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ABSTRACT

Thermal and mass transfer resistance at a liquid-gas interface could strongly affect the evaporation of a
micro/nanodroplet. One of the challenges in the investigation of heat and mass transfer across liquid-gas
interfaces is that there are two heat transfer modes, namely, evaporation and heat conduction, at an evap-
orating liquid surface. Interfacial heat conduction was often overlooked in the analysis of evaporation of
a liquid droplet. In this work, we derive the analytical expressions for the resistance to the heat and mass
flow across a liquid-gas interface of an evaporating droplet from the kinetic theory of gases and verify
the theoretical predictions by comparing them to molecular dynamics simulation results. The modeling
results show that the temperature jump across the evaporating droplet surface is mainly associated with
interfacial heat conduction rather than evaporation, and the vapor density near the liquid-gas interface is
determined by the resistance to mass transfer, i.e., evaporation, at the interface. Using the expressions for
interfacial thermal and mass transfer resistance, we formulate the temperature jump and vapor density
boundary conditions at an evaporating droplet surface and determine the scenario under which the con-
ventional assumptions of continuous temperature profile and saturated vapor at the liquid-gas interface

become invalid.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Evaporation of micro/nanodroplets in a non-condensable gas
(NCG) is a process of great importance to a variety of engineer-
ing applications such as spray cooling, spray combustion, and su-
perfine inkjet printing [1-4]. Since evaporation occurs on the sur-
face of a liquid, the evaporation rate can be enhanced by in-
creasing the total area of the liquid-gas interface. The total sur-
face area can be significantly increased by splitting a bulk liquid
into small droplets. For a given volume of liquid, its total sur-
face area is inversely proportional to the size of droplets. When
the droplet size decreases to micro/nanoscale, the finely atom-
ized liquid has a significantly large total surface area, which leads
to high evaporation/cooling rates. In this case, the thermal and
mass transfer resistance at the liquid-gas interface of droplets
could strongly affect the evaporation process. Both experiments
and molecular dynamics (MD) simulations have shown the exis-
tence of a temperature jump at the evaporating liquid-gas inter-
face of micro/nanodroplets [5-10]. This jump in temperature in-
dicates that the conventional assumption of a continuous tempera-
ture profile across the liquid-gas interface [11] is inaccurate or even
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invalid for micro/nanodroplets. Moreover, in hydrodynamic model-
ing of evaporation processes, it is often assumed that the vapor
in the vicinity of a liquid-gas interface is saturated and transferred
from the nanodroplet surface to the ambient gas through mass dif-
fusion/convection [11-13]. However, recent experimental and MD
studies show that vapor density near a fast-evaporating surface is
well below the saturated vapor density evaluated at the liquid sur-
face temperature [14-18]. All these results indicate that the con-
ventional assumption of thermodynamic equilibrium at the liquid-
gas interface could be invalid for the analysis of evaporation of mi-
cro/nanodroplets.

Evaporation of a liquid droplet in a NCG is a non-equilibrium
process. The heat and mass transfer at an evaporating droplet sur-
face is driven by the temperature jump across the liquid-gas in-
terface and unsaturated vapor near the droplet surface. In hydro-
dynamic modeling of evaporation of nanodroplets, it was shown
that applying the thermodynamic equilibrium boundary condi-
tions could result in significant overestimate of the evaporation
rate [10,19]. To specify appropriate temperature jump and vapor
density boundary conditions on the surface of evaporating mi-
cro/nanodroplets, it is essential to fundamentally understand the
heat and mass transfer mechanisms at the surface of a droplet and
develop a theoretical model to predict the resistance to the heat
and mass transfer across the liquid-gas interface. Understanding
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Fig. 1. A snapshot of the model system and schematics of NEMD simulation setups.
Red and blue dots represent Ar and Ne atoms, respectively.

heat and mass transfer at an evaporating surface requires treat-
ment from the kinetic theory of gases (KTG). In this work, we use
the KTG to study the heat and mass transfer mechanisms at an
evaporating nanodroplet surface. Based on the KTG, we derive an-
alytical expressions for the thermal and mass transfer resistance
at a liquid-gas interface. To validate the theoretical predictions
of interfacial thermal and mass transfer resistance, one needs to
measure the temperature and density of vapor and NCG near the
droplet surface, and the mass and thermal accommodation coef-
ficients at the liquid-gas interface accurately. Experimental quan-
tification of these properties is currently challenging [7]. Hence,
in this work we resort to MD simulations, which can readily de-
termine all the quantities in the theoretical model, to validate the
predictions from the KTG. The analytical expressions for the ther-
mal and mass transfer resistance at a liquid-gas interface will al-
low us to formulate temperature and density boundary conditions
for continuum modeling of an evaporating micro/nanodroplet in a
NCG.

In the next section, we introduce the heat and mass trans-
fer mechanism across the liquid-gas interface of an evaporating
droplet and the analytical expressions of interfacial thermal and
mass transfer resistance derived from the KTG. In Section 3, we de-
scribe the MD model used to validate the theoretical predictions.
The simulation results are shown in Section 4. In Section 5, we
discuss how the interfacial thermal and mass resistance will af-
fect the evaporation of micro/nanodroplets and the conditions un-
der which the conventional assumptions of continuous tempera-
ture profile and saturated vapor at the liquid-gas interface become
invalid. Finally, we close with conclusions.

2. Theory
2.1. Heat transfer mechanism

As depicted in Fig. 1, we consider a model system containing
a liquid nanodroplet evaporating in a NCG. There are two heat
transfer modes at the liquid-gas interface of the droplet. The first
mode is the evaporation of the liquid droplet mainly driven by the
density difference Ap = psat(T,) - pv, where psae(Tp) is the satu-
rated vapor density evaluated at the liquid surface temperature T;,
and py is the density of vapor near the droplet surface. If p, in
the surrounding gas phase is lower than psa(T;), evaporation oc-
curs. The evaporation heat flux, gevp, leads to the cooling of the
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droplet. As the droplet temperature reduces, the temperature dif-
ference between the surrounding NCG and the liquid droplet re-
sults in the second heat transfer mode, i.e., heat conduction from
the surrounding gas to the droplet, which increases the droplet
temperature. As shown in Fig. 1, droplet heating and evaporation
processes occur simultaneously at the droplet surface and the in-
terfacial heat conduction flux (q.,q) is in the opposite direction of
Gevp-

If gevp is higher than q.y,4, the droplet temperature will de-
crease. The decrease of the droplet temperature will lead to the
decrease in psa(Ty ), which in turn reduces gevp. On the other hand,
the decrease of the droplet temperature increases the temperature
difference between the surrounding NCG and the liquid droplet,
which leads to a higher qconq. AS evp decreases and (conq in-
creases, eventually the energy balance (gevp = Gcong) at the liquid-
gas interface will be achieved. If geyp is initially lower than q¢ng,
using a similar analysis one can see that the energy balance at
the liquid-gas interface will also be eventually established. When
Gevp = qcond, the evaporation of the droplet in a NCG will be in a
quasi-steady state (QSS), and the droplet temperature will remain
almost constant [8].

2.2. Interfacial thermal resistance

We first study the temperature jump, AT, across the liquid-gas
interface. It is well known that heat flow across an interface will
result in a temperature jump, AT, across the interface due to the
presence of interfacial thermal resistance (also known as Kapitza
resistance [20], Rk). R is defined as

Ry = AT/q. (1)

where q is the heat flux across the interface. As we discussed in
Section 2.1, there are two heat transfer modes, namely, evaporation
and heat conduction, at an evaporating liquid surface. Both experi-
mental and MD studies find that the gas temperature near the sur-
face of evaporating micro/nanodroplets is higher than the droplet
temperature [5-10]. This indicates the measured AT is in the same
direction as q.,pq- Furthermore, if considering only heat transfer by
evaporation at the droplet surface, AT predicted by the KTG would
be orders of magnitude smaller than the measured value and in
the opposite direction [9,21]. All these results imply that AT across
the liquid-gas interface is associated with interfacial heat conduc-
tion (i.e., heat exchange by collisions between gas molecules and
the liquid surface) rather than evaporation. The KTG predicts that
the resistance to heat conduction across a liquid-gas interface is
determined by [18,22,23]

1/R,(=Ng<cv+ %R) 201/ (2 —ar), )
where cy is the constant-volume specific heat of gas near the
liquid-gas interface and R is the universal gas constant. Ng in
Eq. (2) is the liquid-gas collision rate per unit area. For incident
gas molecules with an average temperature, Tg, and a density, pg,
Ng is given by [22]

Ng = pgy/RTy/27 Mg, 3)

where Mg is the molar mass of gas. In Eq. (2), o is the thermal
accommodation coefficient which quantifies the heat exchange ef-
ficiency at a liquid-gas interface and is defined as

or = (Er — Ei)/(Es — E), (4)

where E; and E; are the average energy of incident and reflected
gas molecules, respectively, and Es is the average energy a gas
would carry if it equilibrated with the liquid surface upon reflec-
tion. Eqs. (2) and (3) indicate that increasing the gas density pg
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will increase the liquid-gas collision rate which makes the heat ex-
change between liquid and gas more efficient, thus reducing the
interfacial conduction resistance Ry which leads to a smaller AT
for a given heat flux. This theoretical prediction agrees qualita-
tively with the findings in recent MD studies of evaporation of
nanodroplets [8-10]. Hence, it further shows that AT at the evap-
orating droplet surface is associated with interfacial heat conduc-
tion. In this work, we will carry out MD simulations of nanodroplet
evaporation in a NCG to test the accuracy of Eq. (2) in the predic-
tion of Ry at the liquid-gas interface.

2.3. Interfacial resistance to mass transfer

Now we study the density difference Ap = psae(T;) - pv at the
evaporating droplet surface. The KTG predicts that Ap is a driv-
ing force for evaporation which results in an evaporation flux, Jevp,
across the liquid-gas interface. Similar to the definition of interfa-
cial thermal resistance Ry in Eq. (1), we can define the mass trans-
fer resistance, Ry, at the evaporating surface by

Ryv = Ap /Jevp- (5)

Based on the KTG, we now derive an analytical expression for
Ry. A well-known equation that is derived from the KTG and
widely used to model the evaporation process is the Schrage equa-
tion [7]:

20 R
Jevp = ﬁ m[ﬁsat (M)VTL - Pvﬁ]v (6)

where T, and p, are the temperature and density of the vapor
adjacent to the liquid-gas interface, respectively. Here the vapor
refers to the fluid undergoing phase change at the liquid-gas inter-
face instead of the NCG. In Eq. (6), My and o are the molar mass
and the mass accommodation coefficient of the fluid undergoing
phase change. «), is defined as the fraction of vapor molecules
that strike the interface and are accommodated to the liquid phase.
When evaporation occurs, vapor molecules will leave the liquid
surface with a macroscopic velocity. Therefore, Ry, at an evaporat-
ing surface is an interfacial mass convection resistance. Once the
liquid changes into vapor at the liquid-gas interface, the vapor near
the interface is transferred to the surrounding NCG through mass
diffusion if we assume a stagnant NCG.

Recent experimental and MD studies [14-18] show that the
evaporation flux, Jevp, can be well predicted by the Schrage equa-
tion. Hence, we derive the analytical expression for Ry from
Eq. (6). Assuming the vapor temperature T, and the NCG temper-
ature Tg are the same near the interface, we have AT =T, - Tj.
Substituting this relation and Ap = psac(Ty) - pv into Eq. (6), we
obtain

20lM RT}_

m Psat — (Psat — Ap)

Jevp = 2 “ay

AT
T+ | (7)

Assuming small AT/T;, we expand the square root in the square
bracket of Eq. (7) and neglect high order terms, obtaining the fol-
lowing:

2 RT; A AT
oM L |: 4 (8)

. 2 [FL [Ap AT apaT
evp ~ 2—ay anv,Osat o 2T, .

Psat 211

From Eq. (1), we know AT = gy Rk At QSS,
Geond = Gevp = Jewphy, where hg, is the latent heat of vapor-
ization of the model fluid undergoing phase-change. Hence, we
have the relation AT = JevphgRy. After substituting this relation
into Eq. (8), neglecting the high order term (i.e., the last term
in the square bracket) in Eq. (8), and manipulating the resulting
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Table 1
The L] parameters used in the MD simulations.
Ar-Ar [27]  Ne-Ne [27] Ar-Ne [26] Au-Ar [26]  Au-Ne [26]
€ (meV) 103 4.05 4.05 103 4.05
o (A) 3.41 2.72 3.41 3.17 3.17

equation, we obtain the analytical expression for Ry

Ap 2—ay [27M,  PsachpeRi
Ry=-L = + ) 9
M7 Jep 20w V RT 2T; ©)

The Schrage equation (i.e., Eq. (6)) indicates that the evap-
oration flux Jey is affected by both the density difference
Ap = psat(Ty) - pv and the temperature difference AT =T, - Tj.
As Eq. (9) is derived from the Schrage equation, it is reasonable to
find in Eq. (9) that the mass transfer resistance R), at the liquid-
gas interface of an evaporating droplet depends on both the liquid
surface temperature T; and the interfacial thermal resistance Rg. If
Egs. (2) and (9) give accurate predictions of Rx and Ry, they could
then be used to formulate temperature jump and density bound-
ary conditions for continuum modeling of droplet evaporation in a
NCG.

3. MD simulations of nanodroplet evaporation in a NCG
3.1. The MD model system

To test the accuracy of Egs. (2) and (9), we carry out MD sim-
ulations of evaporation of a model liquid Ar nanodroplet in a non-
condensable Ne gas. As shown in Fig. 1, we locate the model Ar
nanodroplet at the center of a spherical region whose radius is
constant at rg = 110 nm. A reflective boundary condition is applied
to specularly reflect all fluid molecules that impact the spherical
boundary. The model system initially contains about 2.3 million Ar
atoms in the nanodroplet and 2 million Ne atoms in the surround-
ing gas. The initial radius of the droplet is around 30 nm so that
the curvature effects on model fluid properties such as ay and psat
can nearly be ignored [24-26].

All interatomic interactions for the model fluids are described
by the truncated and shifted Lennard-Jones (LJ) potential with pa-
rameters given in Table 1 [26,27]. The cutoff distance for all L] in-
teractions is 10.9 A. We use the velocity Verlet algorithm [28] with
a time step size of 8 fs to integrate the equations of motions. To
reach a QSS evaporation of the model nanodroplet, one needs to
run the MD simulation for several tens of ns. The Ar-Ne model
system whose interatomic potential can be well described by the
simple L] potential allows us to carry out MD simulations in a sys-
tem containing several million atoms for several tens of ns. In this
work, all MD simulations are performed using the LAMMPS sim-
ulation package which has a high parallel efficiency for L fluids
[29].

3.2. Simulation procedure

In the MD simulation, positions of atoms are adjusted every
time step to constrain the center of mass of the model system at
the center of the simulation cell to prevent the nanodroplet from
drifting. We first equilibrate the model system at a temperature of
80 K using the Berendsen thermostat [30]. At thermal equilibrium,
the model Ar droplet is surrounded by a Ne-Ar gas mixture with
a Ne partial pressure Py, = 4 atm. To mimic the process of heat-
ing and evaporation of a liquid nanodroplet, we then turn off the
thermostat and set a spherical shell of 2 nm thickness located at
the edge of the spherical simulation region as a heat reservoir. The
temperature of the heat reservoir is maintained at T, = 110 K by
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Fig. 2. (a) The schematic represents the method used to determine the position of
ry4 from the radial density profile. (b) Time evolution of droplet radius r, in the case
of initial Py, = 4 atm and r; = 110 nm. The dashed line is the theoretical prediction
from Eq. (14) with Rg determined from the MD simulation. The solid line is the
prediction from Eq. (14) with Rg¢ = 0.

the velocity rescaling of Ne molecules in the heat reservoir at each
time step. Meanwhile, we eliminate all Ar molecules which entered
or are situated inside the heat reservoir to mimic the evaporation
of Ar molecules into a gas environment with zero Ar concentration
far from the droplet. With this simulation setup, heat conduction
from the gas to the droplet and evaporation from the droplet to the
gas occur simultaneously in the model system. After the aforemen-
tioned non-equilibrium MD (NEMD) simulation is carried out for
30 ns, a QSS is reached, and the change in droplet temperature be-
comes negligible as time progresses. Subsequently, the NEMD sim-
ulation is carried out for another 30 ns for data averaging.

In the NEMD simulation, we divide the system into 110 bins in
the radial direction. The thickness of each bin is 1 nm. A density
profile of Ar along the radial direction of the system is recorded
periodically every 0.1 ns. With these profiles, we track the location
of ry by fitting a linear function between the last data point where
the density is higher than half the average liquid density, p;/2, and
the first data point where the density is less than p;/2, as depicted
in Fig. 2(a). With this linear fit, the location of r; is determined by
finding the value of r where the density is equal to p;/2. In the re-
cent MD simulations of evaporation of a LJ fluid and a polymer, it
was shown that at an evaporating liquid surface the isotropic tem-
perature profile splits into an anisotropic temperature profile at the
position where the fluid density is roughly p;/2 [31,32]. In our re-
cent MD studies, we tested the accuracy of Schrage equation in the
prediction of the evaporation rate of monatomic LJ fluid [15], poly-
mer [18], and water [33]. In all cases studied, we found Schrage
equation with T evaluated at the position where the fluid density
is p1/2 gives accurate prediction of the evaporation rate. Hence, it
is reasonable to define the liquid surface at the position where the
fluid density is equal to p;/2. By applying this method at every ob-
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tained density profile, we obtain the time evolution of the droplet
size as shown in Fig. 2(b).

The fluid temperature and density profiles are obtained directly
from the NEMD simulation by dividing the system into 1 nm thick
radial bins and averaging the fluid properties in each bin during
the QSS period. The fluid’s radial direction macroscopic velocity is
subtracted in each bin when calculating the fluid temperature. We
determine the average molar flow rate M}, in each bin using

N
Ma, =) vri/NaAr,

i=1

(10)

where N is the number of Ar atoms in each bin, N, is Avogadro’s
number, v,; is the radial velocity of Ar atom i, and Ar is the thick-
ness of each bin. To obtain better statistics of all fluid properties
in the gas phase, we divide the gas region between r = 28 nm and
r = 100 nm into eight bins of equal thickness and calculate the
average gas properties in each bin. From the NEMD simulation re-
sults, we will directly determine Rx and Ry, using their definitions
given by Eqgs. (1) and (5), respectively, and verify the KTG predic-
tions given by Egs. (2) and (9).

3.3. Determination of fluid properties

To obtain the theoretical predictions of Ry and Ry from
Eqgs. (2) and (9), we need to know a1 of Ne gas on a liquid Ar sur-
face, saturated vapor density (psat), latent heat (hg), and ay of the
model fluid Ar. To determine these properties, we carry out sepa-
rate MD simulations at a planar liquid-gas interface of the model
fluid. The simulation details are described in Sections 3.3.1 and
3.3.2. We have used the same MD simulation method in our previ-
ous work to determine o, aty, Psat, and hg of various model fluids
[15,16,18,23,33-35].

3.3.1. Determination of psqr and hfg

The saturated properties of the model fluid Ar are determined
using an equilibrium MD (EMD) simulation. To determine psa: of
the model liquid Ar, we place a liquid slab of 112,437 Ar atoms
at the center of a simulation box and randomly insert 6486 Ne
atoms on the two sides of the liquid slab, as shown in Fig. 3(a).
The length of the simulation box in the x, y, and z directions is 35,
25, and 25 nm, respectively. The box size is fixed during the EMD
simulation and periodic boundary conditions (PBCs) are applied in
all three directions. The number of Ne atoms is determined using
the density of Ne gas surrounding the liquid droplet. We equili-
brate the system at a temperature of 79.2 K for 2 ns using the
Nose-Hoover thermostat [36]. The equilibrium temperature is de-
termined from the droplet temperature at QSS. After the system
reaches equilibrium, a liquid Ar slab sandwiched by a gas mixture
of gas Ne and saturated Ar vapor is present in the simulation box.
We then turn off the thermostat and carry out an NVE simulation
for 2 ns to determine the distribution of Ar density (p4,) along the
x-direction, as shown in Fig. 3(b). From the p4, at the center of the
liquid slab and in the gas phase, we find the liquid density p; and
the saturated vapor density psq, respectively.

To find the latent heat, hfg, of Ar at the given temperature
T, = 79.2 K, we perform two separate EMD simulations in a cu-
bic simulation cell at T; with densities set at psq and p;, respec-
tively. We calculate the internal energy (u), pressure (P), and en-
thalpy (h = u + Pp) of the saturated liquid Ar and saturated va-
por Ar at the given T;. The difference between the two enthalpies
gives hy, = 6.46 kj/mol for the model fluid Ar at T; = 79.2 K. Us-
ing a similar method, we determine p;, psqr, and hg, of the model
fluid Ar for other cases studied in this work and summarize the
simulation results in Table 2.



J. Gutierrez Plascencia, E. Bird and Z. Liang

| 13

—~ 30| T
~ |
= |
5 | J L‘
Ew | |
SEN | |
10 : ' l
t Psat — [ |
0.103 mol/L } {
0 ‘. 1 e 00000040000000000000400060000000000
0 5 10 15 20 25 30 35

X (nm)

Fig. 3. (a) A snapshot of the EMD system used to determine the saturated den-
sity of model Ar. (b) The density profile in the EMD system at T = 79.2 K and
Pne = 4 atm.

Table 2
Saturated properties and mass accommodation coefficient, «y, of model fluid Ar,
and thermal accommodation coefficient, o, of Ne gas on liquid Ar.

Case #  Ppe Ig T Psat PL hy, ay ar
(atm) (nm) (K) (mol/L)  (mol/L)  (kJ/mol)

1 2 110 73.6  0.047 35.9 6.61 0.95 0.89

2 4 110 79.2 0.103 35.1 6.46 092 0.89

3 8 110 849 0.199 34.2 6.30 0.87 0.87

4 4 200 79.6  0.109 35.0 6.42 092 0.8

3.3.2. Determination of ot and oy

The MD setup used to find o is depicted in Fig. 4(a). The
system comprises of two Au plates at each end of the simulation
cell. Each plate is formed by three (100) oriented Au atomic lay-
ers and a cross-sectional area of 7.75 by 7.75 nm. The outermost
layer of each of the Au plates stays fixed in the simulation. We
place a liquid Ar layer with an initial thickness of 6 nm on each
of the two inner surfaces of the Au plates. The initial thickness of
the liquid Ar slabs was selected to avoid disjoining pressure ef-
fects on the equilibrium properties of fluid Ar [15]. The distance
between the two liquid surfaces is around 64 nm. We randomly
insert Ne atoms into the region between the two liquid surfaces
with a density close to the Ne gas near the evaporating droplet
surface at QSS. All fluid-fluid and fluid-solid interactions are de-
scribed by the truncated and shifted L] potential with parameters
given in Table 1, and the Au-Au interactions are described using
the embedded atom method [37]. PBCs are applied in the y and z
directions.

The ayp is the probability that a vapor molecule will accom-
modate to the liquid phase after striking the liquid surface [6,7].
Using the setup in Fig. 4(a), we set the temperature of both Au
plates to 79.2 K by velocity rescaling. We equilibrate the system
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for 5 ns and run the EMD simulation for an additional 20 ns for
data collection and averaging. We set an imaginary plane at 10.9 A
(i.e., cutoff distance) from the liquid-gas interface where the den-
sity of Ar is equal to half the liquid density. This imaginary plane
helps classify atoms crossing towards the liquid surface as incident
and atoms crossing in the opposite direction as reflected. We con-
ducted five independent runs with varying initial velocities to ob-
tain better statistics.

To determine oy, from the model system shown in Fig. 4(a),
we follow the trajectory of each incident vapor molecule to deter-
mine the time interval, At, for each incident molecule to cross the
imaginary plane again and return to the vapor phase. The time in-
terval, At, for vapor molecules directly reflected by the liquid sur-
face should be smaller than that for vapor molecules that are first
accommodated to the liquid phase and later evaporated. Therefore,
we need to find a cutoff time interval, Aty to determine if the in-
cident molecule was accommodated to the liquid surface. We find
Ateye using the normal average velocity of an incoming Ar vapor
molecule, given by [22] v, = /7 RT/2M,. Using v, the average
time it takes a directly reflected incident Ar molecule to return
to the gas region is Aty ~ 13.5 ps at T = 79.2 K. If an incident
vapor molecule takes more than Atq = 13.5 ps to return to the
vapor phase, we consider that the vapor molecule is first accom-
modated to the liquid and later evaporated. In a 20 ns-long EMD
run, we measure the total number of incident Ar molecules, Nj,c,
and the number of incident Ar molecules that return to the gas
phase, N, within At. Accordingly, we use oy = 1 — Npef/Njpc at
Ateyr = 13.5 ps to evaluate oy, of model Ar at T = 79.2 K and
Pne = 4 atm as shown in Fig. 5(a). The aforementioned method ac-
tually calculates the condensation coefficient of Ar using the EMD
simulation. In Schrage analysis, the condensation coefficient was
assumed to be the same as the evaporation coefficient [7,38]. This
assumption was verified by MD simulations of evaporation in a LJ
fluid system [39,40]. It was also shown in the recent study that
the evaporation coefficient in the non-equilibrium state is almost
the same as that in the equilibrium state [41]. Hence, the conden-
sation coefficient and the evaporation coefficient are both the same
as the MAC determined by the EMD method in this section.

We determine ot of Ne gas on a liquid Ar surface using a sim-
ilar setup. As depicted by Fig. 4(b), we remove the liquid layer on
the left Au surface and maintain the left and right Au plates at a
temperature of 110 K and 79.2 K, respectively. As there is no lig-
uid layer on the hot Au surface, evaporation on the hot surface and
condensation on the cold surface will not occur at steady state. In
this case, heat transfer through the system at steady state is by
heat conduction only [23]. We run the NEMD simulation for 6 ns
to let the system reach steady state and use an additional 20 ns for
data collection and averaging. For monatomic fluids, ot is given by
[22]

_L-F
TTT

where T; and T, are the temperature of incident and reflected gas
molecules, respectively, and T is the temperature of the liquid sur-
face. To reduce statistical uncertainty, we ran 16 independent runs
varying in initial velocities. To find the average temperature of the
incident and reflected molecules crossing the imaginary plane, we
recorded their kinetic energy, KE, and divided the average KE by a
factor of 2kg [22], where kg is the Boltzmann constant. In Fig 5(b),
we plotted the temperature running average of both incident and
reflected Ne gas molecules near the liquid Ar surface. Using the
simulation data, we find o1 = 0.89 for the model Ne gas molecules
on a liquid Ar surface.

Using similar methods as described above, we determine ot
and «y, for the other three cases tested in this study and sum-
marize the results in Table 2.

or (11)
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Fig. 4. (a) Snapshot of the EMD model used to determine ay of Ar at T = 79.2 K and Py, = 4 atm. (b) Snapshot of the NEMD model used to obtain it of Ne gas molecules
on a liquid Ar surface at T = 79.2 K and Py. = 4 atm. In both models, an imaginary plane is set at 10.9 A from the liquid-gas interfaces to determine incident and reflected

molecules used to obtain ay and ar.
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Fig. 5. (a) The ratio of reflected to incident Ar molecules, Ny/Niy, as a function of
At for cases with T = 79.2 K and Py. = 4 atm. The dashed lines mark the position
where «y; is evaluated at Atqy. (b) Running average of the incident and reflected
Ne molecule temperatures represented by the red and blue lines, respectively.

4. Simulation results
4.1. Representative simulation results

The representative MD simulation results in the case of
Py, = 4 atm and rg = 110 nm (i.e,, Case #2 in Tables 2 and 3)

are shown in Fig. 6. We first use the QSS NEMD simulation results
to evaluate Rg. From Fig. 2(b) we find that the droplet radius at the

30 ns-long QSS is ry = 26.8 + 1.0 nm. At QSS, we directly find from
the NEMD simulation that energy is added to the heat reservoir at
a rate of Q"= 149 + 7 nW. Accordingly, q.o,q across the liquid-gas
interface is 16.5 + 1.4 MW/mZ2. At QSS, the liquid droplet tempera-
ture is essentially a constant around T; = 79.2 K and heat conduc-
tion in the spherically symmetric gas phase results in a tempera-
ture profile as a linear function of 1/r: C - Qopa/4mwker, where C
is a fitting constant and kg is the thermal conductivity of the gas
phase [42]. As shown in Fig. 6(c), by fitting the Ne gas temper-
ature between r = 50 nm and r = 90 nm where Ne gas and Ar
vapor have almost the same temperature, we obtain Tg = 91.7 K
and AT = 12.5 K at the liquid-gas interface, and kg = 0.019 W/m-K
for the surrounding Ar-Ne gas mixture. Note the gas temperatures
near the liquid-gas interface are not used in the fitting because
they are within the Knudsen layer, where the gas is in a highly
non-equilibrium state [14,43]. With q,q and AT obtained from
the NEMD simulation, we find Ry = 0.76 + 0.06 m2K/MW from
Eq. (1). To predict Rx from Eq. (2), we also fit the Ne gas den-
sity with a linear function 1/r as shown in Fig. 6(d) and find
pg = 0.64 mol/L at the liquid-gas interface. The Ne density near
the interface is not used in the fitting because near the liquid-gas
interface there is a gas adsorption layer whose Ne density is much
higher than that in the gas phase [26]. With the pg, Tg, and o1 ob-
tained from MD simulations and ¢y = 1.5R for the model Ne gas,
we obtain the theoretical prediction Ry = 0.76 m2K/MW, which
agrees with the direct MD simulation result very well.

Next, we evaluate Ry, from the MD simulation results. As
shown in Fig. 6(b), the molar flow rate of Ar in the gas
phase is essentially a constant (M, = 22.8 + 0.1 pmol/s) at
QSS. Using My, rg, and hg = 6.46 k]/mol, one can easily find
Jevp = 2.53 £ 0.19 kmol/m?s and geyp = 163 = 12 MW/m? at
the liquid-gas interface. qevp = qcong further verifies that it is
a QSS heating and evaporation process. Using the analogy be-
tween heat conduction and mass diffusion, we also fit the Ar
vapor density out of the highly non-equilibrium Knudsen layer
with a linear function of 1/r (i.e., C + Mp/4mwDypr, where Dyp
is the binary diffusion coefficient in the Ar-Ne gas mixture) as
shown in Fig. 6(d) and obtain p, = 64 mol/m? at the liquid-
gas interface and Dyp = 0.80 x 10-¢ m?2/s. The vapor density
within the Knudsen layer is not used in the fitting because the
Fick’s law of mass diffusion is invalid in the Knudsen layer. py
is lower than psa(T;) by 39 mol/m3. Accordingly, we find from
Eq. (5) that Ry = Ap[Jeyp = 0.0154 + 0.0012 s/m. From the MD
simulations and the above analysis, we already know T;, psat, f,
and Rg. Substituting these values and oy = 0.92 into Eq. (9),
we find the first and second terms on right side of Eq. (9) are
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Table 3
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Properties of model fluids and comparison of Ry and Ry obtained directly from MD simulations with the theoretical (Th) predictions from Eq. (2) and Eq. (9),

respectively. ry is the average droplet radius at QSS.

Case Iy T, Pg AT Qcond Ry (m2K/MW) Py Ap Jevp Ry (s/m)

# nm K mol/L K nW - kmol lTIZS -
(nm) (K) (mol/L) (K) (nW) VD Py (mol/m?) ( /m?s) VD ™

1 26.4 91.4 0.32 17.8 105 1.48 1.52 24 23 1.78 0.013 0.014

2 26.8 91.7 0.64 12.5 149 0.76 0.76 64 39 2.53 0.015 0.015

3 25.3 91.9 1.27 7.0 155 0.36 0.40 149 50 3.12 0.016 0.015

4 26.0 92.0 0.64 12.4 137 0.77 0.77 69 40 2.48 0.016 0.015
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Fig. 6. (a) A snapshot of a portion of model system with initial Pye = 4 atm, and
distributions of (b) molar flow rate, (c) temperature, and (d) density of Ar and Ne
at QSS. The vertical line indicates the position of the liquid-gas interface. The dash
line in (c) is a fit to gas Ne temperature. The dash-dot and dash lines in (d) are
the fit to gas Ne and vapor Ar density, respectively. In all cases, we fitted a linear
function of 1/r to data between r = 50 nm and r = 90 nm. The uncertainties are
smaller than or comparable to the symbol size.

0.0115 s/m and 0.0032 s/m, respectively. Accordingly, Eq. (9) pre-
dicts Ry = 0.0147 s/m which agrees with the direct MD simulation
result very well.

4.2. Dependence of Rk and Ry on Py and rg

To further test the accuracy of Egs. (2) and (9), we extend
the study of the MD model to the cases where the equilibrium
Pne equals 2 atm (Case #1) and 8 atm (Case #3), respectively. As
shown in Table 3, the NCG density pg near the droplet surface is
almost proportional to Py, which indicates the model Ne gas can
be well approximated as an ideal gas. As pg increases, the rate
of gas-liquid collisions and the rate of heat exchange between the

droplet and the surrounding NCG increase. Eq. (2) shows Ry at the
liquid-gas interface is inversely proportional to the liquid-gas col-
lision rate Ng. Hence, it is reasonable to see in Table 3 that R is
almost inversely proportional to Py.. As R decreases with increas-
ing Py, the heat conduction rate Q,,q from the surrounding NCG
to the droplet increases, which heats up the droplet to a higher T;
at QSS as shown in Tables 2 and 3. As T; increases from 73.6 K to
84.9 K, Table 2 shows the saturated vapor density psq of the model
fluid increases by more than a factor of four and hg, remain largely
the same. Since the change in T; is not significant as Py, increases
and Eq. (9) shows Ry depends on the product of psq, hg, and Ry,
it is reasonable to see in Table 3 that the interfacial mass transfer
resistance Ry, is not sensitive to the change in the surrounding gas
pressure in the model fluid system.

Furthermore, we increase the radius ry of the simulation cell
from 110 nm to 200 nm and maintain initial Py, at 4 atm (Case #4)
to study the effects of the simulation box size on Rg and Ry;. The
conduction resistance in the surrounding gas of the model system
is [42]

_ Yrg=1rg

R = AT kg (12)

Since ry in the model system is more than four times smaller
than rg, increasing rg from 110 nm to 200 nm only slightly in-
creases the thermal resistance Rg in the surrounding gas. As a re-
sult, Tables 2 and 3 shows that as rg increases from 110 nm to
200 nm, Qgnq Slightly decreases, and the temperature and density
of fluids near the liquid-gas interface and Ry and Ry remain almost
the same.

For all cases studied in this work, the theoretical predictions of
Rk and Ry, from Egs. (2) and (9) are in good agreement with those
obtained directly from the NEMD simulations as shown in Table 3.
In deriving Eq. (9), we assumed a small AT/T;. One can see from
Tables 2 and 3 that the largest AT/T; studied in this work is 0.24
in the case of Py, = 2 atm. In the Taylor expansion of the square
root in the bracket of Eq. (7), the first high order term neglected
in Eq. (8) is (AT/T;)?/8 which is only 6% of AT/2T; in Eq. (8) when
AT|T; = 0.24. Hence, it is reasonable to see that Eq. (9) can still
give a good prediction of Ry when AT/T; is as high as 0.24.

5. Effects of R and Ry; on continuum modeling

Now we discuss how Rg and Ry at the liquid-gas interface af-
fect the temperature and density boundary conditions in contin-
uum modeling of QSS evaporation of a liquid droplet in a NCG.
From the theoretical analysis in Section 2.1, we have Gevp = Geong
at QSS. Using the thermal resistance network shown in Fig. 1, we
obtain:

dv, L-T

avi _ L 13
dt Rg + Rg/4m rﬁ (13)

_hfgpL
where V; is the volume of the liquid droplet. Note in Eq. (13) the
unit of interfacial thermal resistance Ry is different from that of
Rg in the surrounding gas phase. To determine whether AT and
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Ry at an evaporating droplet surface can be neglected in the con-
tinuum modeling, one needs to know if the ratio Ry/(Rg4mry?) is
negligible. We consider the evaporation of a liquid droplet in an
infinitely large and stagnant NCG medium. From Eq. (12), Rgd7mry?
in an infinitely large NCG (i.e., rg—o00) surrounding the nanodroplet
is rq/kg. Accordingly, if the ratio Rgkg/ry is much less than 1, AT
at the liquid-gas interface is negligible and it is valid to assume
a continuous temperature profile across the liquid-gas interface.
For the representative case (i.e., Case #2) studied in this work, we
find in Section 4.1 that kg = 0.019 W/m-K and R¢ = 0.76 m?K/MW
for Py, = 4 atm. Accordingly, Rgks ~ 14.4 nm, which is significant
compared to ry ~ 26.8 nm in our model system. Hence, AT at the
interface is only negligible if the model droplet size increases to
1 pum or above.

To further demonstrate the importance of considering Ry in
continuum modeling of evaporation of nanodroplets, we substitute
Eq. (12) into Eq. (13) and obtain

d(Td) _ (H_Te)/pthg (14)

dt '
%‘;(1 —%)-ﬁ-RK

For the representative case studied in this work, the QSS starts
at t = 30 ns. At QSS, the values of Tj, T, p;, hg, 1g kg and Ry
on right side of Eq. (14) are constant and given in Tables 2 and 3.
Using numerical integration of Eq. (14), we obtain r; vs. t of the
representative case at QSS. As shown in Fig. 2(b), neglecting Ry in
the continuum modeling significantly overestimates the evapora-
tion rate of the nanodroplet. Once the KTG prediction (i.e., Eq. (2))
Ry = 0.76 m2K/MW is taken into account, the prediction from
Eq. (14) agrees with the direct MD simulation results very well as
shown in Fig. 2(b). The good agreement also indicates Eq. (2) gives
an accurate prediction of Ry at the liquid-gas interface of an evap-
orating droplet in a NCG.

Similarly, whether the approximation of saturated vapor at an
evaporating nanodroplet surface is valid in the continuum mod-
eling depends on the ratio of Ry/4mrs? to the mass diffusion
resistance in the surrounding gas phase. Using the analogy be-
tween heat conduction and mass diffusion, we obtain the dif-
fusion resistance from the droplet surface to the infinitely large
NCG is 1/4mwDppry. Accordingly, the saturated vapor assumption
is valid if the ratio RyDap/ry is much less than 1. For the rep-
resentative case studied in this work, we find in Section 4.1 that
Dsp = 0.80 x 10-% m2/s and Ry; = 0.015 s/m for the model fluid.
Accordingly, RyDap ~ 12 nm, which is also significant compared to
rqy ~ 27 nm. Hence, the saturated vapor approximation is not valid
for our model nanodroplet but will be valid if ry is greater than
1 pm.

6. Conclusions

From the study of an evaporating nanodroplet in a NCG we
find that the temperature jump AT at the liquid-gas interface is
induced by the interfacial thermal conduction resistance (Ryx) and
the density jump Ap = psat(T) — pv is induced by the resistance
to the mass transfer (evaporation) across the interface (Ry). Ry and
Ry can be well predicted by Eq. (2) and Eq. (9), respectively. The
conventional assumptions of a continuous temperature profile and
saturated vapor at the liquid-gas interface are only valid when the
droplet size is significantly greater than Rikg and RyDgp. If the re-
sistance to the heat and mass flow across a liquid-gas interface of
an evaporating droplet is significant compared to that in the sur-
rounding gas, neglecting Ry and Ry, at the interface could signifi-
cantly overestimate the evaporation rate of the liquid droplet.

All the analysis in this work is based on MD simulation results
in a model fluid mixture of Ar and Ne. While we expect that the
results are general, it is imperative in the future to also investigate

International Journal of Heat and Mass Transfer 192 (2022) 122867

if the conclusions drawn in this work can be applied to systems
with complex fluids such as evaporation of a water droplet in air.
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