MISSOURI
E Missouri University of Science and Technology

Scholars' Mine

Mechanical and Aerospace Engineering Faculty

Research & Creative Works Mechanical and Aerospace Engineering

01 Nov 2018

Prediction of Thermal Conductance at Liquid-Gas Interfaces using
Molecular Dynamics Simulations

James Gonzalez
Josue Ortega

Zhi Liang
Missouri University of Science and Technology, zich5@mst.edu

Follow this and additional works at: https://scholarsmine.mst.edu/mec_aereng_facwork

b Part of the Aerospace Engineering Commons, and the Mechanical Engineering Commons

Recommended Citation

J. Gonzalez et al., "Prediction of Thermal Conductance at Liquid-Gas Interfaces using Molecular
Dynamics Simulations," International Journal of Heat and Mass Transfer, vol. 126, pp. 1183 - 1192,
Elsevier, Nov 2018.

The definitive version is available at https://doi.org/10.1016/].ijheatmasstransfer.2018.06.088

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for
inclusion in Mechanical and Aerospace Engineering Faculty Research & Creative Works by an authorized
administrator of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including
reproduction for redistribution requires the permission of the copyright holder. For more information, please
contact scholarsmine@mst.edu.


http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/mec_aereng_facwork
https://scholarsmine.mst.edu/mec_aereng_facwork
https://scholarsmine.mst.edu/mec_aereng
https://scholarsmine.mst.edu/mec_aereng_facwork?utm_source=scholarsmine.mst.edu%2Fmec_aereng_facwork%2F4983&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/218?utm_source=scholarsmine.mst.edu%2Fmec_aereng_facwork%2F4983&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=scholarsmine.mst.edu%2Fmec_aereng_facwork%2F4983&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1016/j.ijheatmasstransfer.2018.06.088
mailto:scholarsmine@mst.edu

International Journal of Heat and Mass Transfer 126 (2018) 1183-1192

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier.com/locate/ijhmt

I.)

Check for
updates

Prediction of thermal conductance at liquid-gas interfaces using
molecular dynamics simulations

James Gonzalez, Josue Ortega, Zhi Liang *

Department of Mechanical Engineering, California State University, Fresno, Fresno, CA 93740, USA

ARTICLE INFO ABSTRACT

Article history:

Received 2 May 2018

Received in revised form 14 June 2018
Accepted 17 June 2018

Available online 26 June 2018

Using molecular dynamics (MD) simulations and theoretical calculations, we study heat transfer across
liquid-gas interfaces within a planar heat pipe. To determine the thermal conductance (Kapitza
conductance), G, at the interface, two heat transfer mechanisms, namely, conduction and evaporation/
condensation are considered. In the case of interfacial heat conduction, gas molecules, particularly
non-condensable gas molecules, exchange heat with liquid surfaces through gas-liquid collisions, and
the theoretical expression for Gy is derived from the kinetic theory of gases. For interfacial heat transfer
by evaporation or condensation, the theoretical expression for Gy is derived from the Schrage relation-
ships. To assess the accuracies of the theoretical expressions for Gy, we compare these theoretical predic-
tions to the Gk obtained directly from MD simulations. For all cases studied, the theoretical predictions
agree with the MD simulation results very well. If the density of non-condensable gas in the heat pipe
is much higher than that of the working fluid in the gas phase, we find that the interfacial heat conduction
could contribute significantly to the total heat flux across the liquid-gas interfaces. The effect of Gk at

liquid-gas interfaces on the overall heat transfer efficiency in a planar heat pipe is discussed.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the existence of interfacial thermal resistance (Kapitza
resistance) [1] Rk, heat flow across material interfaces can result
in a discontinuous temperature drop at the interface. Since the
thermal resistance at the interface between helium and a solid
was first reported by Kapitza [2], Rk at a variety of solid-solid,
solid-liquid, and solid-gas interfaces have been extensively studied
by experiments, theoretical calculations, and numerical simula-
tions [3-5]. Similarly, heat flow across a liquid-gas interface can
also result in a temperature drop at the interface [6,7]. The ability
to accurately predict Ry (or its inverse G) at liquid-gas interfaces is
important for the thermal analysis of various types of heat pipes
[8] and evaporation of liquid droplets [6]. For example, heat trans-
fer efficiency in micro/nanoscale heat pipes is strongly limited by
the Ry at liquid-gas interfaces [8]. A good understanding of heat
transfer mechanisms at liquid-gas interfaces can help design heat
pipes with optimized cooling performance.

In spite of its importance, the studies on Ry at liquid-gas inter-
faces are rare. One of the difficulties in the determination of Rk at
liquid-gas interfaces is that the heat transfer across a liquid-gas
interface often accompanies evaporation or condensation
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processes. Therefore, two heat transfer mechanisms, namely,
conduction and evaporation/condensation should be considered
in the analysis of heat transfer across liquid-gas interfaces. For heat
transfer across solid-solid, solid-liquid, and solid-gas interfaces,
only heat conduction needs to be considered in most cases.

The heat conduction at liquid-gas interfaces is due to collisions
between gas molecules and liquid surfaces. Such a heat transfer
mechanism is similar to that at solid-gas interfaces. The Rx at
solid-gas interfaces is well predicted by theoretical expressions
derived from the kinetic theory of gases [9-12]. Hence, we will
employ these theoretical expressions to study conduction resis-
tance at liquid-gas interfaces. Evaporation and condensation are
processes by which a fluid transitions between its liquid state
and its gas state at the liquid-gas interface. Recent molecular
dynamics (MD) simulation results [8,13,14] show that the Schrage
relationships [15,16] give an excellent prediction of the evapora-
tion/condensation rates. Therefore, we will use theoretical expres-
sions derived from the Schrage relationships to predict the
evaporation/condensation thermal resistance at liquid-gas inter-
faces. Evaporation and condensation often occur when there is a
non-condensable gas (NCG) in the gas phase, e.g. water evapora-
tion/condensation in air. In this case, thermal energy can be
transferred across the liquid-gas interface by both conduction
(i.e., collisions between NCG molecules and liquid surfaces) and
evaporation/condensation (i.e., liquid-vapor phase change of the
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working fluid at the interface). In our previous MD studies [8,13],
the heat transfer by conduction at the liquid-gas interface is
neglected in the thermal analysis of the steady-state evaporation
and condensation processes. In this work we take into account
both conduction resistance and evaporation/condensation resis-
tance at the liquid-gas interface, and investigate the contribution
of conduction to the overall heat flow during evaporation/conden-
sation processes.

In the next section, we will introduce the theory for thermal
transport across a liquid-gas interface and the theoretical expres-
sions for conduction resistance and evaporation/condensation
resistance at liquid-gas interfaces. To assess the accuracies of the
theoretical expressions, we will compare these theoretical predic-
tions with the Ry obtained directly from MD simulations, which
require no assumptions concerning the heat transfer mechanism
at the liquid-gas interface. In Section 3 we describe the MD model
for the study of heat transfer across liquid-gas interfaces, and the
basic properties of the model fluid. In Section 4 we present MD
simulation results, and discuss how the R at liquid-gas interfaces
affect the heat transfer efficiency in planar heat pipes. Finally, we
close with a summary and conclusions.

2. Theory

The interfacial thermal conductance (or Kapitza conductance),
Gk, is defined as the ratio of heat flux across the interface to the
temperature drop, AT, at the interface [1]:

Gk = q/AT. (1)

where the subscript K stands for Kapitza. Depending on the heat
transfer mechanism, different theoretical expressions can be used
to predict Gy at a liquid-gas interface.

2.1. Interfacial heat transfer by conduction

In the case of heat conduction across liquid-gas interfaces, there
is no net mass flux at the interface, and gas molecules exchange
thermal energies with liquid surfaces through gas-liquid colli-
sions/interactions. The kinetic theory of gases predicts that the
conduction resistance, Rxcong, at liquid-gas interfaces is deter-
mined by the frequency of collisions between gas molecules and
the liquid surface, and the efficiency of the thermal energy

exchange during the liquid-gas collision process [9]. For incident
gas molecules with an average temperature, T,, and a density, p,,
the liquid-gas collision rate per area, N, is given by [9]:

Ng = PyVn = pgr/RTg/27TMg, 2)

where v, is the average normal velocity of incident gas molecules,
Mg is the molar mass of gas molecules, and R is the gas constant.
The heat exchange efficiency at a liquid-gas interface can be
quantified by the thermal accommodation coefficient (TAC). For
monoatomic gases, the TAC, o, is defined by [17]:
T, —T;

U (3)
where T; and T; are the temperatures of incident and reflected gas
molecules, respectively, and Ty is the liquid surface temperature.
Theoretically, the TAC may vary between 0 (implying no energy
transfer between the liquid and gas upon reflection) and 1 (charac-
terizing diffuse reemission with complete thermal equilibration of
the incident gas molecules with liquid). The TAC, o, and the colli-
sion rate, Ng, are related to the Ggcona (i.€., the inverse of Rk cond)
at liquid-gas interface by [9]:

o
GK,cond = fRNg 2771-067 . (4)

where f=4 for a monatomic gas. Although Eq. (4) has been shown
to give very good predictions of Gy at solid-gas interfaces [10,11],
whether it is accurate or even valid in the prediction of Gy at
liquid-gas interfaces remains debatable. In this work, we will test
the validity and accuracy of Eq. (4) using MD simulations.

2.2. Interfacial heat transfer by evaporation/condensation

When evaporation/condensation occurs, energy is transferred
by liquid-vapor phase changes at the interface. In this case, the
interfacial heat flux, q, equals Jhg, where J is the evaporation/con-
densation rate, and hg, is the latent heat. Recent MD simulations of
steady state evaporation and condensation processes showed that
the Schrage relationships, which were developed based on the
kinetic theory of gases, accurately predict the evaporation/conden-
sation rate, J [8,13,14]. Both the Schrage analysis and MD simula-
tions of evaporation and condensation processes in a planar heat
pipe (see Fig. 1) show that J is proportional to the temperature
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Fig. 1. (a) Schematic diagram of the model system for the study of evaporation and condensation in a planar heat pipe. S and L stand for the solid surface and the liquid phase,
respectively. The vertical dashed line indicates the location of the imaginary plane (10.9 A away from the liquid surface) for the determination of MAC. (b) The thermal
resistance network between the evaporating and condensing interfaces in the heat pipe in the case of pncc = 0. (¢) The thermal resistance network between the evaporating

and condensing interfaces when an NCG is present in the heat pipe.
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difference, AT, = T ; — Ti», between the evaporating and condens-
ing liquid surfaces in the heat pipe [13,14] when AT, is small.
Accordingly, one can use the product of the proportionality
constant, J/AT;, and hg to define the evaporation/condensation
thermal conductance, Gevpjcon, between the evaporating and
condensing surfaces in the heat pipe. When the heat pipe only
contains a pure (working) fluid, our recent theoretical analysis
based on the Schrage relationships predicts [13]:

[ R (T dpy 1)
2—“M\/27r?<pﬂ,t dr |, 2Pt (5)

where the subscript 0 indicates that the density of non-condensable
(inert gas) equals zero in the heat pipe, T is the average temperature
of the evaporating and condensing liquid surfaces in the heat pipe,
M stands for molar mass of the working fluid, and ps,, is the satu-
rated vapor density of the working fluid at temperature T. In Eq.
(5), ouy is the mass accommodation coefficient (MAC), which is
defined as the fraction of vapor molecules that strike the liquid sur-
face and are accommodated to the liquid phase. If the vapor phase
of the working fluid is approximated as an ideal gas, an alternative
form of Geypjcono is [13,16]:

Oy / R hfg 1
Gevp/con‘o = m 27'CMT (ﬁ - j psathfg' (6)

In deriving Egs. (5) and (6), we did not make the assumption
that the working fluid is a monatomic fluid [13]. Hence, we expect
these expressions for thermal conductance are general. The inverse
of Gevpjeono IS the evaporation/condensation thermal resistance,
Revpjcono, between the evaporating and condensing surfaces in
the heat pipe, which is equal to the sum of the thermal resistances
at the two liquid-gas interfaces and the thermal resistance in the
gas phase (see Fig. 1(b)). During the steady state evaporation and
condensation of a pure fluid in a heat pipe, the thermal resistance
in the gas phase, Rg, is essentially zero, and the transport of thermal
energy in the gas phase is through the bulk motion of the gas,
rather than diffusive processes [13]. Since Rg=0, the thermal
resistance at each liquid-gas interface should be approximately
YRevpjcon,o if we assume the resistance at the evaporating surface
is the almost same as that at the condensing surface. This assump-
tion should be valid when the temperature difference between the
two surfaces is small, which is the case in this study. Accordingly,
the thermal conductance at the liquid-gas interface during the
evaporation and condensation of a pure fluid is given by:

Gevp/can.o =

GK,evp/con.O = 2Ge1}p/can,0- (7)

The heat transfer via phase change is usually much more effi-
cient than that by conduction. Therefore, we expect that Gk evpjcon,0
is much greater than G for the same fluid at the same
temperature.

K,cond

2.3. Interfacial heat transfer by both conduction and
evaporation/condensation

Egs. (4) and (7) provide theoretical expressions for liquid-gas
interfacial thermal conductance when the interfacial heat transfer
is by conduction or evaporation/condensation only. If a non-
condensable gas (NCG) is present in the gas phase during the evap-
oration/condensation process, the interfacial heat transfer can be
achieved by both evaporation/condensation of the working fluid,
and collisions between the NCG molecules and liquid surfaces
(i.e., interfacial heat conduction).

According to Eqs. (2) and (4), a higher density of NCG will result
in a higher collision rate, which in turn will increase Gy conq at the
liquid-gas interface. On the other hand, the presence of an NCG in a
heat pipe can lead to diffusive mass transfer in the gas phase [8],

which in turn reduces the evaporation/condensation rates. When
the effect of NCG on evaporation and condensation of the working
fluid is taken into account, our recent work [8] shows the evapora-
tion/condensation thermal conductance between the evaporating
and condensing surfaces in the heat pipe is given by:

Geup/con = 7622/1)/5071,_0 L (8)
2 o s

where pncc and pyo are the density of NCG at the center of the gas
phase and the total density of the gas mixture in the gas phase,
respectively. L, in Eq. (8) is the length of gas region in the heat pipe,
and Dpg is the Maxwell-Stefan diffusion coefficient of the working
fluid in the gas mixture. According to Eq. (8), Geyp/con inCreases with
decreasing pnce, and reaches its maximum value of Geypjcono When
pnee = 0 (i.e., evaporation/condensation of a pure working fluid).

When an NCG is present in a heat pipe shown in Fig. 1, both the
bulk motion of the gas and diffusive heat transfer contribute to
energy transport in the gas phase. As a result, there is a finite con-
duction resistance in the gas phase, which will lead to a finite tem-
perature gradient in the gas region. Since there are temperature
drops at the two liquid-gas interfaces, as well as in the gas region
in this case, the evaporation/condensation conductance, Gy evpjcon.
at each liquid-gas interface is not simply 2Geypjcon. As shown in
Fig. 1(c), it is more convenient to use Geyp/con (i.€., the expression
in Eq. (8)) directly rather than splitting Geypjcon into the interfacial
part and the bulk part in the thermal analysis of heat pipes con-
taining an NCG. As pncc increases, the contribution from heat con-
duction to the total heat transfer rate in the heat pipe increases,
and the contribution from the heat transfer by evaporation/con-
densation decreases. If the density of the NCG is much higher than
that of the working fluid in the gas phase, then the contribution
from heat conduction could be comparable to that from evapora-
tion and condensation in the heat pipe.

In the following sections, we will use MD simulations to study
the heat transfer across liquid-gas interfaces within a planar heat
pipe, and assess the accuracies of the aforementioned theoretical
expressions by comparing their predictions to MD simulation
results.

3. MD simulation of heat transfer at liquid-gas interfaces
3.1. The MD model

In the MD model, we select fluid Ar as the working fluid and gas
Ne as an NCG to study heat transfer across the liquid-gas interface
in a planar heat pipe. Note that in a real heat pipe there is a return
of condensed liquid to the evaporation region by, for example, cap-
illary action. We do not consider this process in our MD model. As
depicted in Fig. 1, the model planar heat pipe consists of two solid
Au slabs. Each Au slab is formed by three (00 1) orientated Au
atomic layers with a cross section area of 7.75 nm by 7.75 nm.
The atoms in the outmost Au layers are fixed in the simulation.
On each of two inner surfaces of Au slabs, we place a liquid Ar thin
film. The initial thickness of the liquid Ar thin films on the left and
right Au surfaces are 7 nm and 4.5 nm, respectively, such that the
disjoining pressure has negligible effects on equilibrium properties
of fluid Ar [14]. The gas region between the two liquid Ar surfaces
has a length of Ly=106 nm. To generate a heat flux across the
liquid-gas interface, we carry out non-equilibrium MD (NEMD)
simulations by setting the left Au slab as the heat source, and the
right Au slab as the heat sink. As shown in Fig. 1, this results in
evaporation at the left liquid-gas interface and condensation at
the right liquid-gas interface. For comparison, we use a similar
model system depicted in Fig. 2 to study heat conduction at the
liquid-gas interface. To prevent evaporation and condensation,
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Fig. 2. Schematic diagram of the model system for the study of heat conduction across a liquid-gas interface. The vertical dashed line indicates the location of the imaginary

plane (10.9 A away from the liquid surface) for the determination of TAC.

we place a 6-nm-thick liquid Ar film only on the right Au surface,
and set the left and right Au slabs as the heat source and heat sink,
respectively. The length of the gas region between the left Au sur-
face and the liquid Ar surface is ~70 nm. In this case, the heat
transfer across the liquid-gas interface at steady state is by conduc-
tion only. To study the effect of NCG on heat transfer across the
liquid-gas interface, we will gradually increase the density of
NCG Ne in the gas region from 0 to 0.65 mol/L.

In all NEMD simulations the heat flows along the x direction,
and periodic boundary conditions are applied in the y and z direc-
tions. The embedded-atom-method (EAM) potential [18] is used
for Au-Au interactions. The Lennard-Jones (L]) potential [19] is
employed for all fluid-fluid and fluid-solid interactions. The L]
parameters [19,20] used in the simulation are summarized in
Table 1. The cutoff distance for all L] interactions is 10.9 A. A rela-
tively small Ar-Ne interaction strength is used to reduce the solu-
bility of Ne in Ar, so that the small amount of Ne gas dissolved in
liquid Ar has negligible effects on equilibrium properties of Ar [8].

A velocity Verlet algorithm [21] with a time step size of 5 fs is
used to integrate the equations of motions. In NEMD simulations,
the heat source temperature, Ty, and the heat sink temperature,
T,, are maintained by velocity rescaling [22] at each time step. Each
heat source-sink simulation run is first carried for 10 ns to allow
the system to reach quasi-steady state evaporation and condensa-
tion in the model system shown in Fig. 1, and steady state heat
conduction in the model system shown in Fig. 2. We consider the
evaporation/condensation process in the heat pipe as quasi-
steady state since the liquid-gas interfaces move at a very low
speed (less than 0.06 m/s in this study) as a result of the finite mass
flux across the interface. The heat source-sink simulation run is
then carried for an additional 20 ns for data collection and averag-
ing. In the production run, we will calculate the temperature and
density profiles in the liquid and gas phases. The contribution from
non-zero bulk velocity is subtracted in the calculation of the tem-
perature profile in the gas phase when evaporation/condensation
occurs. The heat flux across the liquid-gas interface is obtained
by determining the average heat fluxes added to the hot Au plate
(gn), and the average heat flux removed from the cold Au plate
(q)) at steady state. In each case of MD simulations, eight indepen-
dent runs (i.e., eight different random seeds used to initialize
atomic velocities) are performed to improve the accuracy of the
simulation results. The uncertainties of the simulation results are
determined by analyses of those independent runs and the propa-
gation of uncertainties.

With the temperature profile and heat flux obtained from MD
simulations, one can determine Gy at the liquid-gas interface

Table 1
The LJ parameters used in the MD simulations. The Lorentz-Berthelot mixing rule is
employed to calculate ¢ for Ar-Ne interactions.

Ar-Ar [19] Ne-Ne [19] Ar-Ne Ar-Au Ne-Au
& (meV) 10.3 4.04 4.04 10.3 4.04
o (A) 3.41 2.72 3.065 3.17 [20] 3.17

directly from Eq. (1). All G¢'s determined from MD simulations
are evaluated at a temperature of 76 K in this work. The MD simu-
lation results will be used to validate or assess the accuracy of the
predictions from theoretical expressions given in Section 2. To
evaluate these theoretical predictions, we use separate equilibrium
and non-equilibrium MD simulations described in Section 3.2
through Section 3.5 to determine psar, hgg, otr, v, and Dag for the
model fluid, which are important parameters for theoretical
expressions in Eq. (2) through Eq. (8).

3.2. Determination of saturated vapor density and latent heat

The saturated vapor density, psar, and latent heat, hg, of the
model fluid Ar are important fluid properties for the thermal anal-
ysis of the evaporation and condensation processes in the model
system. To determine pg, we use the model system shown in
Fig. 1(a) and equilibrate the whole system at a temperature of
76 K by maintaining both Ty, and T; at 76 K for 10 ns. After the sys-
tem reaches the equilibrium, ps, is determined from the average
density of vapor Ar in the central gas region ranging from 20 to
100 nm in the model system. At T =76 K, we obtain pg, = 0.0695
+0.0006 mol/L. The MD simulation results show that the presence
of the non-condensable gas Ne has little influence on the value of
Psat 10 the range of pncc simulated. Using separate equilibrium
MD simulations, we further determine the internal energy, u, and
pressure, P, of the saturated liquid Ar and saturated vapor Ar at
the given temperature. Using the calculated u, P, and p, we deter-
mine the enthalpy of saturated liquid and vapor Ar. The difference
between the two enthalpies gives hg =6.30 = 0.08 kJ/mol for the
model fluid Ar at T=76 K.

3.3. Determination of mass accommodation coefficient

The evaporation and condensation heat flux is affected by the
mass accommodation coefficient (MAC), oy, which is defined as
the fraction of vapor molecules that strike the liquid surface, and
are accommodated to the liquid phase. To determine oy, of the
model fluid, we use the equilibrated system described in Sec-
tion 3.2. We define the liquid-gas interface at the location where
the average fluid density equals half of that in the liquid. As shown
in Fig. 1(a), we set an imaginary plane 10.9 A (cutoff distance)
away from the liquid-vapor interface, and define the vapor Ar
molecules that pass through the imaginary plane and move
towards the interface as incident molecules. We follow the trajec-
tory of each incident Ar molecule to determine the time interval,
At, for each incident molecule to pass through the imaginary plane
again and return to the vapor phase. An equilibrium MD simulation
is carried for 10 ns to determine the total number of incident Ar
molecules, Nj,., and the total number of incident molecules that
returned to the vapor phase, N,ef, within At. At T=76 K, the aver-
age normal velocity of incident vapor Ar molecules, i.e. 7, in Eq.
(2), equals 50.1 m/s. Accordingly, for incident molecules that were
directly reflected by the interface, the average At is ~44 ps. Fig. 3
shows that Ni.g/Ni,c keeps increasing with At. If an incident Ar
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Fig. 3. The ratio of reflected to incident molecules, Nyef/Ninc, as a function of At at a
temperature of 76 K when pne = 0 and 0.43 mol/L. 1 - Nyef/Ninc at At = 44 ps is used
to evaluate the MAC. The inset depicts a snapshot of fluid molecules near the
interface and the position of the plane used to define N,¢r and Nj,c. The red and blue
dots in the inset represent Ar and Ne atoms, respectively. The dashed and solid lines
are used to guide the reader.

molecule takes more than 44 ps to return to the vapor phase at T =
76 K, we consider that the Ar molecule is first accommodated to
the liquid phase and later evaporated. As shown in Fig. 3, therefore,
we use oy = 1 — Nieg/Ninc at At = 44 ps to evaluate the MAC at T=
76 K. We used the same EMD method in our previous work [8,13]
to evaluate the MAC of fluid Ar at various temperatures, and found
the calculated MACs are consistent with values determined from
the NEMD method in other literature.

The value of MAC is also affected by the density of NCG. As pnce
increases, the possibility of collisions between incident Ar mole-
cules and the Ne molecules near the liquid-vapor interface
increases, which leads to a higher possibility of reflection. As
shown in Fig. 3, Nief/Ninc increases when an NCG is present in the
gas phase, and as a result, the value of MAC decreases. The MD sim-
ulation results of oy as a function of pncc are summarized in
Table 2.

3.4. Determination of thermal accommodation coefficient

The thermal accommodation coefficient (TAC), o, is an impor-
tant physical quantity for understanding the heat conduction at
liquid-gas interfaces. In the model system shown in Fig. 2, we
add gas Ne at a density of 0.17 mol/L to the gas phase and set
T, =95K to the left Au slab and T;=76 K to the right Au slab.
At steady state, heat is transported across the liquid-gas interface
by conduction. The resulting gas phase is a Ne-Ar gas mixture. To
determine TAC of gas Ar and Ne on a liquid Ar surface using
Eq. (3), we set an imaginary plane 10.9 A (cutoff distance) away
from the liquid-gas interface as shown in Fig. 2. The incident
(or reflected) gas molecules pass through the imaginary plane
indicating the start (or finish) of the heat exchange process. The
temperature of incident (or reflected) gas Ar and gas Ne molecules
is obtained by dividing the average kinetic energy of the incident
(or reflected) Ar and Ne molecules by 2kg [9]. The time-averaged

Table 2

T(K)

85 T,=848K g
g 80 - 180
= T.=71.1K
75| T,=763K 175
(b) Ne-Ar
0 2000 4000 6000 8000

t(ps)

Fig. 4. The time-averaged temperature of incident, reflected gas molecules, and the
liquid surface for (a) gas Ar on a liquid Ar surface, and (b) gas Ne on a liquid Ar
surface.

T;, T, and T, obtained from the aforementioned NEMD simulations
are shown in Fig. 4. According to the definition of TAC in Eq. (3), the
MD simulation results predict that ot = 0.94 + 0.01 for gas Ar on a
liquid Ar surface, and ot = 0.90 + 0.01 for gas Ne on a liquid Ar
surface.

We used the same method in our previous work to determine
TAC at solid surfaces and found that the TAC gets higher on a softer
surface [12]. The liquid Ar surface in the model system can be con-
sidered as an ultrasoft solid surface, which implies a high TAC
value. Moreover, Fig. 3 shows most of incident gas Ar molecules
(>90%) are accommodated to the liquid phase for more than 100
ps before being evaporated back to the gas phase. Hence, the
majority of incident Ar molecules have enough time to thermalize
with the liquid phase before returning to the gas phase. This
explains the close to unity oy for gas Ar on a liquid Ar surface
obtained from the MD simulation. Our previous MD study [12]
on TAC also showed that the TAC value decreases as the mass mis-
match between gas and surface atoms increases. The gas-liquid
atomic mass ratio for gas Ar on a liquid Ar surface and gas Ne on
a liquid Ar surface are 1.0 and 0.51, respectively. The greater mass
mismatch between Ne and Ar molecules is consistent with the
slightly lower og for gas Ne on a liquid Ar surface that was found
in the MD simulation.

3.5. Determination of the diffusion coefficient and thermal
conductivity in the gas phase

The Maxwell-Stefan diffusion coefficient, Dag, and thermal con-
ductivity, kg, of the Ar-Ne gas mixture are important parameters

MD simulation results of o, o, protDas. and kg as a function of pye. The total thermal conductance, Gy, between the evaporating and condensing surface in the model heat pipe
as a function of pye, determined by theoretical calculations and MD simulations. The last column shows the percentage contribution from Geong to Gior.

pne (mol/l) o orr (Ne-Ar) ProcDap (mol/m s) kg (W/m K) Giot (MW/m? K) Geond./Grot (%)
Theory MD

0.00 0.95 - - - 2.48 +0.04 2.39+0.07 0

0.20 0.95 0.90 0.49 x 1073 0.021 0.94 +0.02 0.96 £ 0.05 103

0.34 0.94 0.90 0.50 x 1073 0.022 0.70 £ 0.04 0.73 £ 0.04 18.1

0.49 0.93 0.90 0.51 x 1073 0.023 0.59 +0.02 0.60 + 0.04 25.9

0.65 0.93 0.90 051 x 1073 0.023 0.51+0.03 0.50 + 0.03 31.6
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that affect the diffusive heat and mass transfer in the gas region of
the model heat pipe. Eq. (8) shows that the evaporation/condensa-
tion conductance at the liquid-gas interface is also affected by the
diffusion coefficient, Dag. Both Dag and k of the model fluid can be
determined by equilibrium MD simulations.

The results in Section 3.2 show that pg ~ 0.07 mol/L for the
model fluid Ar at a temperature of 76 K. If gas Ne at a density of
0.20 mol/L is added to the saturated vapor Ar, the total density of
the gas mixture, P, is ~0.27 mol/L. To determine Dag and k, for
this gas mixture, we place 16,384 atoms (74% Ne and 26% Ar) in
a cubic simulation box. The box size is fixed at 46.4 nm during
the MD simulation to maintain py at 0.27 mol/L. After the gas
mixture reaches the thermal equilibrium at T=76 K, Dag and kg
are determined from Green-Kubo formulas. The Green-Kubo for-
mula for determining Dag is given by [23]:

2 oo Nar Nar

Yne (YarMar + YnelTlNe / - -
Dyp = A A oRe & dt U, (0) - > v, (D) ),
o = g (et ) | <z w03 >>

)

where N, is the number of Ar atoms in the Ar-Ne mixture, ma, and
Mmpye are atomic mass of Ar and Ne, respectively, vy, is the velocity of
Ar atoms, t is time. In Eq. (9), yar and yne are the mole fractions of Ar
and Ne in the gas mixture, respectively. The Green-Kubo formula for
determining kg is given by [21]:

v o
/0 (@(t)g(0))dt,

k. — 10
& 3k,T? (10)

where V is the volume of the simulation box, kg is the Boltzmann
constant, and q is the microscopic heat flux, which can be computed
from [24,25]:

a = % |:ZEi?ji +%ZZFU(2U . 7},) .
i i g

In Eq. (11), » and E; are the velocity and total energy of atom i,
respectively, rj; is the position vector from atom j to atom i, and fj; is
the interatomic force on atom i exerted from atom j. To obtain good
statistics of the simulation results, 1 ms is used to calculate the
velocity autocorrelation function (VACF) in Eq. (9), and the heat
flux autocorrelation function (HFACF) in Eq. (11). In Fig. 5, we show
VACF, HFACF, and their running integrals for the Ar-Ne gas mixture
at T=76 K and pyor = 0.27 mol/L. From the plateau of the running
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Fig. 5. (a) The VACF and its running integral, and (b) the HFACF and its running
integral for the model Ar-Ne gas mixture at T=76 K and po = 0.27 mol/L.
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integral, we evaluate Dag ~ 1.80 x 10~® m?[s and k; ~ 0.021 W/m
K. Since py = 0.27mol/L, we obtain the product
ProtDas = 0.49 x 1073 mol/m s.

To study the effect of NCG on heat transfer in the model heat
pipe, we will gradually increase the density of gas Ne in the gas
mixture to 0.65 mol/L. Using the same method, we calculate Dag
and kg at T=76 K, and pne in the range of 0.20 -0.65 mol/L. In
Table 2, we show the calculated pDap and kg as a function of
pne- The kinetic theory of gases predicts that p.Dap should be
independent of the mixture composition and p,: for low-density
gases [26]. The essentially constant p,:Dag found from the MD
simulation is consistent with the prediction from the kinetic theory
of gases. Gas Ne is more thermally conductive than gas Ar at the
same temperature. Hence, it is reasonable to see in Table 2 that
the thermal conductivity of the mixture increases as the fraction
of gas Ne in the Ar-Ne mixture increases.

4. NEMD simulation results

4.1. Heat conduction at the interface between liquid Ar and its own
vapor

If the model fluid system only contains fluid Ar, the liquid-gas
interface is formed by the liquid Ar and its own vapor. If no phase
change occurs at the liquid-vapor interface, the thermal energy is
transported across the interface by conduction only. We first use
the model system shown in Fig. 2 to study heat conduction at
the interface between liquid Ar and its own vapor. In this case,
the theoretical prediction for Gg conq is given by Eq. (4). Its accuracy
will be assessed by comparing it to the MD simulation result.

Fig. 6 shows the MD simulation results in the case of T, =95 K
and T,=76 K. Since no liquid layer is present on the left high-
temperature surface, evaporation will not take place at the left
surface. Accordingly, no condensation will occur on the right
low-temperature surface at steady state. Hence, there is no mass
flux in the model system and the heat transfer is by conduction
only. In the heat flow direction, the vapor temperature decreases
(see Fig. 6(a)), which results in a slight increase in the vapor
density (see inset of Fig. 6(b)). By extrapolating the linear fit to
the temperature profiles in the liquid and gas phases to
the liquid-gas interface, we see an evident temperature drop,
AT = 5.4+ 0.1 K, at the interface. In addition from the MD simula-
tion, we obtain that g, ~ q;= 0.55 + 0.01 MW/m?. Accordingly, the
NEMD simulation predicts that Gy yp = 0.102 + 0.003 MW/m? K.

To compare the MD simulation result with the theoretical
expression from Eq. (4), we first find from Fig. 6 that the tempera-
ture and density of vapor Ar near the interface are Ty = 81.5 K and
pg = 0.064 mol/L, respectively. Using Eq. (2), we obtain the liquid-
gas collision rate, Ng = 3.32 kmol/m? s. In Section 3.4, we already
determined from MD simulations that ot = 0.94 £ 0.01 for gas Ar
on a liquid Ar surface. Substituting these properties into Eq. (4),
we obtain the theoretical prediction Gy cona = 0.098 + 0.002 MW/
m? K, which agrees with G yp = 0.102 + 0.003 MW/m? K very well.

4.2. Evaporation/condensation at the interface between liquid Ar and
its own vapor

For comparison, we use the model system shown in Fig. 1(a) to
determine the evaporation/condensation thermal conductance,
Gkevpjcon,0» at the interface between liquid Ar and its own vapor.
In the NEMD simulation, we set T, =79 K and T;= 73 K such that
the average temperature of the fluid in the model system is around
76 K. The temperature and density profiles during the quasi-steady
state evaporation and condensation processes in the model system
are shown in Fig. 7. The MD simulation results show the density
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Fig. 6. (Top panel) A snapshot of the model system during the steady state heat conduction process in the case of T, =95 K and T, = 76 K. (Bottom panels) Steady state (a)
temperature, and (b) density profiles in the case of T, = 95 K and T; = 76 K. The straight lines in (a) show the linear fit to the temperature profile in the gas and liquid phases.
The inset in (b) shows the density profile in the vapor phase.
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Fig. 7. (Top panel) A snapshot of the model system during the quasi-steady state evaporation and condensation processes in the case of T, = 79 K and T, = 73 K. (Bottom
panels) Steady state (a) temperature, and (b) density profiles in the case of T, = 79 K and T, = 73 K. The dashed horizontal line in (a) indicates the average value of temperature
in the central gas region. The statistical error of the temperature in the gas phase is ~0.3 K. The inset in (b) shows the density profile in the vapor phase.

and temperature gradients in the vapor phase are almost zero. This between the evaporating and condensing surfaces is only located
indicates that there is essentially no resistance to the heat and at the two liquid-gas interfaces. This confirms the theoretical
mass flow in the gas region. Therefore, the thermal resistance prediction given by Eq. (7).
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To determine the interfacial thermal conductance, we first find
the temperature at the left liquid surface T;; = 78.2 K and that at
the right liquid surface T;, = 73.8 K as shown in Fig. 7(a). T,y and
T, are determined by linear extrapolating the temperature profile
in the liquid film to the liquid-gas interface. Near the liquid-gas
interface, there are strong non-equilibrium regions where the tem-
perature of fluid can be anisotropic [26,27]. In the middle of the gas
region, the vapor is close to the local equilibrium [13,26]. The tem-
perature points near the interface are ignored in the linear fit to the
temperature profile. Since the temperature in the middle of vapor
phase is essentially a constant around 76 K, the temperature drops
at the two liquid-gas interfaces are both around 2.2 K. Further-
more, from the MD simulation, we obtain that g, ~ ¢q;=10.5 %
0.02 MW/m?, which indicates the evaporation and condensation
heat fluxes are essentially the same at the two liquid surfaces.
Using Eq. (1), we find Ggup = 4.77 + 0.14 MW/m? K at an interface
between liquid Ar and its own vapor when evaporation/condensa-
tion occurs. This value is about 50 times greater than Gy at the
same interface when interfacial heat transfer is by conduction only.

To compare Gynmp with the theoretical prediction given by
Eqgs. (6) and (7), we first find the average temperature of the evap-
orating and condensing liquid surfaces T = 76 K. In Section 3, we
already determined from MD simulations that oy = 0.95, psac =
0.0695 mol/L, and hg, = 6.30 k]/mol for the model fluid Ar at T=
76 K. Substituting these properties in Eq. (6), we obtain the total
thermal conductance between the evaporating and condensing
interfaces, Geypjcono, €quals 2.48 £ 0.04 MW/m? K. Accordingly,
the theoretical prediction of G eypjcono 0N €ach of the two liquid-
gas interfaces is 4.96 + 0.08 MW/m? K, which is consistent with
Gxmp =4.77 £0.14 MW/m? K.

4.3. Heat conduction at the interface between liquid Ar and Ar-Ne gas
mixture

To study the effect of NCG on interfacial heat transfer, we add
gas Ne to the model system in Section 4.1. In this case, the gas
phase is a mixture of gas Ne and vapor Ar, and there is no net evap-
oration and condensation at the liquid-gas interface. The heat
transfer between the Ar-Ne gas mixture and the liquid Ar surface
is by conduction only. To generate a heat flux across the liquid-
gas interface, we set T, =95 K and T, = 76 K in the MD simulation.
At steady state, both gas Ne and vapor Ar exchange heat with the
liquid surface through collisions between gas molecules and the
liquid surface. Therefore, we can use Eq. (4) to predict the Gk cond
at the interface between vapor Ar and liquid Ar, and the Gy cond
at the interface between gas Ne and liquid Ar. The sum of these
two Gy cond’S gives the total Gk cong at the interface between the lig-
uid Ar and the Ar-Ne gas mixture.

To determine the theoretical prediction, we first fit the temper-
ature profile in the gas phase by a linear function as shown in Fig. 8
(a). By extrapolating the linear fit to the liquid-gas interface, we
find T;=80.6K at the interface. Additionally, we find from the
density profile shown in Fig. 8(b) that the densities of gas Ne and
vapor Ar near the liquid-gas interface are pne = 0.177 mol/L and
par = 0.0672 mol/L, respectively. Accordingly, Eq. (2) predicts that
the liquid-gas collision rates for gas Ne and vapor Ar on the liquid
surface are Ngne=12.87 kmol/m? s and Ngye = 3.47 kmol/m? s,
respectively. Moreover, we found in Section 3.4 that ot = 0.94 for
gas Ar on a liquid Ar surface, and a1 = 0.90 for gas Ne on a liquid
Ar surface. Substituting the values of ar and N, into Eq. (4), we
obtain the theoretical prediction of Gy cong for gas Ne and vapor
Ar on the liquid Ar surface as 0.35 MW/m? K and 0.10 MW/m? K,
respectively. Therefore, the theoretical prediction for the total
Gk.cona at the interface between liquid Ar and Ar-Ne gas mixture
equals 0.45 + 0.01 MW/m? K.
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Fig. 8. (Top panel) A snapshot of the model system containing both fluid Ar and Ne
during the steady state heat conduction process in the case of T, =95 K and T; = 76
K. The blue dots in the snapshot represent Ne atoms. (Bottom panels) Steady state
(a) temperature, (b) Ar density, and Ne density profiles in the case of T, = 95 K and
T, = 76 K. The straight lines in (a) show the linear fit to the temperature profile in the
gas and liquid phases.

To access the accuracy of the above theoretical prediction, we
find the temperature drop, AT = 4.4 + 0.2 K, at the liquid-gas inter-
face from the steady-state temperature profile shown in Fig. 8(a).
Furthermore, from the MD simulation, we obtain that g, ~ q;=
2.03 £ 0.05 MW/m?. Accordingly, the NEMD simulation predicts
that Gy mp = 0.46 £ 0.02 MW/m? K, which is consistent with the
theoretical prediction G cona = 0.45 £ 0.01 MW/m2 K.

4.4. Heat transfer by both conduction and evaporation/condensation
at the interface between liquid Ar and Ar-Ne gas mixture

The model system used in this section is similar to that in
Section 4.2. The only difference is that a non-condensable gas Ne
is added between the evaporating and condensing interfaces. Fig. 9
shows the representative MD simulation results in the case of
T, =79K, T;= 73 K, and pne ~ 0.49 mol/L. Unlike the results shown
in Fig. 7, we can see evident temperature and density gradients
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Fig. 9. (Top panel) A snapshot of the model system during the quasi-steady state
evaporation and condensation processes in the case of T, = 79 K, T; = 73 K, and pye ~
0.49 mol/L. The blue dots in the snapshot represent Ne atoms. (Bottom panels)
Steady state (a) temperature, (b) Ar density, and Ne density profiles in the case of Ty,
=79K, T;=73 K, and pn. =~ 0.49 mol/L. The solid line in (a) indicates a linear fit to
the temperature in the central gas region. The diamond scatters in (a) represents Ar
temperatures in the gas phase. The statistical error for T and Ta, in the central gas
region is ~0.1 K and ~0.3 K, respectively.
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in the gas phase in Fig. 9. The non-zero gradients imply diffusive
heat and mass transfer in the gas phase. In this case, the thermal
energy can be transported from the evaporating liquid surface to
the condensing surface by both conduction and bulk fluid motions.
Although the heat conduction between the two interfaces is
induced by the presence of the NCG Ne, the collisions between
Ne and Ar atoms over a distance multiple times the mean free path
of gas molecules also result in a temperature gradient in vapor Ar
as shown in Fig. 9(a). According to our analysis in Section 2.3, the
thermal resistance network between the two liquid-gas interfaces
are shown in Fig. 1(c). To obtain the theoretical prediction of the
total thermal resistance, R, between the two interfaces, we need
to find the conduction resistance, R.onq, and the evaporation/con-
densation resistance, Reypjcon (i.€. the inverse of Geypcon) between
the two interfaces separately.

We first use Eq. (8) to calculate the evaporation/condensation
resistance, Reypjcon- From Section 4.2, we determined Geypjcono =
2.48 +0.04 MW/m? K for fluid Ar at T =76 K. In the denominator
of the expression in Eq. (8), pncc ~ 0.49 mol/L and L, = 106 nm.
Furthermore, we found in Section 3.5 that pyDag = 0.51 x 1073
mol/m s. With these values, Eq. (8) predicts Geypjcon = 0.44 £ 0.01
MW/m? K (Revpjcon = 2.27 + 0.06 m? K/MW).

Secondly, we determine the theoretical prediction of Reong
between the two interfaces. The heat conduction at the liquid-
gas interface in this case is due to the collisions between Ne
gas molecules and the liquid Ar surface. To determine the Ry cond
at the interface, we first calculate the collision rate, Ngne, using
Eq. (2). From Fig. 9, we find the temperature and density of gas
Ne are about 76 K and 0.49 mol/L, respectively. Hence, Ngne is
equal to 34.6 kmol/m? s. With the value of Ngne and orne =
0.90 found in Section 3.4, Eq. (4) predicts Ggconga = 1.03 = 0.02
MW/m? K (Rgcona = 0.97 + 0.02 m? K/MW). The conduction resis-
tance in the gas phase is Ry = Ly/k,. For the Ar-Ne gas mixture at
the given temperature, density, and composition, we found in
Section 3.5 that ky=0.023 W/m K. Using Lg=106 nm and kg =
0.023 W/m K, we obtain Rg=4.61 m? K/MW. It is shown in
Fig. 1(c) that Rcond = 2Rk cond + Rg. Accordingly, we find Rconda =
6.55 + 0.05 m? K/MW (Gcong = 0.153 + 0.002 MW/m? K).

Fig. 1(c) shows Rcong and Reypjcon are in parallel arrangement.
Hence, the theoretical prediction of Ry, between the two
interfaces equals to 1.69  0.02 m? K/MW. Accordingly, the G
(i.e. the inverse of Ry) is equal to 0.59 + 0.01 MW/m? K. To access
the accuracy of the above theoretical prediction, we find from
Fig. 9(a) that the temperature at the left and right liquid
surfaces are T, =78.8K and T, =73.2 K, respectively. We also
find from MD simulation that q, ~ ¢ =3.30%0.15 MW/m?.
Hence, the total thermal conductance between the two liquid
surfaces predicted directly from the MD simulation is Gotmp =
q/(Te; — Ti2) = 0.59+0.03 MW/m? K, which agrees with the
theoretical prediction (0.59 + 0.01 MW/m? K).

Using the temperature difference, AT, = T;; — T., and the
theoretical prediction of the conduction resistance, Rcong,
between the two interfaces, we further find that the conduction
heat fluX, qcona = AT/Reond, between the two interfaces equals
0.86 + 0.01 MW/m?. This theoretical prediction can be compared
with gcona evaluated directly from the MD simulation. It is
shown in Fig. 9(a) that the temperature gradient in the gas
phase is ~0.039 K/nm. Using kg=0.023 W/m K found in Sec-
tion 3.5, the qcong predicted directly from the MD simulation is
0.90 + 0.02 MW/m?, which is again consistent with the theoreti-
cal prediction. This result indicates the evaporation/condensation
heat fluxX, qevpjcon. is transported in the gas phase by bulk
motions of Ar. The Gevpjcon Will not result in a temperature gra-
dient in the gas phase. If no NCG is present, Geong Will be zero
and the temperature gradient in the gas phase will be zero as
shown in Section 4.2.

Finally, by comparing Geong With Geypjeon in this representative
simulation case, we find the contribution from the conduction heat
transfer cannot be neglected, and gonq between the two liquid-gas
interfaces accounts for ~26% of the total heat flux. This result is
caused by the much higher pn. as compared to pa, in the gas phase.
According to the theoretical analysis in Section 2.3, as the density
of NCG in the heat pipe increases, Geong Will increase and Geypjcon
will decrease. When we gradually increase pne from 0 to
0.65 mol/L in our model system, the calculated Gcong/Gtot increases
from O to 31.6% as shown in Table 2. These predictions indicate
that Geong can be comparable to Geypjeon if the density of NCG is
much higher than that of working fluid in the gas phase. We also
show in Table 2 that the theoretical prediction of G is in
agreement with G obtained directly from MD simulation in all
simulated cases.

5. Discussions

The results in Section 4 showed that the theoretical expressions
for liquid-gas interfacial thermal conductance are accurate. Hence,
we will use these theoretical expressions to predict the effective
thermal conductivity, keg, of the gas region within a planar heat
pipe during the steady-state evaporation and condensation pro-
cesses. In this case, kefr is related to the total thermal conductance,
Giot, between the evaporating and condensing liquid surfaces by:

ket = LyGror. (12)

If no NCG is present in the heat pipe, Gior = Gevp/cono- EQ. (6)
shows that at a given temperature Geypjcon,o IS @ constant indepen-
dent of L. Therefore, ke should be proportional to Lg in the
absence of an NCG.

When an NCG is present in the heat pipe, Giot = Geond + Gevpjcons
where Geond = 1/(2Rk.cond + Lg/kg) and Geypjcon is given by Eq. (8).
Both Geong and Geypjcon decrease with increasing Lg. In the limit of
large Lg, Geond = Kg/Lg and Geypjcon iS given by:

Geup/con ~ (% - %) —,OmrD/iB —psaLthfg . (13)
PnceT g
Therefore, ke in the limit of large L, is given by:
h 1 P DAB
Ky — Lg__>_wf 5 o + Ke. 14
eff <RT 2 pNCGT PsatYz g (14)

This first term on right side of Eq. (14) is the contribution from
heat transfer by evaporation/condensation. The second term is the
contribution from heat conduction. As we showed in Section 4.4,
for heat transfer in a nanoscale heat pipe, the contribution from
heat conduction cannot be neglected if the density of the NCG is
significantly higher than that of the working fluid in the gas phase.
To see if the heat conduction also gives a non-negligible contribu-
tion to the heat transfer in a micro/macroscale heat pipe, we use
Eq. (14) to calculate the ke in a heat pipe whose working fluid is
water and the NCG is air at 1 atm. If the heat pipe is operating at
an average temperature of 25 °C, using hg, = 2442 kJ/kg [28], psat
=0.0231 kg/m® [28], Dag = 0.282 x 10~* m?/s, [29] and pio; ~ PNcG
we obtain that the first term on right hand side of Eq. (14) equals
0.092 W/m K. At 1 atm and 25 °C, the second term on right hand
side of Eq. (14), k,, equals 0.026 W/m K [28]. Hence, Eq. (14) pre-
dicts that the kegr=0.118 W/m K in the gas phase, and ~22% of
the total heat flux is due to the heat conduction in the gas phase.
The non-negligible contribution from the heat conduction is
caused by the very high air density as compared to the density of
water vapor. As temperature increases, the density of water vapor
in the heat pipe will increase rapidly. As a result, the kg in Eq. (14)
will become negligible at high temperatures, and the heat transfer
between the two liquid surfaces will be dominated by
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evaporation/condensation. Certainly, these predictions should be
further validated in the future by independent MD simulations
on water evaporation in air or by experiment.

6. Conclusions

The thermal energy can be transferred across the liquid-gas
interface by both conduction and evaporation/condensation. The
interfacial heat conduction is achieved by collisions between gas
molecules and the liquid surface. The conduction resistance at
the liquid-gas interface is determined by the liquid-gas collision
rate and the TAC of gas molecules on the liquid surface. The MD
simulation results show that Eq. (4), which was derived from the
kinetic theory of gases, accurately predicts the conduction resis-
tance at liquid-gas interfaces. When evaporation or condensation
occurs, the evaporation/condensation resistance at the liquid-gas
interface is well predicted by theoretical expressions derived from
the Schrage relationships. While we expect that these theoretical
expressions can be also used to predict the liquid-gas interfacial
thermal conductance for complex fluids, the validity of these the-
oretical expressions should be tested in the future in systems with
more complex fluids such as water or polymer evaporation/con-
densation in air.

The NCG present in the heat pipe plays two roles in heat trans-
fer at liquid-gas interfaces. On one hand, both MD simulation
results and theoretical predictions show that it reduces the evapo-
ration/condensation heat and mass fluxes at the liquid-gas inter-
face. On the other hand, it creates another channel (i.e. heat
conduction) for heat transfer across the interface. If the density
of the NCG is much higher than that of the working fluid in the
gas phase, the contribution from heat conduction at the liquid-
gas interface cannot be neglected in the thermal analysis of heat
transfer in a heat pipe.
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The ability to accurately predict thermal conductance (or its
inverse thermal resistance) at liquid-gas interfaces is important
for the study of evaporation of liquid droplets and the thermal
analysis of various types of heat pipes. A good understanding of
heat transfer mechanisms at liquid-gas interfaces can help design
heat pipes with optimized cooling performance. In spite of its
importance, the studies on thermal resistance at liquid-gas inter-
faces are rare. In this work, we used both theoretical analyses
and molecular dynamics simulations to study heat transfer across

liquid-gas interfaces. For all cases studied, the theoretical predic-
tions agree with the MD simulation results very well. Our analyses
show that if the density of the non-condensable gas is much higher
than that of the working fluid in the gas phase, the contribution
from heat conduction at the liquid-gas interface cannot be
neglected in the thermal analysis of heat transfer in a heat pipe.
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