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We use molecular dynamics (MD) simulations to study the transient evaporation and condensation of a
pure fluid Ar in a nanochannel. In the MD model, the evaporation and condensation of fluid Ar is initiated
by a sudden increase of the temperature or periodically varying the temperature in the solid substrate
on one side of the nanochannel. In both cases, we find the transient evaporation and condensation rates
obtained directly from MD simulations are in good agreement with the predictions from the Schrage re-
lationships. Furthermore, our analyses show that the kinetics of the transient heat and mass transfer be-
tween the evaporating and the condensing surfaces in the nanochannel are mainly controlled by heat and
mass diffusion in the vapor rather than by convection. The simulation results indicate that the Schrage
relationships are capable of accurately describing the transient evaporation/condensation processes and

their rates even under a high-frequency oscillatory driving force condition.

© 2019 Elsevier Ltd. All rights reserved.

1. Background and introduction

Evaporation and condensation processes are important for var-
ious engineering and environmental applications such as spray
cooling, spray combustion, and cloud formation [1-5]. A funda-
mental understanding of the evaporation/condensation at liquid-
gas interfaces can be obtained from the kinetic theory of gasses
(KTG) [1,6-8]. Hertz and Knudsen derived a relationship between
the net evaporation/condensation rate and fluid properties near the
liquid-vapor interface based on the KTG more than 100 years ago
[6,7]. The Hertz-Knudsen (HK) relationship was later modified by
Schrage to take into account the effects of the macroscopic mo-
tion of vapor near the evaporating and condensing interface [8].
According to Schrage analysis, the net evaporation molar flux Jevp
and the net condensation molar flux J.on are given by [8]:

l
Joup = (T 5 (eI - TP/ T) (12)
(P v o/~ peT VT (1b)

Jeon = (Ty) rm

where T; and T, are the temperature of liquid and vapor near the
liquid-vapor interface, respectively, pg(T;) is the saturated vapor
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density at T, py is the density of vapor undergoing phase change,
kg is the Boltzmann constant, m is the mass of fluid molecules un-
dergoing phase change, and « is the mass accommodation coeffi-
cient (MAC). The MAC is defined as the fraction of vapor molecules
that strike the interface and are accommodated to the liquid phase.
In Eq. (1) the effects of macroscopic vapor motion are taken into
account by the function I'(vg) which is given by

I'(vg) = e — ig/T[1 — erf (vg)]. (2)

where vy is the ratio of the macroscopic speed of vapor, vy g, to the
most probable thermal speed of vapor molecules,

L0 3)

Vg = ————.
V/2kgT,/m

The only difference between the HK relationships and the
Schrage relationships (i.e. Eq. (1)) is that the HK relationships as-
sume zero mean velocity in vapor (i.e. vy o = 0), which makes
['(vg) in Eq. (2) equal to 1 [6,7]. Egs. (1a) and (1b) are implicit
equations for Jeyp and Jeon. One needs to use the iterative proce-
dure to find Jevp and Jeon from Eq. (1) [9].

Although the Schrage relationships have been used for many
decades, their accuracy and even validity has never been truly ver-
ified by experiment. The experimental quantification of evapora-
tion and condensation processes requires a local measurement of
fluid temperature and density at a very thin layer near the evap-
orating and condensing interfaces with sufficient accuracy, which
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remains challenging [1]. Another challenge in experimental valida-
tion of the Schrage relationships is that the kinetic parameter, i.e.,
MAC, in Eq. (1), cannot be directly determined from experiment
[1] and is typically used as a fitting parameter to account properly
for the evaporation/condensation rates.

To mitigate the above described experimental challenges,
molecular dynamics (MD) simulations have been widely used to
conduct numerical experiments in various model fluid systems to
study evaporation and condensation processes [9-15]. Using MD
simulations, the MAC can be determined accurately based on its
definition [9-11]. Therefore, the MAC is not a fitting parameter
for accurate predictions of evaporation and condensation rates in
our study. Our recent MD study for argon based model fluids [9-
11] shows that the Schrage relationships give an accurate descrip-
tion of steady state evaporation and condensation processes and
their rates. Under steady conditions, evaporation/condensation flux
and all fluid properties in Schrage relationships do not change
with time. This greatly simplifies the analysis of evaporation and
condensation processes. However, there are often circumstances in
which transient evaporation and condensation are critical. For ex-
ample, the fast evaporation of water droplets has been widely used
for the efficient cooling of gas turbines, nuclear reactors, and var-
ious electronic devices [1,16,17]. During the fast evaporation pro-
cess the ambient temperature drops rapidly with time.

Recently, a novel transient experimental study of fast evapo-
ration and condensation was conducted in attempt to investigate
an individual liquid-vapor interface [18]. The transient evaporation
process is initiated by a picosecond laser pulse heating the solid
surface that is in contact with an adsorbed nanoscopic liquid layer.
A probe laser pulse is subsequently used to measure changes in
the thickness of the liquid layer in response to a fast tempera-
ture rise and the subsequent thermal relaxation process that oc-
curs within nanoseconds [18]. While such an experiment is a sig-
nificant advance toward the quantification of the transient evapo-
ration/condensation processes, determination of the MAC requires
knowledge of the proper theoretical model. In this context, it is not
clear e.g., if Hertz-Knudsen or the Schrage relationships are better
in the description of the process as the molecular velocity distri-
butions can vary from those assumed either by Hertz and Knudsen
or the Schrage due to the transient nature of the process.

In this work, to address the above described gap in our knowl-
edge, we use MD simulations to study the transient evaporation
and condensation of fluid Ar in a nanochannel. Using MD simu-
lations coupled with theoretical analyses, we will investigate how
accurate the Schrage relationships are in the prediction of the tran-
sient evaporation/condensation rates. In the next section, we will
describe the model system, simulation details, and vapor transport
characteristics. In the third section, we will present results on non-
equilibrium molecular dynamics (NEMD) simulations of transient
and oscillatory heating. We will finish with a conclusion section.

2. MD simulation of transient evaporation and condensation
2.1. The model system

As depicted in Fig. 1(a), the model system consists of fluid
Ar confined by two solid Au slabs. Each Au slab is formed by
three (100) oriented Au atomic layers with a cross section area
of 38.76 nm by 38.76 nm. We place a 6-nm-thick liquid Ar layer
on each of the two inner surfaces of Au slabs. The thickness of
the liquid layers in our model is large enough to avoid the ef-
fects of disjoining pressure on the equilibrium properties of fluid
Ar [9,15]. The distance between the two liquid surfaces is ~106 nm.
The left and right boundaries of what we define as the central gas
region are ~3 nm away from the left and right liquid surface, re-
spectively, thus resulting in a central gas region length of 100 nm

100-nm central gas region

T,=80K

—S—— 3024 ps
~ ——— 4104 ps

00f©

20 40

60 80 100 120
X (nm)
Fig. 1. (a) A snapshot of the model system. The purple and yellow spots represent
Ar and Au atoms, respectively. (b) The spatial distribution of molar flux in the cen-
tral gas region at t = 0 ps, 540 ps, 1080 ps, 2051 ps, and (c) t = 3024 ps, and
4104 ps. The evaporation and condensation are driven by a sudden increase of tem-
perature in the left Au surface. The lines in (b) and (c) are used to guide the reader.
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

(see Fig. 1(a)). Periodic boundary conditions (PBCs) are applied in
the y and z directions, and atoms in the outermost Au layers are
fixed in the simulation to prevent shifting of the model system.
The total number of Au and Ar atoms in the simulation system is
108,300 and 403,200, respectively.

The embedded-atom-method (EAM) potential [19] is used for
Au-Au interactions. The LJ potential with parameters o= = 3.41 A
and ¢= = 10.3 meV [20] is employed for both Ar-Ar and Ar-Au
interactions. The cutoff distance for all J interactions is 3.2c. In
all MD simulations we use a velocity Verlet algorithm [21] with a
time step size of 4 fs to integrate the equations of motions.

2.2. The MD simulation details

The model system is first equilibrated with the Berendsen ther-
mostat [22] at a temperature of 80 K for 6 ns. In the equilibrium
process, the model liquid Ar evaporates. After the system reaches
the thermal equilibrium, we have the model liquid Ar coexists with
its own saturated vapor. Afterwards, we carry out non-equilibrium
MD (NEMD) simulations to study the transient evaporation and
condensation of fluid Ar in the nanochannel. In NEMD simulations,
we keep the temperature of the right Au slab at Tj= = 80 K while
we vary the temperature of the left Au slab, T}, in two ways: (1)
suddenly increase T;, from 80 K to 90 K at the beginning of the
NEMD simulation and maintain T;, at 90 K for the rest of simula-
tions; (2) vary the temperature of the left Au slab as T;,= = 90 -
10cos(wt) K, where the angular frequency w is 27/(2 ns) and t is
time. At each time step of the NEMD simulation, we maintain the
temperature of each Au slab by velocity rescaling [23].

To test the accuracy of the Schrage relationships in the predic-
tion of transient evaporation and condensation rates, we calculate
the spatial and temporal distributions of molar flux, J(x,t), in the
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central gas region and temperature, T(x,t), and density, p(x,t), of
fluid across the model system. To determine the spatial distribu-
tion of temperature and density in liquid, we evenly divide each
liquid layer into six bins in the x - direction. The width of each bin
in liquid is 1 nm. In the course of transient evaporation and con-
densation in this study, the position of the liquid surface is shifted
by less than 0.5 nm. Therefore, the liquid surface always stays in
the sixth bin. Accordingly, the temperature in the sixth bin from
the Au surface is considered as the liquid surface temperature, Tj.
To calculate the temperature, density, and molar flux in vapor, we
evenly divide the central gas region into ten bins. The width of
each bin in the central gas region is 10 nm. The molar flux in each
bin is determined by Jyp= = Xv;x/(VN4), where V is the volume
of each bin in the central gas region, N4 is the Avogadro’s num-
ber, and v;x is the x-component of the velocity of vapor molecules
within each bin. The contribution from macroscopic vapor velocity
is subtracted in the calculation of vapor temperature in each bin.
To determine the time dependence of molar flux, temperature, and
density, we calculate the time-averaged J, T, and p in each bin ev-
ery 108 ps. To improve the accuracy of the calculated properties,
particularly the properties in the gas region, ten independent runs
are carried out in each case. The uncertainties of the MD simula-
tion results are determined by analyses of these independent runs.

With the aforementioned NEMD simulation method, one can
readily obtain J, T;, Ty, and p,. To test the validity of Schrage re-
lationships, i.e. Egs. 1(a) and 1(b), one also needs to know the sat-
urated vapor density, pg(T;), and the MAC, «(T;) of the model fluid
Ar with a cutoff distance of 3.20. The saturated vapor density and
the MAC of the model fluid Ar as a function of temperature have
been determined by equilibrium MD (EMD) simulations in our pre-
vious work [9]. We will use the pg(T;) and «(T;) from our previous
work in the theoretical analysis in this work.

2.3. Determination of thermal and mass diffusivity

To analyze thermal and mass transport in the model system in
the course of the transient evaporation/condensation processes, we
calculate the thermal diffusivity, Dy, and the mass diffusivity, Dy,
of the saturated model fluid Ar at T = 80 K using EMD simula-
tions. For the model fluid Ar at T = 80 K, the saturated pressure,
Psat, equals 0.68 atm and the density of the saturated liquid and
saturated vapor is pj= = 34.8 mol/L and pg= = 0.108 mol/L, re-
spectively [9]. We first carry out an EMD simulation in a cubic sim-
ulation box containing 4000 Ar atoms to determine Dy, and Dy of
the saturated vapor Ar. The side length of the cubic box is fixed at
39.48 nm such that the density of fluid equals to 0.108 mol/L. The
Berendsen thermostat is used to equilibrate the system at T = 80 K
for 3 ns. After the system reaches thermal equilibrium, we turn off
the thermostat and run the simulation in a microcanonical ensem-
ble. Mass diffusivity, Dy, is determined from the Green-Kubo for-
mula [24]:

Du=14 [~ (n@)- v}t (4)
where <---> denotes the ensemble average, v; is the velocity of

atom i, and t is time. The thermal conductivity, k, of the fluid can
be also determined from the Green-Kubo formula [24]:

k=gpp [ (a0a@)e (5)

where V is the volume of the simulation box and q is the micro-
scopic heat flux which can be computed from [25,26]

EI=‘1/|:ZE:‘D:'+%ZZ?U<}U'51>:|~ (6)
i i

In Eq. (6), Ej is the total energy of atom i, r; is the position
vector from atom j to atom i, and f; is the interatomic force act-
ing on atom i by atom j. To obtain good statistics of the simula-
tion results, 1 ps is used to calculate the velocity autocorrelation
function (VACF) in Eq. (4) and the heat flux autocorrelation func-
tion (HFACF) in Eq. (5). From the plateau of the running integral
(see Fig. A1 in Appendix), we evaluate Dy; ~ 2.0 x 10-6 m2/s and
k ~ 0.0068 W/meK for the model saturated vapor Ar at T = 80 K.
Using the ideal gas approximation for constant pressure specific
heat, cp= = 2.5Ry, for vapor Ar [27], where Ry is the universal gas
constant, we obtain Dy,= = k/pcpy ~ 3.0 x 10-6 m?/s for the satu-
rated vapor of the model fluid Ar at T = 80 K.

In a similar way, we evaluate Dy, of the saturated liquid Ar. Us-
ing the EMD simulation and the Green-Kubo formula, we obtain
k ~ 012 W/meK for saturated liquid Ar at T = 80 K. This value
is close to the experimental value of k ~ 0.13 W/meK [28]. Fur-
thermore, to evaluate the specific heat, cp, of the saturated model
liquid Ar at T = 80 K, we use the EMD simulation in a NPT ensem-
ble to determine the enthalpy, h, of model liquid Ar at T = 78 K
and P = 0.68 atm (i.e. P3¢ at T = 80 K), and h at T = 82 K and
P = 0.68 atm. The difference between the two h values divided by
4 K gives cp= = 45.5 J/moleK for the saturated liquid of the model
fluid Ar at T = 80 K. The simulation result is close to the exper-
imental value of 44.6 J/moleK [28]. Using the k and cp obtained
from MD simulations, we obtain Dy,= = k/pcp ~ 7.6 x 10~8 m?[s
for the saturated liquid Ar at T = 80 K.

For further reference, we estimate the mean free path from the
calculated mass diffusivity, Dy;. Using the Einstein-Smoluchowski’s
equation [29,30], we find the mean free path of model Ar
molecules in saturated vapor Ar at T = 80 K is about 19.4 nm. Ac-
cordingly, the Knudsen number of Ar in the vapor phase of the
model system is ~0.2.

3. NEMD simulation results

3.1. Evaporation/condensation driven by a sudden temperature
change

3.1.1. The driving force for the evaporation

In this case, the temperature of the left Au surface is suddenly
changed to 90 K at t = 0 ps and maintained at 90 K in the rest
of NEMD simulation. After the sudden rise of the temperature in
the Au plate, the thermal energy propagates from the hot Au plate
to the liquid on the Au plate by conduction. For heat conduction in
liquid, the thermal transport speed is determined by Dy, in the lig-
uid. The left liquid surface is ~6 nm from the hot Au plate. Accord-
ing to the relation Ly, ~ 2,/Dt, where Ly, is the thermal diffusion
length, it will take ~100 ps for the thermal energy to diffuse to the
left liquid surface. As shown in Fig. 2, the temperature on the left
liquid surface (Tj ;) indeed starts to increase at t ~ 100 ps, which
is consistent with the above theoretical estimate. As the temper-
ature at the liquid surface increases, the corresponding saturated
vapor density increases and exceeds the density in the vapor near
the liquid surface. As a result, the liquid on the hot surface evapo-
rates, which leads to an increase of density in the vapor near the
hot surface as shown in Fig. 3(c). The density gradient in the vapor
phase then drives the mass flow from the left to right as shown in
Fig. 1.

3.1.2. Heat and mass transfer mechanisms in vapor

After the evaporation starts at the left liquid surface, Fig. 1(b)
shows that the mass flux, J, in the vapor phase keeps increasing
with time, t, and decreasing with distance from the evaporating
liquid in the first 3 ns of the NEMD simulation. After 3 ns, it is
shown in Fig. 1(c) that J becomes essentially independent of t,
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Fig. 2. The temperature of hot Au plate (Th), cold Au plate (TI), hot liquid surface
(TL,1), and cold liquid surface (TL,2) in the model system as a function of time. The
results are obtained in the case when the evaporation and condensation are driven
by a sudden increase of temperature in the left Au surface.
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Fig. 3. The spatial distribution of temperature in the model system at (a) t = 0 ps,
540 ps, 1080 ps, and (b) t = 2051 ps, 3024 ps, and 4104 ps. (c) The spatial distribu-
tion of vapor density at t = 0 ps, 540 ps, 1080 ps, 2051 ps, 3024 ps, and 4104 ps.
The evaporation and condensation are driven by a sudden increase of temperature
in the left Au surface. TL,1 and TL,2 are the temperature at evaporating and con-
densing liquid surfaces, respectively. Tv,1 and Tv,2 are the vapor temperature in the
bin closest to evaporating and condensing surfaces, respectively. The lines are used
to guide the reader.

which indicates the model system reaches quasi-steady state evap-
oration and condensation. There are two possible heat and mass
transfer mechanisms in the vapor phase. The first is convection,
i.e. mass and energy transport by bulk fluid motion, and the sec-
ond is conduction, i.e. heat and mass diffusion. To understand the
heat and mass transfer mechanisms in the course of the transient

evaporation and condensation processes, we analyze the tempera-
ture and density profiles obtained from MD simulations.

As shown in Fig. 3(a) and (c), at t = 540 ps the temperature
of fluid less than 90 nm from the hot Au surface and the density
of vapor less than 60 nm from the hot Au surface are affected by
the hot surface on the left. The speed of heat and mass transfer by
convection in the vapor phase is determined by the macroscopic
speed of vapor. For t < 540 ps, the average macroscopic speed
of vapor near the evaporating surface is ~20 m/s. Hence, the va-
por molecules evaporated at t ~ 100 ps only travel a distance of
~9 nm at t = 540 ps. This travel distance is far less than the 90-
nm thermal propagation distance and the 60-nm mass propagation
distance found in Fig. 3(a) and (c).

To investigate if the transient heat and mass transfer in the va-
por phase is mainly due to heat and mass diffusion at this stage,
we calculate the thermal diffusion length (L, ~ 2,/D;,t) and the

mass diffusion length (Ly; ~ 2,/Dyt). Dy, and Dy both depend
on the temperature. Fig. 3(a) shows the vapor temperature only
varies between 80 K and 84 K in the first 540 ps. Within such a
small temperature range, Dy, and Dy, only vary by several percent
[27,28]. Hence, we can simply use a constant Dy, and Dy, evaluated
at a temperature of 80 K to estimate Ly, and Ly without causing
a significant error. Since the evaporation starts at t ~ 100 ps, heat
and mass have been transported in the vapor phase for 440 ps at
t = 540 ps. Accordingly, we find Ly ~ 74 nm and Ly, ~ 60 nm. Al-
lowing for the initial diffusion distance of 6 nm in the liquid film
in the first 100 ps, the total thermal and mass diffusion length at
t = 540 ps are 80 nm and 66 nm, respectively. These values are
consistent with those found in Fig. 3(a) and (c). Hence, our analy-
sis shows the heat and mass transfer in the vapor phase is mainly
due to the heat and mass diffusion in the vapor during transient
evaporation and condensation in the nanochannel, rather than by
convection. Of course, once the steady state starts to set in, con-
vection becomes the main mass and energy transport mechanism.

Once the thermal energy from the hot surface diffuses to the
cold liquid surface, the temperature at the right liquid surface
starts to increase. The total length of the gas phase is ~100 nm.
Using the relation Ly, ~ 2,/D;t, we estimate that it takes ~830 ps
for thermal energy to diffuse from the left liquid surface to the
right liquid surface. Allowing for the initial heat diffusion in lig-
uid film in the first 100 ps, thermal energy will arrive at the right
liquid surface at t ~ 930 ps. As shown in Fig. 2, no evident in-
crease in temperature at the right liquid surface (T ) is found un-
til t ~ 900 ps. This indicates that the delayed response of T, to
the sudden temperature change in the left Au surface is mainly due
to the thermal diffusion time in the vapor phase.

From the above analysis, we can see the heat and mass dif-
fusion is the main heat and mass transfer mechanism in the va-
por phase for the transient evaporation and condensation in a
nanochannel. However, we expect the heat and mass convection
will also be important for transient evaporation and condensation
in macroscopic channels for larger times t, because the diffusion
length is proportional to +/t and the propagation distance by con-
vection (i.e. bulk fluid motion) is proportional to t. As the length
of the vapor phase increases, the convection speed will eventually
exceed the diffusion speed.

3.1.3. The density gradients in the vapor phase

In the course of transient evaporation and condensation in the
model system, the density of vapor near the hot surface is always
higher than that near the cold surface. As shown in Fig. 3(c), the
density difference leads to mass diffusion, which makes the den-
sity gradient in the vapor phase gradually approach zero. When a
quasi-steady state is reached (t > 3 ns), the density gradient in
the vapor phase is close to zero and mass transfer by diffusion be-
comes negligible. At a quasi-steady state, the mass transfer from
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the hot surface to the cold surface occurs by convection. The bulk
fluid motion is mainly driven by the difference between the satu-
rated vapor density pg(T.) and the vapor density py near the evap-
orating and condensing interfaces. In this case, the main resistance
to the mass transfer between two liquid surfaces is located at the
two liquid-vapor interfaces rather than in the bulk vapor phase.

During quasi-steady state evaporation and condensation, the
hot and cold liquid surfaces both move slowly towards the hot
surface. As a result, T ; and T, both increase slowly with time,
but the difference between T;; and Ty, is essentially a constant as
shown in Fig. 2. Accordingly, the saturated vapor density og(Ti1)
and pg(Ty ;) at the two interfaces also increase with time. That is
why we see in Fig. 3(c) that the vapor density still increases slowly
with time after the quasi-steady state is reached.

3.1.4. The temperature gradients in the vapor phase

The temperature profiles in the vapor phase at the early stage
of the transient process (Fig. 3(a)) show several interesting charac-
teristic. First, there is a temperature depression at the vapor next
to the evaporating interface. This is caused by the fact that the
evaporation process acts like a heat sink due to the thermal energy
needed to break bonds between atoms in the liquid phase (heat
of evaporation). Moreover, upon evaporation, a significant part of
the thermal energy in vapor is converted to the macroscopic ki-
netic energy in the evaporating vapor flow. This reduces the vapor
temperature near the evaporating interface. Analogously, once con-
densation starts at the liquid-vapor interface on the right side, the
condensing interface acts as a heat source elevating the vapor tem-
perature.

Second, in addition to the effect caused by the interfacial heat
sources and sinks, there is a significant increase of the temperature
inside the vapor phase (see Fig. 3(a)). To understand this behavior,
we will analyze our results in terms to the continuum equation of
the energy flow. Considering that from the macroscopic point of
view, the simulated flow in our simulation is one-dimensional, we
use the following equation of the compressible Newtonian fluids
[31]:

2
aT aT du 4f Ou 92T
/ocvﬁ _,ocvuaxPaerM3(ax> +kW (7)

The above equation expresses the rate of temperature change
in terms of contributions from four physical processes: (i) energy
advection due to mass flow, (ii) compression work, (iii) viscous dis-
sipation, and (iv) diffusive heat conduction. Associated thermody-
namic and transport parameters in the Eq. (7) include, u - flow
velocity, T - temperature, P - pressure, p - density, y - dynam-
ics viscosity, and k - thermal conductivity. In our analysis, we
will assume that the fluid is a monoatomic ideal gas, thus its in-
ternal energy can be expressed as ¢,T, and cy= = 1.5R where R
is the gas constant. Using a similar method to that described in
Section 2.3 and the Green-Kubo formula for viscosity [32], we eval-
uate that the dynamic viscosity of saturated vapor Ar at a temper-
ature of 80 K is ~6.5 pPaes.

To estimate each of the four terms on the right-hand side of
Eq. (7), we fitted the vapor temperature and velocity data (ob-
tained by combining values from Figs. 1(b) and 3(c)) by 4th or-
der polynomials to minimize the effects of statistical errors from
MD simulations (see Fig. 4(a) and (b)). The vapor density data was
fitted to a 3rd order polynomial as shown in Fig. 4(c). The order
of the fitting polynomials was chosen such that it captures the
essential trends in the data. Conclusions drawn from this contin-
uum analysis remain unaltered when one order lower polynomial
fits were used. It should be noted that higher order polynomials
will overfit the data which undermines the sole purpose of fitting.
Furthermore, our MD simulation results show the compressibility

88
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Fig. 4. The 4th order polynomial fit to MD data for (a) vapor temperature, and (b)
vapor velocity. (c) The 3rd order polynomial fit to MD data for vapor density.

factor of the model vapor in the central vapor region is generally
greater than 0.95. Therefore, the pressure in the vapor that is re-
quired to evaluate the compression work term is estimated using
the ideal gas law.

The contributions to the rate of the temperature change from
the four processes represented on the right-hand side of Eq. (7) for
t = 540 ps and t = 1080 ps are shown in Fig. 5(a) and (b), respec-
tively. For both time snapshots the term responsible for the tem-
perature increase is mainly the compression work term. The other
important term is the heat diffusion term that generally tends to
decrease temperature. With the progress of the transient evapora-
tion, the advection term also contributes to the temperature de-
crease inside the vapor. The viscous dissipation term is negligible
for both cases. As the system reaches a quasi-steady state, the rate
of temperature change due to the compression work decreases as
the velocity gradient diminishes and thus the temperature profile
flattens (see Fig. 3(b)).

However, due to the presence of the heat sink at the evaporat-
ing interface and the heat source the condensing interface, there is
a persisting temperature gradient in the vapor between the lower
temperature evaporating interface and the higher temperature con-
densing interface (see Fig. 3(b)). This temperature gradient in the
vapor phase leads to heat conduction in the opposite direction of
the mass flow in the vapor phase. Nevertheless, the net heat flux
is still from the hot surface to the cold surface, since the magni-
tude of the heat conduction flux in the opposite direction is much
smaller than the evaporation/condensation flux. Such an inverted
temperature gradient in the vapor phase was also found in other
MD studies of evaporation and condensation of LJ fluids [33,34]
and in theoretical predictions [35].

3.1.5. Transient evaporation and condensation fluxes

In NEMD simulations, we divide the central gas region evenly
into ten bins. The molar fluxes, J, determined in the leftmost and
rightmost bins are considered as the evaporation flux (Jevp) and
condensation flux (Jeon), respectively. The Jeyp and Jcon obtained di-
rectly from MD simulations will be compared with the predictions
from the Schrage relationships (i.e. Eq. (1)) to test the validity and
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Fig. 5. Contributions to the rate of the temperature change in the vapor phase from
the four terms in Eq. (7) at (a) 540 ps and (b) 1080 ps.

accuracy of the Schrage relationships in the prediction of the tran-
sient evaporation/condensation flux.

In Eq. (1), the liquid surface temperature T; is obtained directly
from MD simulations. The temperature and density of vapor (Ty
and py) in Eq. (1) is the temperature and density of vapor near the
evaporating and condensing surfaces. Therefore, in the calculation,
we use the temperature and density in the leftmost and rightmost
bins of the central gas region as Ty and py near the evaporating
and the condensing surfaces, respectively. Furthermore, the satu-
rated vapor density, pg(Ty), and the MAC, «(Ty), are obtained from
the pg vs. T and « vs. T data in our previous work [9].

With all this data, we obtain the theoretical prediction of tran-
sient evaporation and condensation fluxes. It is shown in Fig. 6 that
the Jevp and Jeon obtained directly from MD simulations agree with
the predictions from the Schrage relationships very well. After the
evaporation and condensation reach a quasi-steady state (t > 3 ns),
we find Jevyp & Jeon= = 0.45 + 0.04 mol/cm?es. In our previous pa-
per [9], we found Jeyp ~ Jeon= = 0.46 mol/cm?es for quasi-steady
state evaporation and condensation in the case of T,= = 90 K and
T;= = 80 K (i.e. case 2 in Table 1 of our previous paper [9]).

The evaporation on the left surface is initiated by the temper-
ature increase in liquid. As shown Fig. 6(a), the increase of Jevp
in the course of the transient evaporation process essentially fol-
lows the increase of temperature at the evaporating liquid surface
(T.). The condensation on the right surface is initiated by the ar-
rival of the hot vapor molecules. Therefore, it is reasonable to see
in Fig. 6(b) that the increase of Jcon in the course of the transient
condensation process essentially follows the increase of tempera-
ture in vapor (Ty) near the condensing surface.
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Fig. 6. (a) The evaporation molar flux, Jevp, and (b) the condensation molar flux,
Jcon, as a function of time obtained from the NEMD simulation and the Schrage
relationships. The temperature of liquid (TL) and vapor (Tv) near the (a) evaporat-
ing and (b) condensing interfaces are also shown. The results are obtained in the
case when the evaporation and condensation are driven by a sudden increase of
temperature in the left Au surface.

3.1.6. The velocity distribution of vapor molecules

To provide further insight into the accuracy of the Schrage re-
lationships in the prediction of transient evaporation and conden-
sation fluxes, we note that a key assumption made in the deriva-
tion of Schrage relationships is that the vapor molecules adjacent
to the evaporating/condensing interfaces have a Maxwell veloc-
ity distribution (VD) shifted by the mean velocity. In our previ-
ous work [9], we have shown that this assumption is accurate
in the case of steady-state evaporation/condensation processes.
To test if the assumption is also valid in the case of transient
evaporation/condensation processes, we calculate the VD of va-
por molecules in the leftmost (i.e. closest to the evaporating sur-
face) and rightmost (i.e. closest to the condensing surface) bins
of the central gas region every 108 ps. If the assumption made in
Schrage’s analysis is valid, the transient VD obtained directly from
the MD simulation should follow the shifted Maxwell velocity dis-
tribution (SMVD) given by [8]

m 7m(vgfu¥_0)2
f(vX)ZV’TkBTve LI (8)

where Ty and vy, are the transient vapor temperature and the
transient mean velocity of vapor molecules in each bin, respec-
tively. Eq. (8) assumes the vapor temperature is isotropic. Near
the evaporating and condensing surfaces, there is a Knudsen layer
where the vapor temperature is anisotropic. In the course of tran-
sient evaporation and condensation processes studied in this work,
the macroscopic velocity of vapor varies from 0 to ~ 30 m/s. Ac-
cordingly, vg = v,,0/+/2kgTy/m varies from 0 to ~0.16. When vg is
smaller than 0.16, our recent work [36] shows the extent of tem-
perature anisopy in the Knudsen layer near the liquid surface is
small, and the thickness of the Knudsen layer is only several nm
for the model fluid. The central gas region in our model system
is ~3 nm away from the liquid surface. This indicates the central
gas region in our model system is essentially out of the region
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Fig. 7. The transient x-component VD of vapor molecules in the (a) leftmost bin (closet to the evaporating surface), and (b) rightmost bin (closest to the condensing surface)
of the central gas region at t = 540 ps, 1080 ps and 2051 ps. The scatters are transient VDs obtained directly from MD simulations. The lines are the SMVD given by Eq. (8).
The vertical dash-dot lines show the transient mean velocity of vapor molecules in each bin.

where temperature of vapor is significantly anisotropic. Hence, it
is reasonable to consider the vapor in the central gas region as
isotropic bulk vapor. In this case, if the VD of vapor molecules in
the bin closest to the liquid surface still follows the SMVD given
by Eq. (8) in the course of transient evaporation and condensation,
the Schrage relationships should give good predictions of transient
evaporation and condensation rates.

As shown in Fig. 7, the transient VDs obtained directly from
MD simulation closely follow the SMVD given by Eq. (8). This in-
dicates that establishing the SMVD near the liquid-vapor inter-
face assumed by the Schrage analysis is a fast process relative to
nanosecond time scales of the thermal relaxation processes in our
study. This explains why the Schrage relationships are also accurate
in the prediction of transient evaporation and condensation fluxes
in our study.

3.2. Evaporation/condensation under an oscillatory driving force

3.2.1. The oscillatory driving force

In this section, we further study the evaporation and conden-
sation under an oscillatory driving force. In this case, the temper-
ature of the right Au plate is maintained at Tj= = 80 K, and the
temperature of the left Au surface (T;,) changes between 80 K and
90 K as a sinusoidal function of time with an oscillatory period of
2 ns. All other settings are the same as those in the previous sim-
ulation. This study is motivated by the recent pulsed-laser based
experimental work [18], which has the potential to allow study-
ing frequency-dependent periodic heating of the solid surface that

2000, 3000 2000

t(ps)
Fig. 8. The temperature of the hot Au plate (Th), cold Au plate (TI), hot liquid sur-
face (TL,1), and cold liquid surface (TL,2) in the model system as a function of time.

The results are obtained in the case when Th varies as a sinusoidal function in the
NEMD simulation.

0 1000

is in contact with an adsorbed nanoscopic liquid layer. The pur-
pose of oscillatory temperature simulations is to test the response
of evaporation-condensation process to an oscillatory driving force,
and to see the validity of the Schrage equations in this limit.

As a consequence of oscillatory driving force, as shown in Fig. 8,
the temperature at the evaporating and condensing liquid surfaces
both oscillate with the same period as the driving force. Due to the
thermal inertia in the liquid thin film, there is a phase difference
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Fig. 9. (a) The evaporation molar flux, Jevp, and (b) the condensation molar flux,
Jcon, as a function of time obtained from the NEMD simulation and the Schrage
relationships. The temperature of liquid (TL) and vapor (Tv) near the (a) evaporating
and (b) condensing interfaces is also shown. The results are obtained in the case
when Th varies as a sinusoidal function in the NEMD simulation.

between oscillating Ty, and Ty ;. As we discussed in Section 3.1.2, it
takes ~800 ps for thermal energy to propagate from the left evap-
orating liquid surface to the right condensing liquid surface. This
explains the 800 ps time difference between the peak of T;; at
the left liquid surface and the peak of Ty, at the right liquid sur-
face shown in Fig. 8.

3.2.2. Transient evaporation and condensation fluxes

In Fig. 9 we compare Jevp and Jcon obtained directly from NEMD
simulations to those predicted from the Schrage relationships. The
calculation process is similar to those described in Section 3.1.5.
Fig. 9 shows that the Schrage relationships give good predictions
of Jevp and Jeon under the oscillatory driving force condition.

As shown in Fig. 9(a), the variation of Jeyp essentially follows
the change in T; at the evaporating surface since the evapora-
tion is mainly driven by the temperature variation of the liquid at
the liquid-vapor interface. By contrast, the variation of J.on essen-
tially follows the variation of T, near the condensing surface (see
Fig. 9(b)). These results are consistent with those found in Fig. 6(a)
and (b).

4. Conclusions

Using MD simulations, we studied transient evaporation and
condensation of fluid Ar in a nanochannel. The simulation results
show that Schrage relationships are capable of accurately predict-
ing transient evaporation and condensation fluxes even under an
oscillatory driving force condition. The origin of this behavior is
associated with the fact that establishing the velocity distribution
near the liquid-vapor interface assumed by the Schrage analysis is
a fast process relative to nanosecond time scales of the thermal
relaxation processes in our study. Furthermore, our detailed analy-
ses of the simulation results indicate that in the course of transient
evaporation and condensation in a nanochannel, the heat and mass
transfer in the vapor phase occurs mainly by heat and mass diffu-
sion rather than by convection. This behavior is expected to always

dominate at short time scales during pulse heating. However, at
longer times relevant to evaporation/condensation processes in a
macrochannel we expect that convection will also be important.
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