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Effect of the interface layer vibration modes in enhancing thermal conductivity of nanofluids
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The present paper reports on an investigation of the effect of the interface layers in enhancing thermal
conductivity of Cu-Ar nanofluids. The approach is based on linear response theory combined with equilibrium
molecular dynamics simulations. For a wettability parameter of 1.4 and volume fraction of 5.8%, simulation
results show enhancements in thermal conductivity as high as 50%. Among others, the most salient result
concerns the contribution of the vibration modes of liquid Ar atoms around Cu nanoparticles (NPs) in enhancing
thermal conductivity of the nanofluid. Our findings reveal that these vibration modes coincide on a large domain
of frequencies (10 — 50 ps~!) with those of Cu atoms of the NPs. The enhancement of the thermal conductivity
was explained by the increase of vibrational mean-free paths.

DOI: 10.1103/PhysRevE.100.042120

I. INTRODUCTION

Nanofluids consist of insoluble nanosized solid particles
immersed in liquids. They are found in natural living cells
and can also be artificially produced in the laboratory for
chemical, biological, and thermal transport applications. This
last position is of particular interest in this paper that it
concerns the investigation of the dependence of the thermal
transport across nanoparticle-fluid interfaces. According to
the literature, it has been revealed that the enhancement of
the thermal conductivity observed in nanofluids may be at-
tributed to four main mechanisms: Brownian motion of the
nanoparticles (NPs) [1-3], NPs forming clusters [4,5], the
formation of interface layers [1,6,7], and the nature of heat
transport in the NPs [1]. If it is established that the formation
of interface layers is the most quoted mechanism [1,7-11],
its contribution in enhancing thermal conductivity is still
debated by researchers. Eapen et al. [10,12] using equilibrium
molecular dynamics (EMD) simulations note that a strong
cross attraction between the NPs and fluid atoms can induce
a higher density of fluid atoms around the NPs allowing
excess potential energies, which have an effect of additional
thermal conduction processes through a potential energy ex-
change or a phonon collision mechanism. Sachdeva et al.
[9], also with EMD simulations, concluded that improving
the attractive interaction between NPs and the fluid induces
an increase in thermal conductivity. They supposed that this
is due to a reduction of Kapitza resistance between the NPs
and the fluid. Tascini et al. [13] considering nonequilibrium
molecular dynamic simulations (NEMD) showed that Kapitza
resistance decreases with wettability. Mirmohammadi et al.
[14] recently proposed EMD simulations and reported that the
thermal conductivity increases with function of the surface
to the volume ratio on the NPs. Liang et al. [11] proposed
NEMD simulations in order to determine the width and the
thermal conductivity of the interface layer. A width of an
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order of 1 nm and a thermal conductivity of 1.6 to 2.5 times
higher than that of the base fluid were obtained. Then, by
incorporating these results into the effective medium theory
model, they assumed that the contribution of the interfacial
layer to the thermal conductivity is useful only if there are
clusters of particles in the fluid. Additionally, Frank et al.
[15] using EMD simulations demonstrated how the thermal
conductivity of a copper (Cu)-argon (Ar) nanofluid confined
in nanochannels increases. They provide theoretical evidence
concerning the organized liquid structures forming around
the NP and reported the effect of the interface layer thick-
ness. In addition, in a separate study [16], they proposed a
molecular model consisting of liquid Ar confined by two ideal
parallel solid surfaces, highlighting the role of confinement in
the introduction of additional transverse oscillations. Further-
more, it should be emphasized that classical approaches [15]
offer an approximate representation of transport phenomena
at nanoscale, leading to inaccurate and sometimes incorrect
predictions. However, the understanding of thermal transport
of nanofluidic systems was considered as an atomic-scale
process. Consequently, a variety of studies were realized to
identify and quantify the main mechanisms that govern heat
transport at a solid-liquid interface.

In this present work, we are interested in the fluid layer
of the NP-fluid interface by studying its dynamic properties
while highlighting the effect on thermal conductivity. For this,
in the framework of the linear response theory (Green-Kubo
formalism), we first performed EMD simulations to determine
these transport properties in the case of Cu-Ar nanofluid. Then
the impact of the interface on the thermal conductivity is
discussed.

II. THEORETICAL PROTOCOL

All calculations were performed at the linear response
theory level associated with EMD simulations to predict
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the effect of Cu NPs on thermal conductivity of Ar liquid.
Therefore, the Green-Kubo relation allows us to calculate the
effective thermal conductivity k as [17,18]

1 +00
- Wk—mA (J‘I(I)Jq(o)) dl, (1)

where V and T are the volume and the temperature of the
system, respectively, and kp denotes the Boltzmann constant.
The form of Cy,,(t) = (J,(2)J4(0)) gives the heat current auto-
correlation function (HACF). The instantaneous microscopic
heat flux J,; for a multicomponent system is calculated using
the following equation [17,18]:

J, = Zev,+ ZZ"u<Fu vl)—Zh Vi,

i j#i

where ¢; is the internal energy, which includes the kinetic and
potential energy of each atom i, F;; is the force on atom i due
to the j one from the potential, and A, is the mean partial
enthalpy of each species «, which is calculated as the sum
of the average kinetic energy, potential energy, and collision
[12].

To carry out a realistic simulation of heat conduction, we
considered a system consisting of a cubic box containing eight
solid Cu NPs with a 2.7 nm diameter dispersed into liquid
Ar. This system was built as follows. We first drew a cubic-
face-centered (CFC) structure with every site occupied by Ar
at an initial density of 1418 kg/m?>. Then we created eight
spherical cavities filled with the Cu NPs. These NPs therefore
contained a finite number of atoms in a CFC lattice at density
of 8950kg/m>. This means that the NPs’ volume fraction
could be varied according to the volume of the system. The
periodic boundary conditions were used in three dimensions.
Note that the presence of additional particles impedes the
development of artificial self-correlations [19]. In this context,
the number of eight NPs is chosen to alleviate this artifact
while satisfying the convergence test.

We started the simulation by a first equilibration step in
an NVT ensemble using a Nosé-Hoover chain thermostat
[20,21] at temperature T = 86 K for 107 time steps. This was
followed by 3 x 10° time steps in an NPT ensemble at the
same temperature and at 1 atm pressure using the Matryna
et al. method [21-23]. In order to forget the influence of the
barostat on the system, the equilibration in an NVT ensemble
was continued for 103 time steps. Finally, we finished the
equilibration in an NVE ensemble for 10° time steps to forget
the influence of the thermostat. Then, the thermal conductivity
was computed in 10° times steps in an NVE ensemble and
averaged over 12 independent runs for additional phase-space
sampling. The time step is 6¢ = 2 fs. All the simulations were
performed with home-made molecular dynamics code. See
Appendix A for more details on the interaction potential used.

We realized the simulations for various volume fractions
of NPs. This was done by varying the initial volume of the
simulation box using the same number of NPs and initial
densities of Cu and Ar. It should be noted that the volume
fraction was calculated using the box volume and the densities
of Cu and Ar obtained after the equilibration steps. We studied
the influence of the wettability between the fluid and the NPs
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FIG. 1. Thermal conductivity as function of (a) volume fraction,
¢ (with ¢ = 1) and (b) wettability parameter, ¢ (with ¢ = 5.8%).

by tuning the Lennard-Jones interaction potential attractive
part between Ag and Cu atoms (see Appendix A).

II1. RESULTS

Figure 1(a) shows the predicted variation of the effective
thermal conductivity of the nanofluid, k, with the volume
fraction, ¢, over the range 0%—5.8%. Over ¢, there was a
remarkable increase of k, which is in good agreement with
the value fromf the literature [24]. We observe that the value
of k calculated for the pure Ar case (0.114 W/m - K) is close
to the experimental value (0.121 W/m - K) obtained at the
normal boiling point [25]. With the exception of the first point
(¢ = 0) and considering the error bars, the results clearly
show that k against ¢ is governed by a linear relationship, as
seen in previous studies [9,12,19]. A second result reported
in Fig. 1(b) also shows that k increases as the wettability pa-
rameter, c, is increased, which is consistent with that obtained
in Ref. [9]. Therefore, the wettability parameter has a large
influence on the value of the effective thermal conductivity of
the nanofluid.

This led to us to discuss this issue in the case of a Cu-Ar
nanofluid. The density of the Ar atoms for different values
of ¢ versus the distance with respect to the center of mass
of the NPs, r, is depicted in Fig. 2(a). At the lowest values
of r, from 1.4 to 1.9 nm for all ¢ values, 2%, 3.2%, and
5.8%, the distribution density of liquid atoms exhibits two
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FIG. 2. Density of Ar atoms versus the distance with respect to
the mass center of the Cu NPs for (a) different volume fractions, ¢
and ¢ = 1, and (b) different wettability parameters, ¢ and ¢ = 5.8%.

noticeable peaks corresponding to the presence of the layer of
Ar bearing a resemblance to the ordered crystalline structure.
As we can see, the density of Ar is high near the surface
of the NPs, which agrees well with the observation made in
Ref. [13]. Beyond 2.8 nm, the density returns to an almost
constant value, which corresponds to the density of the Ar
liquid. Moreover, we found that the intensity and the position
of the peaks remained constant with ¢. However, they were
very dependent on c as illustrated in Fig. 2(b). As c increases,
the liquid density around the NPs increases, and the position
of the peaks get closer to the surface of the NPs. This is due to
the attractive part of the interaction potential, which becomes
more important.

To study the dynamics behavior of the Ar atoms, we used
the spectrum of the velocity autocorrelation function (VACF)
given as follows [21,26]:

o

Cp(w) = %/ v(t) - v(0)exp (—iwt) dw. 3)
—0Q

The computing method of the VACF spectrum is given in

Appendix B.

The VACF spectrum is analogous to the phonon density
of states for a harmonic solid [18]. Therefore, C,, provides
information on atomic vibrations. However, for a liquid,
C,, contains information on the vibrations and the atomic
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FIG. 3. The mean VACF spectra of (a) all Ar liquid atoms, (b) Ar
atoms which are at a distance less than 5 nm from the center of mass
of the Cu NPs, and (c) Cu atoms for different values of ¢ and ¢ = 1.0.

diffusion. The contribution of diffusion to C,, corresponds to
Cyy(w = 0), which is proportional to the diffusion constant
[27].

Figure 3(a) depicts the predicted mean VACF spectra of
the all Ar atoms calculated for different values of ¢. When
¢ increases, the diffusion constant [C,,(w = 0)] decreases on
one hand, and on the other hand the vibrational spectrum
is slightly raised from w = 10 ps~!, which means that the
presence of NPs hinders the diffusion and promotes high-
frequency vibrations. This behavior became more important
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FIG. 4. The mean VACF spectra of (a) all Ar liquid atoms, (b) Ar
atoms which are at a distance less of 5 nm from the center of mass of
the Cu NPs, and (c) Cu atoms for different values of the ¢ parameter
and ¢ = 5.8%.

when approaching the Cu NPs as shown in Fig. 3(b). When
calculating the mean VACF spectrum of the Ar atoms located
at a distance greater than 5 nm from the center of mass of
the NPs (figure not shown), there is a decrease in the density
of vibration modes with a frequency greater than 10 ps~!
compared to that corresponding to the mean VACF spectrum
of all Ar atoms of the nanofluid [Fig. 3(a)], which would
mean that the high-frequency vibration modes were localized
around the Cu NPs. Figure 3(c) depicts the mean VACF

spectrum of Cu atoms for different values of ¢, which presents
a similar shape to that of the Cu phonon density of states
[28-30]. However, we have a finite value of C,,(w = 0) due to
the NPs’ diffusion in the fluid. The spectrum of the Ar atoms
around the Cu NPs presents a good overlap with the spectrum
of the Cu NPs. This may ensure a better heat exchange through
the interface between the Cu NPs and Ar liquid [13,31,32].
As can be seen in Figs. 3(b) and 3(c), ¢ has no effect on the
average spectra relating to the Ar atoms around the NPs and
the Cu atoms. The change of the spectrum of Ar as a function
of ¢ is due to the fact that when ¢ increases, the volume
fraction of the interface layer increases and thus allows one
to see the contribution of the vibration modes of the interface
layer. However, as shown in Fig. 4, the VACF spectra are
sensitive to the ¢ parameter, i.e., to the interaction between
the Cu NPs and the Ar atoms. Figure 4(a) corresponding to
the mean VACF spectrum of all Ar atoms shows that the
higher c is set, the more high-frequency vibration modes are
boosted. This behavior finds its explanation in the creation
of these localized modes around Cu NPs, as can be seen in
Fig. 4(b). Similarly, the spectrum of the Ar atoms around the
Cu NPs presents a good overlap with the spectrum of the
Cu NPs [see Fig. 4(c)]; however, this overlap becomes more
important when ¢ is higher, which can cause a better heat
exchange.

Figure 5 shows for different values of ¢ the spectrum of
HACEF of the nanofluid Cy;(w)] compared to the mean VACF
vibration spectrum of Cu and Ar atoms around Cu NPs.
The HACF spectrum presents a high-intensity region with a
frequency range 10-50 ps~!, which does not appear in the
HACF spectrum of the Ar liquid, depicted in Fig. 6. This
region corresponds to the frequency domain of the vibration
modes of Cu atoms. As mentioned above, the overlap between
the VACF spectrum of Ar atoms around the Cu NPs and Cu
atoms of NPs becomes more important as ¢ is high, and the
intensity of the HACF spectrum as a function of frequency
increases with this overlap (see Fig. 5). We can conclude that
the vibration modes of Cu contribute more to the thermal
conductivity of the nanofluid when ¢ increases. This result
can be explained by an enhancement of the mean-free path of
these vibration modes created in the liquid around the Cu NPs
[33]. In summary, it can be said that the Ar layer around the
NPs contributes effectively in enhancing thermal conductivity
of the nanofluid.

IV. SUMMARY

In this paper we have studied the effect of the volume frac-
tion and te wettability on the thermal conductivity of nanofluid
using EMD simulations. We have focused on the role of the
interface layer in enhancing thermal conductivity, which is
an issue that to our knowledge has not been investigated
sufficiently.

We have shown that the thermal conductivity of the
nanofluid increases significantly both with the volume fraction
of the NPs and with the wettability parameter. The mean
VACEF spectrum of the Ar atoms around the Cu NPs presents
a good overlap with the spectrum of the Cu NPs, and this
overlap is more important when wettability parameter is high,
which can result in high contribution of the Cu vibration
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FIG. 5. The HACEF spectrum (solid black line) compared to the mean VACF spectra of Ar atoms, which is at a distance less of 5 nm from
the center of mass of the Cu NPs (dash-dot red line) and Cu atoms (dashed green line) for different ¢ parameters: (a) ¢ = 0.6, (b) ¢ = 0.8,

(¢)c=1.0,(d)c=1.2,and (e) c = 1.4, with ¢ = 5.8%.

modes on the thermal conductivity. New experimental work
and simulations will be welcome to compare our results, as
well as to improve our theoretical protocol. Replacing Ar with
water is an interesting study that will be done in the future to
optimize the efficiency of a solar distiller, but this requires
a substantial modification of the theoretical protocol, such as
consideration of the electrical charge on the surface of the NPs
[34].
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APPENDIX A: INTERACTIONS POTENTIALS

The interatomic interaction between Ar-Ar atoms and Ar-
Cu was taken to be of the Lennard-Jones (LJ) form, with
parameters €ar—ar = 1.67 X 1072 J, oar—ar = 0.3405 nm,
gcu_ar = 10.41 x 102! J, and ocy_ar = 0.2872 nm [24],
with a cutoff distance r. = 2.80,_a;. To modify the wetta-
bility of Cu NPs by the liquid Ar, we multiplied the attractive
part of the LJ potential by a parameter ¢ [35]:

o\ 2 o \*
@(rij) = 4€;; <r_> —C(7> :
ij ij

In particular, strong wetting was obtained when ¢ > 1. For
Cu-Cu interactions, the embedded atom method potential
[36] was used, which was considered in the Mendelev et al.
parameters [37,38].

(AL)

APPENDIX B: VELOCITY AUTOCORRELATION
FUNCTION SPECTRA COMPUTING METHOD

To compute the VACF spectra of the three atoms types
(Cu NPs, liquid Ar, and Ar interface layer atoms), we began
computing the VACF of each type for a period of 10* time
steps using the function

1

G (1) = N

No

> vi0) Vi), (B1)
i=1

where N, was the number of atoms of each type. The final
VACF was obtained by averaging throughout the MD simula-
tions and for 12 independent runs. The list of the Ar interface
layer atoms was obtained by listing all the Ar atoms located at
a distance less than 5 nm from the centers of mass of Cu NPs.
This list was updated every 10* time steps. Finally, the VACF
spectrum was obtained by making a fast Fourier transform of
the VACF using the Python Library Numpy.
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