB velocity distribution along the heat flow direction (z-axis)
gets shifted by the bulk vapor velocity due to a net evaporation or
condensation across the L–V interface68 such that the COM velocities (z-axis) of vapor molecules are calculated using vz ,COM − V z ,
where V z is the average advection velocity. To verify the assumption
that velocity distribution adjacent to the L–V interface is the same as
that far away from the interface,68 three regions of length 10 nm are
considered for MD-calculated velocity distribution, one in the bulk

FIG. 12. The MD-calculated number density, na , and local entropy, S, across the evaporating interface region, at two different times, within the steady-state limit along the
z-axis for (a) ΔT = 50 K and (b) ΔT = 6.25 K. Solid and dashed lines are the number density plots, and symbols represent the local entropy. Evaporating L–V interface of
thickness ≈2 nm is shown in gray color, where the number density gradually decreases within −1 < z < 1. The inset tables show the interfacial region entropy, SI , at two
different times.

J. Chem. Phys. 153, 144706 (2020); doi: 10.1063/5.0024722
Published under license by AIP Publishing

153, 144706-13

The Journal
of Chemical Physics

ARTICLE

vapor region and the other two are inside the Knudsen layers, for
ΔT = 25 K at 1.5 ns. Figure 11(a) shows the comparison
of the normalized MD-calculated velocity distribution function
and the MB velocity distribution. Velocity distribution of the
vapor molecules adjacent and far away from the L–V interface for the present TIP4P-Ew water is consistent with the
kinetic theory assumption of MB distribution. Liang et al. also
showed MB velocity distributions of LJ fluids in their recent MD
study.69,80
Another assumption often used to simplify the solution
approach in kinetic theory analysis of evaporation and condensation study is considering the mass accommodation coefficient σ
= 1.31,36,85 Since the MD findings of temperature jump and profile
in the present study are consistent with the kinetic theory predictions, it is important to also verify the assumptions used in kinetic
theory. In addition, recent MD works using TIP4P-Ew water and
LJ fluids also have shown the mass accommodation coefficient close
to unity.86,87 In this study, the mass accommodation coefficient is
calculated using Eq. (6) for ΔT values of 50 K, 25 K, 12.5 K, and
6.25 K. Figure 11(b) shows a linear relation between the evaporation flux, m′′ , and the temperature jump at an evaporating L–V
interface, ΔT evp . Past literature studies have also reported a linear behavior of temperature jump and the resulting evaporation
flux.28,39 Using the MD-calculated evaporation flux, water and vapor
temperature at the evaporating interface, and advection velocity of
vapor molecules, the accommodation coefficients, σ, are found to
be 1.0 ± 0.03, 0.95 ± 0.03, 1.06 ± 0.12, and 1.04 ± 0.24 for applied
ΔT values of 50 K, 25 K, 12.5 K, and 6.25 K, as shown in Fig. 11(c).
By directly observing the trajectory of vapor molecules, the mass
accommodation coefficient is found to decrease at higher liquid temperatures for both LJ fluids69 and SPC/E water,71 also mentioned
by others.25,84 Considering the error bar, the mass accommodation coefficient was found close to 1, consistent with other MD
works.86–88
F. Interfacial entropy generation rate
Figure 12 illustrates the number density and absolute entropy
across the evaporating L–V interface for high (ΔT = 50 K) and
low (ΔT = 6.25 K) evaporation flux cases at two different times
within steady-state conditions. The center of the evaporating interface is used as a moving frame of reference. Inside the interfacial
region (in gray) of ≈2 nm width, number density changes from
≈28 molecules/nm3 to ≈0.4 molecules/nm3 . The local absolute
entropies, S, for bulk liquid and vapor phases were ≈87 J/mol K and
≈200 J/mol K, as compared to ≈103 J/mol K and ≈172 J/mol K, predicted for a single phase system using the 2PT model for SPC water
at 500 K.76 A sensible increase in entropy across the L–V interfacial
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region from ≈87 J/mol K to ≈180 J/mol K was found during evaporation, shown in Fig. 12(a) at time t = 0.5 ns and 2.0 ns. The interfacial
entropy is calculated using the local absolute entropy values, following SI = n1I ∑ ns ⋅ S, where ns and nI are the mole numbers associated with the local and the interfacial entropy, respectively. The
interfacial entropy increases from 101.17 J/mol K to 104.33 J/mol
K between t = 0.5 ns and 2.0 ns, shown in the inset of Fig. 12(a).
The resulting interfacial entropy generation rates, Ṡgen , are found
to be 2.11 J/mol K ns and 0.14 J/mol K ns for ΔT values of 50 K
and 6.25 K, respectively, listed in Table I, and increase with applied
ΔT values.
Table I compares MD-calculated interfacial entropy generation rates with non-equilibrium thermodynamics predictions for
two ΔT values. The interfacial entropy generation rates were
found to be positive and increased with ΔT using both methods. Here, the entropy generation rates at the L–V interface based
on non-equilibrium thermodynamics were calculated using Ṡgen
q′′

q′′

= T Ll T (TI L − TI ) + T Tv V (TI − TI V ) + m′′ T1L Δμ(TI L ),47 where the
I
I
I I
I
first two terms are contributions from sensible heat fluxes in liquid
and vapor, respectively, while the third term is due to the contribution of chemical potential difference. Using the chemical potential
difference, Δμ(TI L ) = −TI L R ln PPv∗ , the third term is represented
v

as −m′′ R ln PPv∗ , where Pv and Pv∗ are the actual vapor pressure and
v
equilibrium vapor pressure calculated at the interfacial water temperature, TI L . Heat fluxes in the water and vapor phases, q′′l and
q′′v , are determined from the MD-calculated temperature profiles,
as shown in Fig. 8, using the thermal conductivities of water and
vapor at 500 K.89 The equilibrium vapor pressure, Pv∗ , is the saturation pressure at interface water temperature, TI L .63 The actual vapor
pressure, Pv , is calculated from MD-calculated number density data
with interface vapor temperature, TI V , considering that the vapor
close to the interface acts as an ideal gas. The evaporation flux, m′′ ,
is the MD-calculated value provided in Sec. IV C. The L–V interface temperature T I is the average of TI L and TI V . Using the average
values, the resulting entropy generation rates are 225 290.7 J/m2 K s
and 2187.3 J/m2 K s for ΔT values of 50 K and 6.25 K, respectively.
The MD-calculated entropy values and generation rates for different
ΔT values are in qualitative agreement with non-equilibrium thermodynamics.46,47 The ideal gas law is inherently assumed when the
chemical potential difference is represented in terms of pressures for
entropy calculation using non-equilibrium thermodynamics (NET),
whereas water vapor at 500 K temperature may deviate from the
ideal gas, which maybe a cause of difference in NET-predicted
and MD-calculated Ṡgen . From the entropy generation point of
view, the results show that an inverted temperature profile across
an L–V surface is possible without violating the thermodynamics
law.

TABLE I. Comparison of MD-calculated interfacial entropy generation rate with non-equilibrium thermodynamics.

Applied Entropy difference,
Entropy gen. rate at L–V
Entropy gen. rate at L–V inter:
ΔT (K)
ΔSI (J/mol K)
inter: MD (J/mol K ns) (J/m2 K s) NE-thermodynamics (J/m2 K s)
50
6.25

3.16
0.43
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0.14

105 097.1
6 973.3

225 290.7
2 187.3
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V. CONCLUSION
The temperature profile across a liquid–vapor interface is crucial in understanding the heat and mass transport during phase
change. In this study, non-equilibrium molecular dynamics simulations in a classical two-interface setting were used to probe the
temperature profile both in the bulk phase and close to the evaporating and condensing interfaces for a range of evaporation fluxes.
An inverted temperature profile, i.e., temperature increases in the
direction of mass flux, was observed in the bulk vapor region, consistent with other MD studies and kinetic theory predictions. The
vapor temperature showed different characteristics inside the Knudsen layer than those in the bulk phase. A temperature jump was
also observed at the L–V interface where the vapor-side temperature is always lower than that of the liquid at the evaporation end
and higher than that of the liquid at the condensation end, and its
magnitude increases with the applied temperature difference ΔT.
The MD-calculated entropy generation rate at the interfacial region
was found to be positive and increases with the evaporation flux, in
qualitative agreement with the predictions from irreversible thermodynamics. The findings obtained here shed some light on the fundamental understanding of thermal transport at the L–V interface with
phase change.
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