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Effect of nanopatterns on Kapitza resistance at a water-gold interface
during boiling: A molecular dynamics study
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The effect of nanopatterns on Kapitza resistance of water boiling on a gold surface is examined via
molecular dynamics simulations. The TIP4P-Ew potential for water, embedded-atom model for
gold, and the calibrated Lennard-Jones parameters for water-gold interactions are used to
accurately predict the boiling point of water and the wetting angle of water on gold. The results
show that boiling of water does not affect the Kapitza resistance of the water-gold interface. The
increase of the height of nanopatterns leads to a reduction of the Kapitza resistance by increasing
the interaction energy per unit area at the water-gold interface. With the increase of the widthto-spacing ratio of nanopatterns, the Kapitza resistance reduces due to the decrease of the
C 2012 American Institute of
mismatch between the vibrational density of states of water and gold. V
Physics. [http://dx.doi.org/10.1063/1.4749393]

I. INTRODUCTION

Phase change through boiling is used in a variety of heat
transfer and chemical reaction applications. State-of-the-art
technologies in nucleation boiling have focused on increasing the density of bubble nucleation sites using porous structures and microchannels1,2 with characteristic sizes of tens of
micrometers. Recent advances in nanomaterials and manufacturing technologies have enabled the creation of many
novel hierarchical nanostructures for use in enhancing boiling heat transfer processes. Experimental studies3–5 have
showed the enhancement of critical heat flux (CHF) and heat
transfer coefficient (HTC) in boiling heat transfer on nanostructured surfaces. Despite their proven success, current
configurations of nanostructured surfaces designed for boiling heat transfer enhancement still rely on highly empirical
models and/or costly experiments. Fundamental understanding of how heterogeneous nanostructures affect the fluidsubstrate interfacial thermal resistance in improving the
limits of CHF and HTC is still unclear. Molecular dynamics
simulation is a powerful tool in investigating nanoscale heat
transport in solid-liquid-vapor systems with phase change.6
A number of molecular dynamics studies7–10 have focused
on the effects of nanostructures on solid-liquid interfacial
thermal resistance, i.e., the Kapitza resistance.
The Kapitza resistance, caused by the mismatch in thermal properties between two connected materials, is defined
as R ¼ DT=J, where DT is the discontinuous temperature
drop at the interface and J is the heat flux through the interface. Current understanding of the Kapitza resistance at the
solid-liquid interface is based on the acoustic mismatch
model (AMM) and the diffusive mismatch model (DMM).11
The AMM assumes no phonon scattering at the interface
where the Kapitza resistance is induced by the mismatch in
acoustic impedance of two adjacent materials. Whereas, the
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DMM assumes that all phonons are scattered at the interface
and the Kapitza resistance is determined by the mismatch in
vibrational density of states (VDOS) of two neighboring
materials at the interface.
One effective means of reducing the Kapitza resistance at
a solid-liquid interface is to minimize the mismatch in
vibrational density of states between the solid and liquid. Both
experimental evidences12,13 and molecular dynamics simulations14 have shown that the vibrational properties of water are
modified when the water molecules are in a spatially confined
environment. Hu et al.8 reported an enhancement in the
Kapitza conductance (reciprocal of the Kapitza resistance) of
TIP3P water between two hydrophilic quartz substrates due to
nanoscale confinement. It is found that the Kapitza conductance of water-quartz interface first steeply increases then
decreases with the thickness of a water film, where a peak
exists at the water layer thickness of around 2 Å. A stronger
confinement of water (smaller water layer thickness) leads to
a smaller VDOS mismatch between the quartz and water and
thus a larger Kapitza conductance. Goicochea et al.7 used
nanopillars to improve the Kapitza conductance at a waterquartz interface. The results show that the Kapitza conductance increases linearly with the height of nanopillars and its
value saturates at the pillar height of around 4.26 nm. This is
because taller nanopillars lead to a smaller mismatch of vibrational properties between the quartz and water. Another key
factor affecting the Kapitza resistance is the interaction energy
per unit area. Shenogina et al.15 showed that the Kapitza resistance varies linearly with the interaction energy per unit
area of the interface between water and a self-assembled
monolayer. The increase in the interaction energy per unit
area is also used to explain the decrease of Kapitza resistance
due to nanoscale surface roughness at a solid-liquid interface
as compared with a flat surface where the liquid wets the surface in the Wenzel state.10
Evaporation of an ultra-thin film of simple Lennard-Jones
(LJ) fluids on nanostructured surfaces has been simulated
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(i.e., the TIP4P-Ew water model) and gold substrate (i.e., the
embedded-atom model), as well as the calibrated water-gold
interactions, to accurately predict the boiling point of water
and the wetting angle of water on gold. The results presented
here will be used to guide nanostructural designs of surfaces
for boiling heat transfer enhancement.
II. METHODOLOGY

FIG. 1. NEMD simulation setups of water-gold systems with and without a
vacuum layer: (a) with vacuum between hot and cold water layers allowing
for evaporation and condensation; (b) without a vacuum layer. The gold
freeze layers are set to be 0 K and a constant heat flux is added to the heat
source on the left and subtracted from the heat sink on the right.

using non-equilibrium molecular dynamics (NEMD)9,16 with
a temperature gradient created fixing temperatures at the hot
and cold ends. Nanostructures at the solid-liquid interfaces are
found to enhance the evaporation rate compared with a flat
surface. However, besides the use of simple pair-wise interaction potentials, the fundamental mechanism for evaporation
enhancement on nanopatterned surfaces is not explained. Merabia et al.17 observed the increased critical heat flux for gold
nanoparticles suspended in SPC/E water and showed that boiling is inhibited in water next to the gold nanoparticles due to
curvature-induced high pressure close to the particles.
In the present study, the effect of nanopatterns on the
Kapitza resistance is examined at the water-gold interfaces
during boiling. Heat transport via electrons and electronphonon interactions are not considered. The effects of interaction energy per unit area and the vibrational density of states
on the Kapitza resistance are examined by changing the height
and the width-to-spacing ratio of the nanopatterns. In contrast
to previous atomistic simulations of boiling heat transfer that
rely on simple pair-wise interaction potentials to simulate
model fluids consisting of non-polar, monatomic molecules,
the present study uses state-of-the-art potentials for water

In this study, the embedded-atom method (EAM)18 is
applied for the interatomic forces of gold. The TIP4P-Ew
model19,20 that is able to accurately reproduce the enthalpy of
vaporization, boiling point, and other thermal properties of
bulk water21 is used to describe water-water interactions.
Within the TIP4P-Ew model, the cutoff distance of 9 Å is
used for the L-J and short-range Coulombic interactions and
the long-range Coulombic forces are computed using the
particle-particle particle-mesh (PPPM) technique. Water molecules are kept rigid by using the SHAKE algorithm.22 A
standard 12-6 LJ potential with a cutoff distance of 9 Å is
used to describe water-gold interactions, where the energy and
distance parameters are eO=Au ¼ 0.02558 eV, rO=Au ¼ 3.6 Å,
eH=Au ¼ 0 eV, rH=Au ¼ 0 Å,17 corresponding to a wetting angle
of 25 between water and gold.
Figure 1 shows the schematics of the system setup for
the NEMD simulation of water-gold system with and without
boiling. The FCC gold lattice with a cross-sectional area of
6 a  24 a (x and y axes), where the lattice constant
a ¼ 4.0783 Å, has its (100) surface in contact with water.
Gold freeze layers (4 atomic layers of gold on each side) are
at both ends of the simulation system in z, normal to the
water-gold interface. Periodic boundary conditions are
applied in all three directions. In all cases, the nanopatterns
are only built at the hot wall and the cold wall is kept flat.
As shown in Fig. 2, a total of five nanopatterns (i.e., cases
(b)-(f)) are investigated with different heights, widths, and
spacings, together with a flat surface. The parameters of each
nanopattern are listed in Table I, where the surface ratio, r, is
defined as the ratio of the wetted to the nominal surface areas
of the water-gold interface. The width-to-spacing ratio, rws ,
is defined as the ratio of the width to spacing of nanopatterns.

FIG. 2. Geometries of nanopatterns used
in the NEMD simulation of water-gold
systems. (a) Definition of parameters in
the y-z plane, where h is the height, w is
the width, and s is the spacing of nanopatterns and (b) gold surfaces without and
with nanopatterns of different parameters
in the y-z plane.
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TABLE I. Parameters of nanopatterns in simulation cases. All the parameters of nanopatterns are scaled with 4a, where a is the lattice constant of gold.
Scaled nanopattern parameters
Cases
(a)
(b)
(c)
(d)
(e)
(f)

Surface area ratio

Width-to-spacing ratio

h

w

s

r ¼ ðw þ s þ 2hÞ=ðw þ sÞ

rws ¼ w=s

…
1
0.5
1
1.5
1

…
1.5
3
3
3
4.5

…
4.5
3
3
3
1.5

1
1.33
1.17
1.33
1.5
1.33

…
0.333
1
1
1
3

The simulation system contains a total of 7200 water molecules and 13 824–16 128 gold atoms, depending on the
geometry of the nanopatterns. In the absence of vacuum, as
shown in Fig. 1(b), a liquid water film is inserted between
two flat gold substrates and the system is compared with the
cases with a vacuum layer in between two water films to
quantify the effect of phase change on the Kapitza resistance
at the water-gold interfaces.
All simulations were performed using LAMMPS.23 A time
step of 1 fs was used in all cases. The gold and water systems
were equilibrated separately before they merged. The merged
gold-water system was first equilibrated in an NPT (N is the
number of atoms, P the pressure, and T the temperature) ensemble at 370 K and 1.013 bar, and then equilibrated in an
NVT (V is the volume) ensemble at 370 K. Once equilibrated,
the NEMD simulations in an NVE (E is the total energy) ensemble were used to compute the Kapitza resistance and the
total temperature jump across the entire water-gold system in
z. In the present study, the NEMD simulations were created
by imposing a constant heat flux. The same amount of heat
was added and subtracted at the heat source and heat sink,
respectively, by velocity rescaling at the rate of 0.2003 eV/ps,
which corresponds to a heat flux of 1:33  109 W=m2 for the
cases with phase change. The total energy of the system
remains constant. Water molecules near the hot wall are
heated and evaporate. The evaporated water molecules condense at the surface of the cold wall. The evaporation and condensation rates are evaluated by calculating the change in the
number of water molecules near the hot and cold walls,
respectively. At steady state, the condensation rate is equal to
the evaporation rate. Initial tests show that the evaporation
rate increases with time at the initial stage but reaches a constant value at about 6 ns. Once the system reaches a steady
_
state, the heat flux is calculated by J ¼ q=A,
where A is the
nominal interfacial area. After 9 ns, there are not enough water
molecules next to the hot wall and the evaporation rate drops.
The temperature profiles along the heat transfer direction
(in z) for the NEMD simulations of the water-gold system
were first calculated for different nanopatterns, where a total
of 24 slices in z were used for the case without a vacuum layer
and 34 to 38 slices for cases with vacuum depending on different nanopatterns. In all cases, the temperature profile was
averaged over a 1 ns period once the system reached steady
state. Figure 3 shows the temperature profiles at the watergold interface for a flat gold surface and gold surfaces with
different nanopatterns. The temperature discontinuity at the
flat interface is obtained by linear extrapolation from both the

gold substrate and water film. For a nanopatterned surface, the
temperature discontinuity is calculated using the average temperature difference between the gold and water in the regions
in z where the two phases co-exist.10 Knowing the temperature drop at the interface and the heat flux, the Kapitza resistance at water-gold interfaces is hence calculated.
III. INTERACTION ENERGY AND VIBRATIONAL
DENSITY OF STATES
A. Interaction energy per unit area

The interaction energy, Einteraction , between water and
gold molecules at the solid-liquid interface can be calculated
using24

FIG. 3. Temperature profiles along z for the NEMD simulations of watergold systems with evaporation and condensation. (a) Flat surface and
(b) scaled temperature profiles for flat and nanopatterned surfaces.
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Einteraction ¼ Egold þ Ewater  Etotal ;

(1)

where Etotal is the equilibrium total energy of gold and water
in contact, Egold and Ewater are total energy of gold and water
in vacuum, respectively. The Egold , Ewater , and Etotal are evaluated using three separate NVT ensembles at 370 K. Because
two water-gold interfaces are involved in the system, the
interaction energy for a flat gold surface is give by
Eflat ¼

Einteraction
:
2

(2)

For the cases with nanopatterned gold surfaces, the
interaction at the nanopatterned surface is calculated using
Epattern ¼ Einteraction  Eflat :

(3)

The interaction energies per unit area at the flat and
nanopatterned surfaces are hence given by
Wflat ¼

Eflat
A

and

Wpattern ¼

Epattern
;
A

(4)

where A is the nominal area of the interface.
B. VODS

The VDOS of a material is the Fourier transform of its
velocity auto-correlation function (VACF) defined as
ð þ1
FðxÞ ¼
ZðtÞ  ejxt dt;
(5)
1

where the VACF is defined as25
ZðtÞ ¼ hvðtÞ  vð0Þi:
At zero frequency, the VDOS becomes
ð1
Fð0Þ ¼ 2 dtZðtÞ ¼ 6D;

(6)

(7)

0

FIG. 4. Comparison of calculated VACF as a function of time for pure argon
at 94.4 K against Rahman.25

equilibrated in an NVT ensemble. Density profiles of water
along z at a range of temperatures (270–430 K) are showed
in Fig. 5. At 270 K, the density of water film is about
1000 kg/m3, equal to the density of bulk water. As shown in
Fig. 5, the density of water in the liquid film region decreases
with temperature. At temperatures higher than 370 K, the
density of vapor phase increases due to boiling.
B. Kapitza resistance at the water-gold interface
1. Kapitza resistance with and without phase change

In the absence of phase change, the Kapitza resistance at
a flat water-gold interface on the hot wall side based on the
setup shown in Fig. 1(b) is 8.327 109 m2 K=W. The value
of Kapitza resistance with phase change using the setup
shown in Fig. 1(a) is 8.271 109 m2 K=W, within 0.7% difference compared with that of the case without phase
change. It is hence concluded that the liquid-vapor phase
transition of water does not affect the Kapitza resistance of

where D is the self-diffusion coefficient. The VDOS is often
estimated by taking the real part FðxÞ, Re½FðxÞ, or the

square of the modulus of FðxÞ, jFðxÞj2 ¼ FðxÞ  FðxÞ.
In
the present study, the square modulus of Fourier transfer of
VACF is used to represent VDOS. As shown in Fig. 4, the
calculated VACF for pure argon at 94.4 K agrees well with
that of Rahman.25 The difference of VDOS represents the
mismatch in vibrational properties between materials on
both sides of the interface.
IV. RESULTS AND DISCUSSION
A. Evaluation of the TIP4P-Ew water model

The liquid-vapor phase transition properties of water are
of vital importance in this study. The boiling of water is first
tested using a thin layer consisting of 1800 water molecules
centered in the simulation box and surrounded by 5 nm of
vacuum on both sides of the z axis. Periodic boundary conditions are applied for all three directions. The system was

FIG. 5. Density profiles of TIP4P-Ew water at liquid-vapor phase equilibrium along z for different temperatures.
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TABLE II. Kapitza resistance and scaled temperature drop of water-gold
system with and without nanopatterns.
Case
A
B
C
D
E
F

Kapitza resistance (109 m2 K=W)

Scaled temperature drop DT(K)

8.271
6.460
7.519
5.461
4.336
4.006

148.18
140.57
141.07
137.82
120.60
120.34

water-gold interface. Unless otherwise noted, the subsequent
simulations are all conducted in the presence of evaporation.
As listed in Table II, the Kapitza resistance at water-gold
interfaces with different nanopatterns ranges from 4.006 to
8.271 109 m2 K=W, the same order of magnitude as that of
5.882 109 m2 K=W at the water-gold interface obtained in
Merabia et al.17
2. Effect of pattern height on Kapitza resistance:
Interaction energy per unit area

The effect of height of nanopatterns on Kapitza resistance is investigated using the results of the flat surface and
nanopatterned surfaces (c), (d), and (e), corresponding to the
scaled pattern height h of 0, 0.5, 1.0, and 1.5. As shown in
Fig. 6, the Kapitza resistance decreases with the height of
nanopatterns from 8.271 109 m2 K=W for h ¼ 0 to 4.336
109 m2 K=W for h ¼ 1:5. This reduction of Kapitza resistance can be explained by the increase in the interaction
energy per unit area from 0.394 J/m2 for h ¼ 0 to 0.553 J/m2
for h ¼ 1:5. Since the force fields for the water-gold interactions are kept unchanged, the enhancement of the interaction
energy per unit (nominal) area is due to the increase in the
number of water and gold molecules at the interface. The
increase in the height of nanopatterns leads to an increase in
the contact area and thus the interaction energy per unit area
becomes larger, thereby reducing the Kapitza resistance.

3. Effect of width-to-spacing ratio on Kapitza
resistance: VDOS mismatch

As shown in Table II, the Kapitza resistance at the
water-gold interface with nanopatterns is larger than that of a
flat water-gold interface. In addition, the Kapitza resistance
decreases with the width-to-spacing ratio of nanopatterns.
Figure 7(a) shows the VDOS of gold and oxygen atoms at
the water-gold interface as a function of frequency for a flat
surface and nanopatterned surfaces with the increasing
width-to-spacing ratio. The focus is at the low frequency regime where the vibrational mode dominates the heat transport across an interface. For the case with a flat surface, the
VDOS determined for oxygen atoms at the water-gold interface has a peak of 3.88 at the frequency of 0.434 THz. For
nanopatterned surfaces, the peak value of VDOS of water is
smaller and decreases with the increase of the width-to-spacing ratio, from 3.12 for pattern b, to 2.88 for pattern d, and
2.43 for pattern f. In addition, the VDOS peaks of water for
nanopatterned surfaces are attenuated and shift to a higher
frequency compared with that of a flat surface. Increasing
the width-to-spacing ratio, the peak of VDOS of water shifts
from 1 THz for pattern b to a higher frequency of 1.13 THz
for patterns d and f. This attenuation and shifting of the
VDOS peak to a higher frequency indicates the confinement
of water in a narrow space 7,8,14 The result also shows that
the variation of the VDOS of gold is negligible for different
nanopatterns. The VDOS of a material in low frequencies
(<5 THz) are usually associated with its translational modes.
The attenuation of the peak of VDOS indicates the reduction
in the translational degree of freedom, which implies the
spatial confinement of water. Here, the mismatch in vibrational properties between water and gold was evaluated by
DVDOS ¼ jVDOSAu  VDOSO j, where the subscripts Au
and O denote gold and oxygen atoms, respectively. Figure
7(b) shows that DVDOS between gold and oxygen atoms at
the water-gold interfaces decreases with the width-to-spacing
ratio of nanopatterns. With a larger width-to-spacing ratio,
the mismatch of VDOS is smaller and this leads to a smaller
Kapitza resistance at the water-gold interface.
C. Evaporation

In the present study, the evaporation rate is evaluated
by the rate of change of the number of water molecules on
the hot wall side. Since the simulation setup was equilibrated at 370 K, near the boiling point of TIP4P-Ew water,
evaporation took place immediately after the heat flux was
applied. At the beginning, when the evaporation rate was
small, the heat taken away by evaporation cannot balance
the heat transferred from the hot wall to the water molecules via conduction. Therefore, the temperatures of the hot
wall and water kept increasing. The evaporation rate kept
increasing until it reached a constant value where all the
heat delivered to the hot water was used for evaporation. In
steady state, the evaporation rate of water can be calculated
using
FIG. 6. Kapitza resistance and interaction energy per unit area as a function
of the scaled height of nanopatterns. The height of nanopattern is scaled
with 4a, where a ¼ 4.0783 Å is the lattice constant of gold.

n_ eva ¼

q_
;
hlv

(8)
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FIG. 7. VDOS of gold atoms and oxygen
atoms located at the water-gold interfaces
with nanopatterns of different width-tospacing ratios.

where q_ is the heat transfer rate, n_ eva is molar evaporation
rate, and hlv is the enthalpy of vaporization of water. In
all simulation cases, the heat transfer rate is set to be
0.2003 eV/ps and therefore the evaporation rate keeps at a
constant. Table II shows the scaled temperature drop, DT  , of
water-gold system from the hot wall to the cold wall shown in
Fig. 1 with and without nanopatterns. The temperature drop is
scaled here to eliminate any artifacts due to differences in system geometry. The scaled temperature drop decreases from
148.18 K for a flat surface to 120.34 K for pattern f (i.e.,
h* ¼ 1 and rws ¼ 3). This result reveals an enhancement of
heat transfer due to nanopatterns.
V. CONCLUSIONS

In the present study, the effects of the height and the
width-to-spacing ratio of nanopatterns on the Kapitza resistance at the water-gold interfaces during boiling heat transfer
are investigated. The results show that phase change does not
affect the Kapitza resistance. The simulations also reveal that
the increase of the height of nanopatterns leads to a reduction
in the Kapitza resistance by increasing the interaction energy
per unit area. The increase of width-to-spacing ratio of nanopatterns also results in a reduction in the Kapitza resistance by
decreasing the mismatch of the vibrational properties between
water and gold. These design guidelines will help to improve
boiling heat transfer on nanopatterned substrates. Future work
will focus on how nanopatterns affect the nucleation, growth,
and departure of bubbles during boiling.
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