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ABSTRACT

There are two possible thermal transport mechanisms at liquid—gas interfaces, namely, evaporation/condensation (i.e., heat transfer by liquid-
vapor phase change at liquid surfaces) and heat conduction (i.e., heat exchange by collisions between gas molecules and liquid surfaces). Using
molecular dynamics (MD) simulations, we study thermal transport across the liquid-vapor interface of a model n-dodecane (Ci2Ha6) under
various driving force conditions. In each MD simulation, we restrict the thermal energy to be transferred across the liquid-vapor interface
by only one mechanism. In spite of the complex intramolecular interactions in n-dodecane molecules, our modeling results indicate that the
Schrage relationships, which were shown to give accurate predictions of evaporation and condensation rates of monatomic fluids, are also
valid in the prediction of evaporation and condensation rates of n-dodecane. In the case of heat conduction at the liquid-vapor interface
of n-dodecane, the interfacial thermal conductance obtained from MD simulations is consistent with the prediction from the kinetic theory
of gases. The fundamental understanding of thermal transport mechanisms at liquid-gas interfaces will allow us to formulate appropriate

boundary conditions for continuum modeling of heating and evaporation of small fuel droplets.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144279

I. INTRODUCTION

Heating and evaporation of small fuel droplets are processes
of great importance to the efficiency of spray combustion in var-
ious gasoline and diesel engines." ® It is widely accepted that an
effective approach to make engines cleaner and more efficient is
to reduce the size of fuel droplets.” When the size of fuel droplets
is below a few tens of microns, the resistance to heat and mass
transfer at the liquid-gas interfaces cannot be ignored. In this case,
the conventional assumption of the continuous temperature pro-
file across the interface and the saturated vapor near the interface
will lead to considerable errors in the prediction of evaporation
time of fuel droplets. ” To accurately model heating and evapo-
ration of micro/nanoscale fuel droplets, it is essential to introduce
the appropriate temperature and density boundary conditions at the
liquid-gas interface.

Understanding the phase change and temperature jump at
evaporating surfaces requires the treatment from the kinetic theory

of gases (KTG).”"* Based on the KTG, evaporation and condensa-
tion processes have been studied for over a century, and a num-
ber of relationships that correlate the evaporation/condensation
rates with the temperature and density of fluid near liquid-gas
interfaces were derived.” Among these relationships, the two most
widely used ones are Hertz-Knudsen (HK) relationships’ '’ and
Schrage relationships.'"'” Both relationships contain a parameter
called mass accommodation coefficient (MAC), which is defined
as the fraction of vapor molecules that strike the interface and
are accommodated to the liquid phase. Accurate measurement of
the MAC and the fluid temperature and density near liquid-gas
interfaces remains challenging in the experiment.” As a result,
the experimental validation of HK and Schrage relationships is
very difficult.

Another difficulty in the validation of HK and Schrage rela-
tionships is that there are two thermal transport mechanisms at
liquid-gas interfaces. In addition to evaporation and condensation,
thermal energy could also be transferred across a liquid-gas interface
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through interfacial heat conduction (i.e., heat exchange by collisions
between gas molecules and liquid surfaces).” In diesel engines, the
fuel droplets are surrounded by high temperature gases, which could
result in heating of the fuel droplets through heat conduction across
the liquid-gas interface. Interfacial heat conduction was often over-
looked in the thermal analysis of an evaporating/condensing liquid
surface. Recent numerical studies' "'~ show that heat conduction can
play an important role in thermal transport across liquid—gas inter-
faces. However, an experimental study of heat conduction across
a liquid-gas interface is also challenging since it also requires a
local measurement of temperature through a very thin layer near
the interface with sufficient accuracy. Moreover, evaporation and
heat conduction often occur simultaneously at liquid-gas interfaces.
It remains challenging in experiment to quantitatively analyze the
contribution from each mechanism to the thermal transport across
liquid-gas interfaces.

One way to mitigate the experimental challenges is to use
molecular dynamics (MD) simulations that determine positions,
velocities, and forces of all atoms in a system by numerical inte-
gration of Newton’s equation of motion. MD simulations have two
big advantages in the study of thermal transport across liquid-gas
interfaces. First, using statistical mechanics based molecular-level
formulas and time averaging, MD simulations can determine all
the quantities in the relationships derived from the KTG with high
fidelity and with high temporal and spatial resolutions that are dif-
ficult to achieve experimentally. This allows us to test the validities
of the various relationships that model the heat and mass transfer
at liquid-gas interfaces. Second, one can readily restrict the ther-
mal energy to be transferred across the liquid-gas interface by only
one mechanism in MD simulations. This allows us to elucidate
what roles each mechanism plays in heat transfer across liquid-gas
interfaces.

In this work, we resort to MD simulations to study thermal
transport across the interface between liquid n-dodecane (Ci2Hzs)
and its own vapor. Ci2Hye is close to the average chemical formula
for common diesel fuel.'® Therefore, our simulation results are rel-
evant to the heating and evaporation of diesel fuel in diesel engines.
We have shown in our previous MD studies that Schrage relation-
ships are accurate in the prediction of evaporation and condensation
rates of monatomic fluids,"”'® and the heat conduction processes
at liquid-gas interfaces of monatomic fluids are well described by
the relationship derived from the KTG."” By comparison, the fluid
n-dodecane is much more complex as it contains chain molecules.
The complex intramolecular and intermolecular interactions in n-
dodecane will make the interfacial thermal transport process more
complex. Although numerous MD simulations have been carried
out to study phase equilibria and phase change at the liquid-vapor
interface of n-dodecane,” ® the validity of the relationships in the
prediction of heat conduction and evaporation/condensation rates
at the liquid-vapor interface of n-dodecane or other chain molecules
has not been addressed.

To address the aforementioned gap in our knowledge, the rest
of this paper is organized as follows: In Sec. II, we introduce the
relationships derived from the KTG for the prediction of heat con-
duction and evaporation/condensation rates at liquid-gas interfaces.
In Sec. I1I, we describe the MD model and the basic properties of
the model fluid. In Sec. IV, we present results of the steady-state
evaporation/condensation process and test the validity of Schrage
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relationships in quantifying steady-state evaporation/condensation
rates. In Sec. V, we show the results of the steady-state heat conduc-
tion across the liquid-vapor interface of the model fluid and discuss
them in the context of the kinetic theory based analysis. Finally,
Sec. VI concludes with summary and conclusions.

Il. THE RELATIONSHIPS DERIVED FROM THE KTG
A. Evaporation and condensation rate

When evaporation/condensation occurs, energy is transferred
by liquid-vapor phase changes at the interface. In this case, the
interfacial heat flux equals Jhy, where hy, is the latent heat and J
is the evaporation/condensation molar flux. To predict the evapo-
ration/condensation heat flux, the key problem is to find relation-
ships that are able to accurately predict J under various driving force
conditions.

To model evaporation and condensation processes, both HK
and Schrage relationships assume that the velocity distribution (VD)
of liquid and vapor molecules near a liquid-gas interface follows
the Maxwell-Boltzmann (MB) velocity distribution. This leads to an
expression for the molar flux at a liquid-gas interface as "

] =\ / ZﬂiM(Pg(TL)\/T_L_F(VR)PV\/FV)) (1)

where Tt and T, are the temperature of liquid and vapor near the
liquid-vapor interface, respectively, pg(Tr) is the saturated vapor
density at Ti, p, is the density of vapor adjacent to the inter-
face, R is the universal gas constant, M is the molar mass of fluid
molecules undergoing phase change, and ay is the mass accommo-
dation coefficient (MAC). The MAC is defined as the fraction of
vapor molecules that strike the interface and are accommodated to
the liquid phase.

If J in Eq. (1) is greater than 0, net evaporation occurs. If
J is less than 0, net condensation occurs. When net evapora-
tion/condensation occurs, the vapor molecules near the liquid-
vapor interface would have a nonzero mean (macroscopic) veloc-
ity normal to the interface. Accordingly, Schrage assumed that the
vapor molecules adjacent to the interface have a MB velocity distri-
bution shifted by the mean velocity, vv,o.] 115 Based on this assump-
tion, the effects of macroscopic vapor motion are taken into account
in Eq. (1) by the function I'(vg), which is given by 11,13

T(ve) = e% — va/a[1 - erf (ve) ], @)

where vg is the ratio of the macroscopic speed of vapor, v,,, to the
most probable thermal speed of vapor molecules,

Vv,0

T )

An important indicator of the validity of Schrage relationship
is whether the velocity distribution (VD) of evaporating/condensing
vapor molecules follows the shifted MB distribution. The experi-
mental determination of VD near an evaporating/condensing sur-
face is very challenging. One of the advantages of MD simulations
is that the VD can be readily determined by MD simulations. In
our previous MD study of evaporation of monatomic fluids,'” we
have shown that the VD of monatomic vapor molecules near the
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evaporating surface follows the shifted MB distribution. In this
work, we will use MD simulations to investigate if the assumption
of the shifted MB distribution is still valid for n-dodecane vapor
molecules near evaporating and condensing interfaces and test the
accuracy of Schrage relationships in the prediction of evaporation
and condensation rates of n-dodecane.

B. Interfacial heat conduction rate

In the case of heat conduction across liquid—gas interfaces, gas
molecules exchange thermal energy with liquid surfaces through
collisions/interactions with the liquid surface. Such a heat trans-
fer mechanism is similar to that at solid-gas interfaces where gas
molecules impact a surface, thermalize with the surface, and are
being reflected with a temperature closer to the surface tempera-
ture. In this case, the interfacial heat flux is determined by GkAT,
where AT is the temperature jump at the liquid-gas interface and Gk
is the thermal conductance (Kapitza conductance) at the liquid—gas
interface.'” To determine the conduction heat flux at the liquid-gas
interface, the key problem is to find relationships that are able to
accurately predict Gk.

The KTG predicts that the Gk 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 dur-
ing the liquid-gas collision process.”” For incident gas molecules
with an average temperature, Ty, and a density, pgas, the liquid-gas
collision frequency per area, Ngs, is given by

Nyas = pgas/ RTgus/ZT[Mgas, (4)

where Mg, is the molar mass of gas molecules. The heat exchange
efficiency at a liquid-gas interface can be quantified by the thermal
accommodation coefficient (TAC), which is defined as

_E-E
 E-E’
where Ej, 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 equilibrates with the liquid surface upon reflec-

tion. Accordingly, the Gk due to heat conduction at the liquid-gas
interface is given by '

5)

ar

ZOCT

Gk = Ngas(cv + 1R) (6)

2—ar ’
where cy is the constant-volume specific heat of gas near the liquid-
gas interface. In our previous studies, we have shown that Eq. (6)
gives good predictions of Gx at various solid-gas interfaces'” '
and at liquid-gas interfaces of monatomic fluids."”” n-dodecane
molecules are much more complex than monatomic molecules. In
this work, we use MD simulations to study how the internal degrees
of freedom in n-dodecane molecules will affect the TAC and the heat
conduction rate at liquid-gas interfaces.

I1l. MD SIMULATION OF n-DODECANE
A. The MD model

Using MD simulations, we study evaporation/condensation
and heat conduction across a flat liquid-vapor interface of n-
dodecane. As depicted in Fig. 1, the typical model system consists
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FIG. 1. (Top panel) A snapshot of the model system in the course of NEMD sim-
ulation in the representative case of T, =490 K and T, = 410 K. The yellow, red,
and green dots in the snapshot represent the Au atom, CH3 pseudoatom, and CH,
pseudoatoms, respectively. (Bottom panels) (a) Density and (b) temperature pro-
files at steady state in the representative case. The inset in (a) shows the density
profile in the vapor region. The horizontal dashed lines indicate the average value
of density and temperature in the vapor region. The vertical dashed—dotted lines
indicate the location of liquid—vapor interfaces.

of fluid n-dodecane confined by two solid Au slabs. Each Au slab is
formed by a three-layered FCC (100) plane solid Au with a cross-
sectional area of 15.5 x 15.5 nm?. On each of the two inner surfaces
of the Au slabs, we place a liquid n-dodecane thin film. The initial
thickness of the liquid layer on the left and right solid surfaces is
~10 nm and 8.5 nm, respectively. The separation between two lig-
uid surfaces is about 101 nm. In MD simulations, periodic boundary
conditions (PBCs) are applied in the y and z directions, and the
atoms in the outermost Au layers are fixed. The fluid in the region
from x = 12 nm to x = 108 nm is always in the gaseous state in MD
simulations. Therefore, we define this region as the central vapor
region of the model system.

To model the intra- and intermolecular interactions of n-
dodecane molecules, we use the united atom (UA) model proposed
by Nath et al”> The UA model treats the hydrocarbon groups
as pseudoatoms, i.e., single interaction sites. For bonded interac-
tions within a n-dodecane molecule, Nath et al. used the Khare
et al. potential””** to model the two-body bond stretching, the
van der Ploeg and Berendsen potential”’ to model the three-body
bond bending, and the Jorgensen potential”® to model the four-
body torsion. The non-bonded interactions between any two pseu-
doatoms that belong to the same molecule but are separated by
more than three bonds are modeled by Lennard-Jones (L]) poten-
tial with the parameters proposed by Smit et al.”” The Smit et al.
L] potential is also used to model the interactions between pseu-
doatoms belonging to different molecules. The Lorentz-Berthelot
(LB) mixing rule” is employed to determine the L] parameters
for interactions between CHj; and CH, pseudoatoms. The cutoff
distance for all L] interactions is 13.8 A.”>”” This potential model
has been shown to provide good agreement with the experimental
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equilibrium for alkanes over a wide range of temperatures and chain
lengths.” 2%

For Au-Au interactions, we use the embedded-atom-method
(EAM) potential.” The non-bonded interactions between Au and
pseudoatoms in n-dodecane are also described by the L] poten-
tial with parameters taken from the universal force field (UFF)™
and calculated by the LB mixing rule. The same cutoff distance of
13.8 A is used for the LJ interactions between Ar and n-dodecane.
In all MD simulations, we use a velocity Verlet algorithm with
multiple time steps™ to integrate the equations of motions. A
time step size of 1 fs is used for bond stretching, 2 fs is used
for bond bending and torsion, and 4 fs is used for all other
interactions.

B. The fluid properties of the model n-dodecane

Although the potential model used in this work provides gener-
ally better agreement with the experimental phase equilibrium data
for n-dodecane than other models in the literature, recent MD sim-
ulation results’ © indicate that it is still not able to reproduce all
fluid properties of n-dodecane found in the experiment with a high
accuracy. For analysis of the evaporation/condensation and heat
conduction across liquid-vapor interfaces of the model n-dodecane,
therefore, we use equilibrium MD (EMD) simulations described
in Secs. I1I B 1-III B 3 to determine the properties of the model
n-dodecane including saturated vapor density, pg, saturated liquid

31.5 nm

15.0 nm

0 5 10 15 20 25 36
X (nm)

FIG. 2. A snapshot of the liquid-vapor coexistence system of the model n-
dodecane at a temperature of 450 K and the corresponding density profile in the
fluid system. The dashed-dotted lines indicate the position of liquid—vapor inter-
faces. The dashed lines indicate the position of imaginary planes used for the
determination of the MAC. The solid line in the density profile is used as a guide to
the eye.
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density, py, specific heat cy, thermal conductivity, k, molecular mean
free path (MFP), A, and the MAC, a.

1. Determination of p, and p;

To determine the p, and py of the model n-dodecane, we place
a liquid slab of 5400 n-dodecane molecules in the middle of a simu-
lation box, which has a length of 31.5 nm and a cross-sectional area
of 15.0 x 15.0 nm”. The box size is fixed during the simulation, and
PBCs are applied in all three directions. We equilibrate the system
at multiple temperatures varying from 400 K to 500 K using the
Berendsen thermostat.”’ After the system reaches thermal equilib-
rium at each temperature, a liquid and vapor phase separated by two
planar liquid-vapor interfaces is present in the same simulation cell,
and the saturated vapor density, p,, and the saturated liquid density,
ps» are calculated from the average density in the vapor phase and
in the liquid phase, respectively. Figure 2 shows the representative
MD simulation results at T = 450 K. If we define the liquid-vapor
interfacial layer as the region whose density ranges from p,+0.01py

t0 0.95py, “** the result in Fig. 2 shows that the thickness of the inter-
facial layer at T = 450 K is ~2.6 nm, which is consistent with that
found in the work of Xie et al. *

In Fig. 3, we compare the temperature-dependent saturated
density determined in this work to the experimental data®”’ and
the results from the MD simulations™ and the Monte Carlo (MC)
simulations,”” which used the same intermolecular potential as that
in this work. Figure 3(a) shows that the p;’s found in our MD
simulations are in good agreement with the experimental data and
the results from the MD and MC simulations in the literature.

-
S 3.0f
g -=-&--- This work
N
25k Exp. [33]
= MC [27]
20} <& MD[3]
200 420 440 1. ) 460 480 500
Ak -------- This work (b)
———— Exp. [33]
Kl G = MC[27]
2 $oo. o o o L O wpp
= 4 e
= g O
5k O
_6 E
7TF X . R R X )
00019 0002 0.0021 0.0022 00023 0.0024 0.0025 00026

/T (1/K)

FIG. 3. (a) The saturated liquid density, py, of the model n-dodecane as a function
of temperature. The dashed line in (a) is used as a guide to the eye. (b) In(pg) Vs
1/T, where pq is the saturated vapor density of the model n-dodecane. The dashed
line and the solid line are the third order polynomial fit to the MD results in this work
and to the experimental result, respectively.
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Figure 3(b) shows that our simulation results of p, are higher than
the experimental data but in good agreement with the results from
MD and MC simulations that used the same intermolecular poten-
tial. This suggests that the deviation between our MD results and
the experimental data is not caused by the inaccuracy in our MD
simulations, but by the imperfect potential model. The objective of
this work is not to accurately reproduce the fluid properties of the
real n-dodecane but to test the accuracy of various relationships
in the prediction of the interfacial heat transfer rate for the model
n-dodecane. Therefore, we will use the properties of the model #-
dodecane in the subsequent analyses of thermal transport in the
model n-dodecane.

To further verify that the temperature-dependent p, found in
our work is accurate for the model n-dodecane, we compare the sim-
ulation results to the prediction from the Clausius-Clapeyron equa-
tion.” If the ideal gas assumption is valid for the saturated vapor of
the model n-dodecane, the temperature-dependent p, satisfies *

d(Inpg) _ _hﬁ
d(1/T) R

+T, 7)

where hy is the latent heat at a given temperature, T. To find
hg of the model fluid, we carry out separate equilibrium MD
simulations to determine the internal energy, u, and pressure, P,
of the saturated liquid n-dodecane and the saturated vapor n-
dodecane at a given temperature. Using the calculated u, P, and
p» we determine the enthalpy, hy, for the saturated liquid and the
enthalpy, hg, for the saturated vapor. The difference between the two
enthalpies gives hg = 39.1 kJ/mol for the model fluid #-dodecane
at T =450 K.

In Fig. 3(b), we fit our In(p,) vs 1/T data with a third order poly-
nomial and find that the local slope at T' = 450 K is —4697 K, which
has a reasonable agreement with —4257 K predicted by Eq. (7). Using
the calculated P and p of the saturated vapor at T = 450 K, we find
that the compressibility factor (CF) of the saturated vapor is 0.93,
which implies that the saturated vapor of the model n-dodecane
is close to, but not a perfect ideal gas at T = 450 K. Therefore,
it is reasonable to see a ~10% difference between the MD result
and the theoretical prediction. As a comparison, the compressibil-
ity factor of the saturated vapor of real n-dodecane at T = 450 K
is 0.96.""" The slope of In(p,) vs 1/T of the experimental data is
—-5644 K at T = 450 K, which deviates from —5275 K predicted
from Eq. (7) by ~7%. Based on these results, we believe that our
temperature-dependent p, data are reliable in the analysis of the
subsequent MD simulation results of evaporation and condensation
processes.

2. Determination of cy, k, and A

For analysis of heat conduction across the liquid-vapor inter-
face in MD simulations, it is important to evaluate the thermal
conductivity, k, and the specific heat cv, of the model n-dodecane.
Additionally, we also evaluate the self-diffusion coefficient, D, which
can be used to estimate the MFP of the n-dodecane molecules.
All the aforementioned properties of the model n-dodecane at
T = 450 K can be obtained from the output of a single EMD
simulation.

In the EMD simulation, we place 2400 n-dodecane molecules
in a cubic simulation cell such that the density of n-dodecane equals
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0.029 mol/l, i.e., py of the model n-dodecane at T = 450 K. The box
size is fixed during the simulation, and PBCs are applied in all three
directions. We first equilibrate the system at T = 450 K using the
Berendsen thermostat’ for 3 ns. After the system reaches thermal
equilibrium, the thermostat is turned off and an NVE simulation is
carried out for 100 ns to determine k, cy, and D of the model n-
dodecane.
In a microcanonical ensemble, ¢y can be calculated byzx

2 2 d
(Ep) — (Ep)’ = 5

NkéTZ(l - deB)

cv

®)

where Ep is the total potential energy of the model system, (:--)
denotes ensemble average, N is the number of molecules in the
system, kg is the Boltzmann constant, and d is the degree of free-
dom of each molecule. For the UA model used in this work,
each n-dodecane molecule has 12 pseudoatoms, and thus, d = 36.
Using Eq. (8) and the above-described EMD simulation, we find
cvmp = (35.3 + 0.1)R, where R is the universal gas constant.
This value is considerably lower than the experimental value cv exp
= 46.4R™" mainly because all vibrations associated with the C-H
bonds in n-dodecane molecules are frozen in the UA model. The
discrepancy between the MD simulation result and the experi-
mental data cannot be eliminated by simply replacing the UA
model with an all-atom model”® because the accurate determina-
tion of ¢y also needs to consider the quantum effects in molecular
vibrations,”*® which are not taken into account in classical MD
simulations.

Using the EMD simulation, we also determine k and D of the
model n-dodecane from Green-Kubo formulas. The Green-Kubo
formula for determination of D is given by’

D=1 fo T OBION ©)

where ; is the center of mass (COM) velocity of molecule i and ¢ is
time. The Green-Kubo formula for determination of k is given by’

k= W‘/Tzfowdt(a(tﬁ(o)), (10)

where V is the volume of the simulation box and g is the microscopic
heat flux. For the model chain molecules in this work, we show in the
Appendix that g can be computed from

\1/(2;’151 + % Z:?'J( Z ]kl,inter : (;a,k +§a,l)))) (11)

i>] keilcj

q

where E; is the total energy (i.e., the sum of kinetic energy and
potential energy) of molecule i, ry; is the position vector from
the COM of molecule j to the COM of molecule i, and the sub-
scripts k and [ represent pseudoatom k belonging to molecule i
and pseudoatom / belonging to molecule j, respectively. In Eq. (11),
Siiinter is the interatomic force between pseudoatom k and pseu-
doatom [ and v, and v,; are the velocity of atom k and atom I,
respectively.

To determine k and D of the model n-dodecane, we calcu-
late the velocity autocorrelation function (VACF) in Eq. (9) and
the heat flux autocorrelation function (HFACF) in Eq. (10). In
Fig. 4, we show the MD simulation results of VACF, HFACF,
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FIG. 4. (a) The VACF and its running integral for the model n-dodecane at
p =0.029 molll and T = 450 K, and (b) the HFACF and its running integral
for the model n-dodecane at p = 0.029 mol/l and T = 450 K (red lines) and at
p=0.028 mollland T = 470 K (blue lines).

and their running integrals for the saturated vapor n-dodecane at
T = 450 K. From the plateau of the running integral in Fig. 4(a), we
obtain D ~ 2 x 107 m?/s. Substituting this value in the Einstein—
Smoluchowski equation,ll' " \ve find that the MFP of the saturated
model n-dodecane at T = 450 K is about 17 nm. From Fig. 4(b), we
obtain k = 0.016 + 0.001 W/m K for the saturated model n-dodecane
at T =450 K. Similar to the heat capacity result, the thermal conduc-
tivity found from the MD simulation is lower than the experimental
value (0.021 W/m K'>"’) mainly because the energy associated C-H
bond vibration is not counted in the model n-dodecane. The cal-
culated k is useful in the evaluation of conduction heat flux across
the liquid-vapor interface in the subsequent non-equilibrium MD
(NEMD) simulation.

3. Determination of ap,

Using the same MD model described in Sec. III B 1, we deter-
mine the MAC, am, which is defined as the fraction of vapor
molecules that strike the liquid surface and are accommodated
to the liquid phase. As shown in Fig. 2, we set an imaginary
plane 3.45 nm (2.5 times of cutoff distance) from the liquid-vapor
interface and define vapor molecules that pass through the imag-
inary plane and move toward the interface as incident molecules.
In the 20-ns MD run, we follow the trajectory of each incident
vapor molecule to determine the time interval, At, for each inci-
dent molecule to pass through the imaginary plane again and
return to the vapor phase. The distance between the imaginary
plane and the interface is greater than the thickness (~2.6 nm)
of the liquid-vapor interfacial layer to ensure that the reflected
molecules are out of the interface and is much smaller than the MFP
(~17 nm) of vapor molecules to ensure that the incident molecules
mainly collide/interact with the liquid surface, not with other vapor
molecules.

In Fig. 5(a), we show the probability histogram of At for the
model n-dodecane molecules returning to the vapor phase at a

ARTICLE scitation.org/journalljcp

0012
N
a 0.010 0.15
S 0.008 :
8 .
0.10

£0.006 i
3 =
S 0.004 I
= (N 40.05
L0002} YL
= WYY A (@)

0.000 L o W\ T V\F,« Nt 2 e 00

000 50 00 750 209
At (ps)
1.0
’ | |

0.8 L
QO b
S07¢

06k —— This work

: = Refs. [5,6]
3 Refs. [3,4
05 L — [ ]I L L (b)
400 420 440 T(K) 460 480 500

FIG. 5. (a) Probability of the return to the vapor histogram and its running integral
Niei/Ninc @s a function of At at a temperature of 450 K. 1 — Nif/Nipc at At = 58.3
ps is used to evaluate the MAC. (b) The MACs obtained in this work and from
Refs. 3-6 as a function of temperature for the model n-dodecane. The dashed and
solid lines in (a) are used as guides to the eye. The solid line in (b) is a third order
polynomial fit to the MAC vs T in this work.

temperature of 450 K. The time interval, At, for vapor molecules that
are directly reflected by the liquid surface will be smaller than that for
vapor molecules that are first accommodated to the liquid phase and
later evaporated. To determine if the incident molecule is accom-
modated to the liquid surface, therefore, one needs to find a cutoff
time interval, Af.y. Near a liquid-vapor interface at equilibrium,
the average molar flux of vapor molecules striking the liquid-vapor
interface is p,RT,/2zM."” Since only half of vapor molecules move
toward the interface and another half move away from the inter-
face, the average normal velocity, vi, of incident vapor molecules
is 2RT,/mM. Accordingly, for incident molecules that were directly
reflected by the interface, the average time interval should be Aty
= 2Ax/vy, where Ax is the distance between the imaginary plane
and the liquid-vapor interface. For vapor n-dodecane at T = 450 K,
vn = 118.3 m/s and Aty = 58.3 ps.

Using 58.3 ps as the cutoff time interval, we show in Fig. 5(a)
that the Atcy divides the histogram into two regimes: one with high
and rapidly declining values and the other with low and slowly
declining values. The second regime is related to the events when
vapor molecules incoming to the liquid-vapor interface are first
accommodated and later evaporated. To determine the MAC, there-
fore, we integrate the histogram from At = 0 to At = 58.3 ps and use
the integral to evaluate the total probability of direction reflection,
Nief/Ninc, where Ny is the number of incident molecules and N ¢
is the total number of incident molecules that are directly reflected.
The MAC is determined by an = 1 — Nyef/Ninc. Using this approach,
we find ayp = 0.88 + 0.01 for the model n-dodecane at T = 450 K.
For MACs at other temperatures, we use the Atqy corresponding
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TABLE I. The specific heat, cy, thermal conductivity, k, self-diffusion coefficient, D, molecular MFP, A, compressibility factor,
CF, and density, pg, of the model saturated vapor n-dodecane at T = 450 K. The latent heat, hyg, and the MAC, ay, of the
model n-dodecane at T = 450 K. All results are obtained from MD simulations described in Sec. IIl.

cv(R) k(W/mK) D (m?/s)

A(nm)  hg (kKJ/mol)  am

CF  pg (mol/l) dpg/dT (mol/l K)

35.3 0.016 20x107° 17

39.13

0.88 0.93 0.029 6.62 x 10 *

to the average flight time at a given temperature to evaluate the
corresponding MAC.

In Fig. 5(b), we compare our MD simulation results of the
temperature-dependent MAC to those in the literature.” ° The pre-
vious and present MD simulation results all show that the MAC
decreases with an increase in temperature. The MACs from our
work are generally higher than those in the work of Cao, Xie, and
Sazhin.”* The difference might be associated with the much smaller
simulation cell used in the work of Cao, Xie, and Sazhin.”* The
more recent MD simulation results by Nagayama et al.” exhibit a
much better agreement with our results. In our previous work,"” we
used the similar method to calculate the MAC of a model fluid Ar
at various temperatures and found that the MACs obtained from
our EMD simulations agree well with those obtained from NEMD
simulations.”’ These results imply that the MD method used in this
work is robust and reliable in the determination of MAC. The MACs
obtained in this section will be used in the analysis of evaporation
and condensation processes in Sec. I'V.

For the convenience of discussions of simulation results in
Secs. IV and V, we summarize all properties of the model n-
dodecane at T = 450 K obtained in this section in Table I.

IV. NEMD SIMULATION OF EVAPORATION
AND CONDENSATION

A. NEMD simulation details

To study evaporation and condensation of the model n-
dodecane, we first equilibrate the fluid and the solid shown in Fig. 1
at a temperature of 450 K for 4 ns with the Berendsen thermostat.”’
The thermostat in the fluid is then turned off, and the system is
equilibrated at a temperature of 450 K for another 4 ns. After equi-
libration, the density of vapor in the central vapor region is 0.029
+ 0.001 mol/l, which is consistent with p, = 0.029 mol/l found in
Sec. 111 B 1. This indicates that the thickness of the liquid film in
the model system is large enough to avoid the effects of disjoining
pressure on the equilibrium properties of the model n-dodecane. In
Sec. I1I B 2, we find that the MFP of the saturated model n-dodecane
at T = 450 K is about 17 nm. Accordingly, the Knudsen number in
the vapor phase of the model system is about 0.17.

Subsequently, we set the left Au slab as the heat source and
the right Au slab as the heat sink. This results in evaporation of n-
dodecane on the left surface and condensation of n-dodecane on
the right surface. The heat source temperature, T}, and the heat
sink temperature, T}, are maintained in the subsequent MD simu-
lations by velocity rescaling’ at each time step. Each heat source-
sink simulation run is first carried out for 4 ns to allow the sys-
tem to reach quasi-steady-state evaporation and condensation and
then for additional 4 ns for data collection and averaging. We

consider the simulated process as a quasi-steady-state evaporation
and condensation process since the moving speed of liquid-vapor
interfaces is more than 100 times slower than the bulk velocity
of vapor.

To calculate the steady-state temperature and density profiles,
we evenly divide the fluid region less than 12 nm from each of
the two solid surfaces into ten bins. The 1.2-nm bin width in this
region allows us to find the location and temperature of the lig-
uid surface with precision. In the 96-nm-long central vapor region,
we evenly divide the region into eight bins. The 12-nm bin width
in the central vapor region allows us to obtain good statistics of
vapor properties. The steady-state evaporation/condensation molar
flux is determined by Jmp = 2vix/(VNa), where N, is the Avo-
gadro constant and V and vix are the volume and the x-component
velocity of n-dodecane molecules in the central vapor region, respec-
tively. The contribution from the macroscopic velocity is sub-
tracted in the calculation of temperature in each bin. To further
improve the accuracy of the simulation results, four independent
runs are performed in each case of MD simulations. The uncertain-
ties of the simulation results are determined by analyses of these
independent runs.

B. Representative simulation results

The representative NEMD simulation results in the case of
Th = 490 K and T) = 410 K are shown in Fig. 1. One can
see from Figs. 1(a) and 1(b) that the temperature and den-
sity in the central vapor region are almost constant. This indi-
cates that the heat conduction and mass diffusion in the vapor
region are negligible. In this case, the transport of thermal
energy and mass at the two liquid-vapor interfaces is dominated
by evaporation and condensation. From the NEMD simulation,
we directly obtain the steady-state evaporation/condensation flux
Jmp = 0.142 + 0.008 mol/cm? s.

To compare Jup with the prediction from the Schrage rela-
tionships, we first find the temperature at the two liquid surfaces.
As shown in Fig. 1, we consider that the liquid surface is located
at the bin where the fluid density starts to drop abruptly. Accord-
ingly, we find the temperature at the left liquid surface T1,; =471.2K
and that at the right liquid surface T1, = 427.1 K, as shown in
Fig. 1(b). Using Tv1, T2, and the pg vs T data found in Sec. 111 B 1,
we obtain pg(T1,1) = 0.0464 mol/l and pg(Tt1,2) = 0.0167 mol/l. Fur-
thermore, using the ay vs T data obtained in Sec. III B 3, we
obtain anm(T1,1) = 0.83 and am(T12) = 0.92. Additionally, we obtain
pv =0.0280 mol/l and T = 462.0 K directly from the results in Fig. 1.
All these properties are summarized in Table II. With the above
properties, Eq. (1), i.e., the Schrage relationship, predicts the net
evaporation flux at the left surface, Jnet,evp = 0.146 mol/ cm? s, and the
net condensation flux at the right surface, Jnet,con = 0.137 mol/cm? s.
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TABLE II. Comparison of the molar fluxes obtained from MD simulations with the predictions from the Schrage relationships.
Jnetevp @nd Jnet con @re evaporation and condensation molar fluxes predicted by Schrage relationships, respectively. Error %

is defined as |Jy — JIumplldmp-

Tw Tv T Tz T Tv  py
K) (K) (K) (K) (K) (K) (mol/l)

] MD ] net,evp
(mol/cm? s)

Error %
]net,con

(mol/cm? s) (mol/cm? s) Evp. Con.

460 440 454.7 443.1 448.9 450 0.0285 0.038 +0.006 0.031 0.041 184 7.9
470 430 459.9 437.8 448.9 453 0.0279 0.073 £0.008 0.070 0.070 4.1 4.1
480 420 464.3 431.9 448.1 458 0.0275 0.108 +0.013 0.101 0.102 6.5 5.6
490 410 471.2 427.1 449.2 462 0.0280 0.142 +0.008 0.146 0.137 28 35
500 400 476.5 421.7 449.1 463 0.0283 0.190 +0.011 0.183 0.174 3.7 84

Both of them agree with Jyp = 0.142 + 0.008 mol/cm? s very
well.

To provide further insight into the accuracy of the Schrage
relationship in the prediction of evaporation and condensation
fluxes of the model n-dodecane, we note that a key assumption
made in the derivation of Schrage relationships is that the vapor
molecules adjacent to the evaporating/condensing interfaces have
a Maxwell velocity distribution (VD) shifted by the mean veloc-
ity of vapor, vy. In our previous work,” we have shown that this
assumption is accurate in the case of evaporation/condensation of
monatomic fluids. To test if the assumption is also valid for evap-
oration/condensation of n-dodecane, we calculate the VD of vapor
molecules in the leftmost (i.e., closest to the evaporating surface) and
rightmost (i.e., closest to the condensing surface) bins of the cen-
tral vapor region. If the assumption made in Schrage’s analysis is
valid, the steady-state VD obtained directly from the MD simulation
should follow the shifted Maxwell velocity distribution (SMVD),
given by’

M _MCxn)’ (12)
e 2RT, .
2nRT,

f(vx) =

As shown in Fig. 6, the VDs obtained directly from MD simula-
tion closely follow the SMVD given by Eq. (12). Hence, the key
Schrage assumption is still valid in the case of steady-state evapo-
ration/condensation of n-dodecane. This explains why the Schrage
relationships are also accurate in the prediction of steady-state
evaporation and condensation fluxes of n-dodecane.

C. Effects of temperature difference on J

Using a similar methodology described in Secs. IV A and IV B,
we study how evaporation and condensation fluxes vary with the
temperature difference between the two liquid surfaces. In all
cases, Th, and T; are higher and lower than 450 K by the same
amount, respectively. As a result, Table IT shows that the aver-
age of the two liquid surface temperatures, Ty = (Tuy + Ti2)/2,
is always close to 450 K. In each case, we obtain the evapora-
tion/condensation molar flux, Jmp, directly from MD simulations
and compare Jmp with the predictions from the Schrage relation-
ship. Since the key Schrage assumption regarding the VD of vapor
molecules near the evaporating and condensing surfaces is still valid
for n-dodecane, it is reasonable to see in Table IT that Jump is in good

agreement with the predictions from the Schrage relationship in all
simulated cases.

The driving force for the evaporation and condensation pro-
cesses in the model system is the temperature difference, ATy = T,
— T, between the two liquid surfaces. As ATy, varies from 11.6 K
to 54.8 K, Jmp increases from 0.036 mol/cm? s to 0.190 mol/cm? s.
Figure 7 shows that Jmp increases almost linearly with an increase
in ATy when ATy is less than 45 K (i.e., 10% of T7). The linear fit
to the data in Fig. 7 has a slope of ~0.0032 mol/cm? s K. In our
previous work,'” a similar linear dependence of Jyp on ATy, is also
found in a monatomic fluid system. To understand the linear depen-
dence of Jyp on AT in the model n-dodecane system, we carry out
a similar analysis as we did in the monatomic fluid system. We have
shown that the Schrage relationship is accurate in the prediction of

o MD
0.025

o MD
0025 ——SMVD@462K (&
<

©)

700 200 300 400

100 vx(rc7)1/s)
FIG. 6. The steady-state x-component VD of vapor molecules in the (a) left-
most bin (closest to the evaporating surface) and (b) rightmost bin (closest to
the condensing surface) of the central gas region in the case of T, = 490 K and
T, =410 K. The scatters are VDs obtained directly from MD simulations. The lines
are the SMVD given by Eq. (12). The vertical dashed—dotted lines show the mean
velocity of vapor molecules.
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FIG. 7. Jyp as a function of AT,. The dashed line shows the linear fit to Jyp vs
AT, when AT, is less than 45 K. The uncertainty of Jyp is smaller than the size
of symbols.

evaporation and condensation rates of n-dodecane. In the limit of

a small driving force, the Schrage relationship can be approximated
11,13

to

2oilli) [ R () ()T -p/T) (1)

2 - (XM(TL,l) 2nM

]net,evp N

for the net evaporation flux on the left liquid surface and to

2000(T12) L(Pvﬁ_pg(m)\/ﬂ) (14)

2 - (XM(TL,z) 2nM

] net,con

for the net condensation flux on the right liquid surface. For steady-
state evaporation and condensation processes, we show in Sec. IV B
that the temperature and density in the central vapor region
are almost constant. Using Jnetevp = Jnetcon at steady state and
the approximation am(Tr1) ~ am(TL2) » ocM(TL), the average of
Egs. (13) and (14) is given by

= )\/ZHTM(Pg(TL,l)\/E—Pg(TM)\/E)' (15)

" 2-an(T1)

Using the Taylor expansion in Eq. (15) in the limit of ATL/T; < 1,
which is thq case in our modeling results, one can prove that J/ATyL
is given by’

] am(Tr) R - L  dpg 1
—~ L\ [ ——=pe(T: -~ £+ 6
ATL 2 - a(Tr) 2anLPg( ) pe(T1) dT h+2 (16)

If the ideal gas approximation of the vapor is valid, one can use the
Clausius-Clapeyron equation to further reduce Eq. (16) to'

J o om(Th) R o[ he(T) 1
ATLNz—ocM(TL)VanTLPg(TL)( ki, 2 17

Note that all properties on the right-hand side of Egs. (16)
and (17) are evaluated at T;. This indicates that the evapora-
tion/condensation flux, J, will increase linearly with ATy if the
average liquid surface temperature, 77, remains constant as AT}
increases.

ARTICLE scitation.org/journalljcp

One can see in Table 1T that Ty, of all simulated cases is close
to 450 K. Using am(450 K) = 0.88, pg(450 K) = 0.029 mol/l, and
dpg/dT|ss0x = 6.62 x 10~* mol/l K found in Sec. 111, Eq. (16) pre-
dicts J/ATL = 0.0032 mol/cm? s K, which is in excellent agreement
with the slope found in Fig. 7. When ATy is greater than 45 K
(i, 0.1 Tr), Fig. 7 shows that the nonlinear effects become visible
and Jmp vs ATy starts to deviate from the linear relation. Further-
more, using the property hg(450 K) = 39.13 kJ/mol found in Sec. 111,
Eq. (17) predicts J/ATy = 0.0030 mol/cm” s K, which deviates slightly
from the slope in Fig. 7. Since Eq. (17) is only valid for ideal gases
and the compressibility factor of the saturated model n-dodecane at
T = 450 K is 0.93, we believe that the small deviation in the pre-
diction of Eq. (17) is associated with the non-ideal behavior of the
model vapor.

V. NEMD SIMULATION OF INTERFACIAL
HEAT CONDUCTION

A. NEMD simulation details

The model system used in the study of interfacial heat conduc-
tion is similar to that in the study of evaporation and condensation
processes. The main difference is that there is no liquid layer (except
for an adsorbed layer that will not evaporate in the simulation) on
the hot solid surface, as shown in Fig. 8. Accordingly, there will be
no evaporation on the hot surface, and the mass flux in the model
system must be zero at steady state. In this case, the steady-state heat
transfer across the liquid-vapor interface is by conduction only. In
the diesel engine-like conditions,"” the diesel fuel is sprayed into
hot gas. Using the model system shown in Fig. 8, we mimic heat
conduction from hot gas to liquid #-dodecane.

In NEMD simulations, energy is added at a constant rate of
1.32 nW to the left solid surface and is removed at the same rate
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FIG. 8. (Top panel) A snapshot of the model system for the study of heat conduc-
tion across the liquid—vapor interface of the model n-dodecane. The dashed line
indicates the position of the imaginary plane. (Bottom panels) (a) Density and (b)
temperature profiles at steady state. The inset in (a) shows the density profile in
the vapor phase. The two solid lines in (b) are the linear fit to the temperature
profile in the vapor phase and in the liquid phase, respectively.
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from the right solid surface at each time step by velocity rescal-
ing."” This results in a constant heat flux of 5.5 MW/m? across the
liquid-vapor interface at steady state. Each heat source-sink sim-
ulation run is first carried for 6 ns to allow the system to reach a
steady state, and then, it is run for an additional 6 ns for data col-
lection and averaging. Four independent runs are carried out to fur-
ther improve the accuracy of the simulation results. To avoid a too
large temperature jump at the interface between the vapor and the
left solid surface, we doubled the interaction strength between Au
and n-dodecane molecules. Such a modification will not affect the
simulation results on the thermal conductance at the liquid-vapor
interface.

To predict the interfacial thermal conductance from the KTG,
one needs to know the TAC of vapor molecules at the model
surface. To determine the TAC defined in Eq. (5), we set an
imaginary plane 3.45 nm from the liquid surface, as shown in
Fig. 8. The distance between the plane and the surface is greater
than the thickness of the liquid-vapor interfacial layer and much
smaller than the MFP of vapor molecules. The vapor molecules
passing through the imaginary plane are defined as incident or
reflected molecules depending on their instantaneous COM veloc-
ity directions. This procedure is similar to that in the determina-
tion of the MAC in Sec. III B 3. The simulation results are shown
in Sec. V B.

B. Conduction heat flux across
the liquid-vapor interface

1. The representative results

As described in Sec. V' A, we directly applied a constant heat
flux of 5.5 MW/m? across the liquid-vapor interface in the NEMD
simulation. To understand the heat conduction at the liquid-vapor
interface from the KTG, we first find the steady-state temperature
and density profiles in the model system. As shown in Fig. 8(b),
the temperature in the vapor phase decreases almost linearly in
the heat flow direction with a slope of 0.283 K/nm, indicating evi-
dent heat conduction in the vapor phase. With the heat flux and
the temperature gradient obtained directly from the NEMD sim-
ulation, the Fourier law predicts that the thermal conductivity of
the model n-dodecane vapor in the model system is ~0.019 W/m
K. At the center of the vapor phase, the temperature and density
are 470 K and 0.028 mol/l, respectively. Using the EMD method
described in Sec. III B 2, we show in Fig. 4(b) that the thermal con-
ductivity of the model n-dodecane at 470 K and 0.028 mol/l is 0.018
+0.001 W/m K. The good agreement between the EMD and NEMD
results validates the thermal conductivity obtained from our EMD
simulations.

To obtain the prediction of interfacial thermal conductance,
Gk, from Eq. (6), we first find from Fig. 8 that the temperature
and density of vapor near the liquid-vapor interface are 457.3 K
and 0.028 mol/l, respectively. Substituting these two values into

(4), we obtain that Ng,s equals to 0.167 mol/cm?® s. Further-
more, we find from Fig. 8 that the liquid surface temperature is
450.2 K. At Ts = 450.2 K, we obtain that ¢y in Eq. (6) is ~35.3R
from the EMD simulation described in Sec. 111 B 2. The TAC, ar,
in Eq. (6) is determined by Eq. (5). As shown in Fig. 9(a), we obtain
the time-averaged energy of incident (E;) and reflected (E,) vapor
molecules at steady state. To determine E;, i.e., the average energy
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FIG. 9. (a) The time-averaged energy of incident (solid line) and reflected (dashed
line) vapor molecules. The horizontal dashed—dotted line represents the average
energy a gas would carry if it equilibrates with the liquid surface upon reflection.
(b) The time-averaged translational temperature of incident (T;, solid line) and
reflected (T, dashed line) vapor molecules. The horizontal dashed—-dotted line
indicates the liquid surface temperature, Ts. (c) The time-averaged energy of inter-
nal motions of incident (solid line) and reflected (dashed line) vapor molecules. The
horizontal dashed-dotted line represents the average energy of internal motions a
gas would carry if it equilibrates with the liquid surface upon reflection.

a gas would carry if it equilibrates with the liquid surface upon
reflection, we equilibrate the liquid-vapor coexistence system at
T = 450.2 K and determine the average energy, Ey, of the vapor that
is in equilibrium with the liquid. Es is determined by E, + 1/2 RT,,
where }/, RT; is the streaming correction'” to the reflected gas energy.
From the calculated E;, E,, and Es shown in Fig. 9(a), we obtain
ar = 0.85.

To understand how internal motions of n-dodecane molecules
affect the TAC, we further divide the molecular energy (E) into
the energy of molecular translational motions (Ei) and the energy
of molecular internal motions (Ejy), i.e., molecular rotations and
vibrations. Ey; of incident (Ey.,;) and reflected (Ey,r) vapor molecules
can be determined directly from molecular translational velocity.
The translational energy of incident and reflected vapor molecules
divided by 2R gives the translational temperature of incident and
reflected molecules.'” Since E = Ei; + Eint, we obtain Eine; and Ein in
Fig. 9(c) from E; — Eyj and E; — Ey,r, respectively. Moreover, Eiq in
Fig. 9(c) is determined from Es — 2RT;. Using Ey and Eiy in Eq. (5),
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we can determine the TAC of translational motions (ary) and that
of internal motions (ar;yt) from MD simulations.

In our previous work,”” we found that the TAC of vapor Ar
molecules, which have only translation motions, is close to unity
on the liquid Ar surface. Figure 9(b) shows that the translational
temperature of reflected vapor n-dodecane molecules is very close
to the liquid surface temperature, which means a7, is also close to
unity for n-dodecane. By comparison, ar;in; of n-dodecane is about
0.84. In our previous study on the TAC of gas molecules on solid
surfaces,”’ we also found that the molecular internal motions are
more difficult to thermalize with surfaces than translational motions.
Therefore, the MD simulation results indicate that the incomplete
energy exchange (ar = 0.85) between n-dodecane vapor and its own
liquid is mainly due to the relatively lower TAC of molecular internal
motions.

With the calculated N, cv, and a7, Eq. (6) predicts that
Gk = 0.73 MW/m*K. To test the accuracy of this prediction, we
compare it to the Gk obtained directly from the NEMD simula-
tion. By extrapolating the linear fit of the temperature profile in
the vapor and liquid phases to the liquid-vapor interface, we obtain
that the temperature jump, AT, at the liquid-vapor interface is 7.1
+ 0.3 K. Using the constant heat flux (5.5 MW/m?) applied in the
NEMD simulation and AT = 7.1 + 0.3 K, we obtain Gk = 0.77 + 0.03
MW/m?’K, which validates the prediction from the kinetic theory
based Eq. (6).

2. Verification of Eq. (6) at a lower temperature

Using the similar method, we calculate Gk at the model n-
dodecane liquid surface at a lower temperature (Ts = 429.5 K)
by applying a constant heat flux (4.9 MW/m?) across the liquid—
vapor interface. From the NEMD simulation, we first obtain
ar = 0.90, which is higher than ar = 0.85 at T, = 450.2 K.
The higher ar at the lower temperature is associated with the
higher ay at the lower temperature found in Sec. III B 3. The
higher ay indicates that more incident vapor molecules are accom-
modated to the liquid phase before they return to the vapor
phase. Accordingly, the vapor molecules have a higher possibil-
ity to have complete energy exchange with the liquid surface upon
reflection.

As shown in Fig. 10, the temperature at the center of the
vapor phase is about 450 K. With the heat flux (4.9 MW/m?) and
the temperature gradient (0.3 K/nm) obtained directly from the
NEMD simulation, the Fourier law predicts that the thermal con-
ductivity of the model n-dodecane vapor is ~0.016 W/m K. The
NEMD prediction is again consistent with the EMD prediction
k = 0.016 + 0.001 W/m K found in Sec. IIl B 2 at a tempera-
ture of 450 K. With the TAC, temperature, density, and specific
heat of the vapor obtained from MD simulations, Eq. (6) predicts
Gk = 0.48 MW/m?K at the liquid n-dodecane surface at T = 429.5 K.
The lower Gk value compared to that at T; = 450.2 K is caused
by the much lower vapor density near the low temperature sur-
face, which results in a lower frequency of collisions between vapor
molecules and the liquid surface. To verify the Gk predicted by
the KTG, we find the temperature jump, AT = 9.6 + 0.4 K, at the
liquid-vapor interface directly from the NEMD simulation. Accord-
ingly, the Gk directly obtained from the NEMD simulation is 0.51
+ 0.02 MW/m’K, which is again consistent with the prediction
from the KTG.
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FIG. 10. Same as in Fig. 8 except that q = 4.9 MW/m? and liquid surface
temperature Ts = 429.5 K.

VI. SUMMARY AND CONCLUSIONS

Using MD simulations, we studied the thermal transport across
the liquid-vapor interface of the model n-dodecane. Two thermal
transport mechanisms, namely, evaporation and heat conduction,
often occur simultaneously at evaporating liquid surfaces. To have
a good understanding of each thermal transport mechanism, we
restrict the thermal energy to be transferred across the liquid-vapor
interface by one mechanism in each NEMD run. The MAC and TAC
of the model n-dodecane, which are important properties for the
understanding of evaporation and interfacial heat conduction pro-
cesses, are determined from MD simulations with high fidelity. The
simulation results are discussed in the context of the kinetic theory
based analysis.

In the case of interfacial thermal transport by evapora-
tion/condensation, our simulation results show that the key assump-
tion in Schrage’s analysis regarding the VD of vapor molecules near
the evaporating/condensing interfaces is still valid for the fluids con-
taining chain molecules such as n-dodecane. The Schrage relation-
ship, which is accurate in the prediction of evaporation and conden-
sation rates for monatomic fluids, also gives a good prediction of
the steady-state evaporation and condensation rates for the model
n-dodecane. Hence, our modeling results show that the validity and
accuracy of the Schrage relationship are not affected by the com-
plex molecular structure or inter-/intra-molecular interactions in
n-dodecane.

The key problem in the prediction of heat conduction rates at
liquid-vapor interfaces is to determine the thermal conductance,
Gk, at the interface. The KTG predicts that the Gk at liquid-gas
interfaces is determined by the frequency of collisions between gas
molecules and the liquid surface, and the TAC. The MD simulation
results show that the molecular internal motions are more difficult
to thermalize with liquid surfaces than translational motions. With
the accurate TAC obtained from the MD simulation, the kinetic the-
ory based equation [i.e., Eq. (6)] is accurate in the prediction of the
Gk at the liquid-vapor interface of the model n-dodecane.
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APPENDIX: THE EXPRESSION FOR MICROSCOPIC
HEAT FLUX OF THE MODEL CHAIN MOLECULE

The microscopic heat flux of a pure fluid is determined by

_ dE;
= (Z viEi + 1 rid—t'), (A1)
where r; is the center of mass position of molecule i. For the model
chain molecule, the total energy of molecule i is given by

=2
= (Z %mkva,k) + Vintra,i + Z Vinterki> (A2)
kci kci,lcj
i#j

where the first, second, and third terms on right-hand side represent
the total kinetic energy, the total intramolecular potential energy,
and the total intermolecular energy of molecule i, respectively.
Accordingly, dE;/dt in Eq. (A1) can be computed from

dEi _ Z aVintra d;k " 1 Z avkl,inter d?kl
dt - dt |2~ e dt
kci kci 87}( kci,lcj 6rkl
i#j
— I =7 _1 p Yy
- (Z V“xkfk) (Z V“’kfk,intra) 2 Z fkl,inter(va,k Va,l)
kci kci kcikcj
i#j
- oof _1 f o7
- (Z V“’kfk,inter) 2 Z fkl,inter(vﬂ)k VﬂJ)
kci kcikcj
i#j
Z fkl,inter(vﬂyk + VllJ)' (A3)
kci,lcj
i+

Using Eq. (A3), the second summation in Eq. (Al) can be
calculated by

_ dE;

ri?; - Z?l % Z fkl,inter(;fl,k + aa,l)
i

kci,lcj
i#j

i Z ?i Z fkl,inter(T/‘%k + ;u,l)
i

kci,lcj
i#j

Z fklmter(vflk + vﬂl)

kci,lcj
i#j

= ( > fklmter Vuk+Vul)

kci,lcj

=327

i>j

Z fklmter vak + Vul) . (A4)

kci,lcj
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Substituting Eq. (A3) into Eq. (A1), we obtain

Z] = — Z V,E + = Z Tij Z .fkl,inter . (T/u,k + ;u,l) . (AS)

i>j kci,lcj
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