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Combining the mean field Pozhar—Gubbins (PG) theory and the weighted density approximation, a novel method
for local thermal conductivity of inhomogeneous fluids is proposed. The correlation effect that is beyond the mean field
treatment is taken into account by the simulation-based empirical correlations. The application of this method to confined
argon in slit pore shows that its prediction agrees well with the simulation results, and that it performs better than the
original PG theory as well as the local averaged density model (LADM). In its further application to the nano-fluidic
films, the influences of fluid parameters and pore parameters on the thermal conductivity are calculated and investigated.
It is found that both the local thermal conductivity and the overall thermal conductivity can be significantly modulated
by these parameters. Specifically, in the supercritical states, the thermal conductivity of the confined fluid shows positive
correlation to the bulk density as well as the temperature. However, when the bulk density is small, the thermal conductivity
exhibits a decrease-increase transition as the temperature is increased. This is also the case in which the temperature
is low. In fact, the decrease—increase transition in both the small-bulk-density and low-temperature cases arises from
the capillary condensation in the pore. Furthermore, smaller pore width and/or stronger adsorption potential can raise
the critical temperature for condensation, and then are beneficial to the enhancement of the thermal conductivity. These
modulation behaviors of the local thermal conductivity lead immediately to the significant difference of the overall thermal

conductivity in different phase regions.

Keywords: thermal conductivity, nano-fluidic films, density functional theory

PACS: 65.20.-w, 66.10.cd, 66.25.4g

1. Introduction

Thermal conductivity is an essential parameter to char-
acterize the thermal energy transfer in fluids. Accurate knowl-
edge of thermal conductivity is conducive to understanding the
underlying mechanisms in thermal-related processes.!!l As is
known, it is also helpful to optimize and improve the efficiency
of functional materials in their engineering applications. >3]
In the past decades, a tremendous amount of effort has been
devoted to the thermal conductivity of bulk fluids, and nu-
merous approaches have been developed, including the em-
pirical correlation method,! extended corresponding states
model, ! rough hard-sphere theory, ! artificial neural network
models,!”! and effective thermal conductivity models.!®°! All
these methods are efficient for prediction of thermal con-
ductivity in bulk fluids, and have deepened our understand-
ing about characteristics of thermal energy transfer in dif-
ferent application fields, e.g., thermal management of micro
electronics, ['°! energy conversion devices, !l and energy stor-
age systems.!1?!

Rapid developments in nanoscience and nanotechnology
have inspired increasing interests in fundamental investiga-

tions on thermal conductivity of confined fluids or nano-fluidic
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films.!'3'41 One of the most significant features of thermal
conductivity in such systems is its marked deviation from that
of the corresponding bulk fluids. Although this creates un-
precedented opportunities for the device development in the
application domains, it also poses new challenges for mod-
On the
theoretical aspect, molecular dynamics (MD) simulation has

elling the thermal energy transfer on a nanoscale.

emerged as an efficient tool to study the thermal conductiv-
ity in confined fluids. Giannakopoulos et al. investigated the
transport properties of liquid argon flowing in nanochannels
by using of non-equilibrium MD simulation.[!'> Their results
suggest that the thermal conductivity increases with the in-
crement of channel width. Applying the Green—Kubo ap-
proach in equilibrium MD simulations and the Miiller—Plathe
method in non-equilibrium MD simulations, Hyzorek and Tre-
tiakov studied the thermal conductivity of liquid argon in
nanochannels.['®! Both types of simulations reveal that the
thermal conductivity depends weakly on the shape of channel
and that it increases with the increment of the transversal size
of the channel. Very recently, also by employing MD simula-
tions, Jin et al. investigated the anisotropy of the thermal con-

ductivity in liquid argon films.!!”] Their results show that the
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parallel thermal conductivity is enhanced by the solid-liquid
interface, while the perpendicular thermal conductivity is re-
duced. In addition, the anisotropy of thermal conductivities is
weakened with the increment of film thickness. It is worthy to
emphasize that in all the above simulations, the thermal con-
ductivity has been regarded as a whole, which serves only as
an overall measurement of thermal energy transfer in confined
fluids.

As for confined fluids, it is reasonable to suppose that
the thermal transport should be position-dependent, due to its
close correlation with the fluid structure. To our knowledge,
only few investigations on the local thermal conductivity of
confined fluids have been conducted, which is in sharp contrast
to the situation for the overall thermal conductivity. Utilizing
non-equilibrium MD simulations, Chilukoti et al.!'8! studied
the local thermal transport of liquid alkanes in the vicinity of
a-quartz solid surfaces, and found that near the walls, the local
thermal conductivity of the liquid alkane varies with position
in an oscillating manner, which is similar to the local density
profile. They also revealed that the thermal energy is less ef-
fectively transferred through the first adsorption layer near the
wall than that in the central region. Recently, Zhao et al.!'”]
presented the molecular simulations on the thermal transport
of water confined in nanochannels. They also found the inho-
mogeneous profiles of thermal conductivity, which is nearly
in phase with the density profile. Actually, besides these MD
simulations, some attempts have also been devoted by solving
the classical kinetic equations. The most representative work
is the one conducted by Pozhar and Gubbins (PG),20211 who
solved the generalized Enskog-like kinetic equation with the
aid of the 13-moments approximation, and derived the explicit,
tractable expressions for the local transport coefficients for the
inhomogeneous fluids. These obtained transport coefficients
are particularly appealing, because they have been expressed
in terms of equilibrium density and the contact value of ra-
dial distribution function. However, from the physical point of
view, the PG derivation has placed itself on the level of mean
field theory (MFT), which implies that the correlation effect
could not be well considered, especially for the strongly inho-
mogeneous fluids. Therefore, some effective approaches for
the correlation effect are still desiring.

In contrast to MFT, computer simulations can naturally
consider the inter-particle correlation during the random sam-
pling. Therefore, it is believed that the relevant results from
simulations may shed beneficial lights on the correlation con-
tribution of the thermal conductivity. In light of this, this work
aims to propose a novel method for the local thermal conduc-
tivity of confined fluidic film by combining the PG result and
some simulation-based correlations. 22231 Within this method,
the correlation beyond the mean field is considered through
the weighted density calculation. It is necessary to emphasize

that the only input in such a method is the equilibrium density
of the fluidic film, which can be determined by utilizing of the
classical density functional theory (DFT). This makes the pro-
posal rather appealing and convenient in its application to the
inhomogeneous fluids.

This work is organized as follows. In Section 2, the main
results of the PG derivation are outlined. In Section 3, the
method for the correlation contribution of the local thermal
conductivity is proposed and analyzed. The DFT scheme is
given in Section 4. In Sections 5 and 6, the proposed method
is applied to the confined argon films in slit pores, and the in-
fluences of both the fluid parameters and the pore parameters
on the thermal conductivity are investigated in detail. A short
summary is finally given in Section 7.

2. PG theory for the local thermal conductivity

(201 the inhomogeneous

In the derivation of PG theory,
fluid is assumed to consist of nonreactive and structureless par-
ticles, which interact via a pair-additive, central potential, e.g.,
the Lennard—Jones (LJ) potential. Starting from the Liouville
equation for the collective dynamic variables and introducing
the generalized Mori projection operator technique, PG devel-
oped a functional perturbation theory for the evolution of the
many-body dynamic system, which can be further simplified

to the following kinetic equation:

<%+v-V>5p(r,v,t>
:/dr'dv'F(r,v,r',v')Sp(r',’U’,t), (H

where ¢ denotes time, r and v are the coordinate and velocity
of fluid particles, respectively. In addition, g(r,v,t) repre-
sents the singlet distribution function in the dynamics of the
inhomogeneous fluid, while 6 & denotes the deviation from its
equilibrium value. The involved quality I'(r,v,7',v’) is re-
lated to the frequency matrix that reflects the instantaneous re-
sponse within the system. Its complex and obscure expression
can be found in the literature. ")

Further, assuming that in the dynamics, the deviation of
its density, velocity, temperature as well as the kinetic contri-
butions to pressure tensor and energy flux are all small, it is
safe to expand these continuum variables into Taylor series of
the unit vector of the direction cosine, say é:

A(r—océ,t)=A(r,t)—cé -VA(r,t)

1
+ 5081 VVA(r.) 4+, 2)

where é = exf—i-eyf-i-ezfc with ey =sin0cos ¢, e, =sinOsin ¢,
e, = cos 0, and A(r,r) stands for any of the above mentioned
continuum variables.

With the aid of the 13-moment approximation, ¥ a lin-
earized Navier-Stokes equation for the energy transfer can
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be obtained via some cumbersome calculation in the Fourier
space, that is,

f%kgiwp(rﬁT(r, 0)+V-J(r,0)=R(r,0) (3)

with kg being the Boltzmann constant and ® the frequency.
Here, J(r,®) is the time Fourier transform of the energy
flux, while R;(r,®) denotes the corresponding thermody-
namic source. For the sake of brevity, the explicit expressions
for J(r,®) and Rr(r,®) are not presented here, and the in-

(20211 performing the

terested reader can refer to the literature.
spatial differentiation on both sides, and gathering the terms
of the form —A - 8T (r, ), with A denoting the second rank
thermal conductivity tensor, one can obtain the local thermal
conductivity of the inhomogeneous fluids.

Specifically, in the limit of zero frequency, the PG expres-
sion for the normal component of the thermal conductivity in

a slit pore can be given as?"!
AeG(2) = Aop (2)[ A1 (2) + A2(2)]- S

Here, Ay = 75ks/(640%\/mBm) is the thermal conductivity
of the dilute gas, with o and m representing the diameter and
mass of the particle, respectively. In addition, f = 1/(kgT)
with T being the absolute temperature. In Eq. (4), A;(z) and
A2(z) stand for contributions arising from the isotropic and
anisotropic components of energy flux, respectively. Their ex-
plicit expression can be given as

2
M@ =4 [+ 20x)] + ek G0
1)) =22 8(2) () [2+ e (D) + 2 E(2)
24b°
Eé(Z% (5b)

with b = 276> /3 being the second virial coefficient of the di-
lute gas. Moreover, the involved auxiliary functions in Eq. (5)
are respectively defined as

1 oo / / /\ in /

10 =55 [ 407~ =)o)z lp.T). (60
1 oo / / /\ ,inl /

§@) =5 [ 4ZBE—)P-0%p()sh(z 20 T). (6
1 27 13v2

(6) = o vl — ()~ 2 (o) (60
1 fero / /\ ,inh /

V@ =2 [ dZp(ethiz lp.T), (60
1 fete / / inh /

nE@ =2 [ alp@)-p@leh T (6

. 1 ato / /\ inh /
v = o [ adp (et 2o 7). (6

Note that the above equations are different in forms from those
given by PG, since the involved integrals have been trans-
formed from the angular space to the coordinate space. More-
over, in the bulk limit, the PG result, say Eq. (4), recovers

exactly the MFT result for the homogeneous fluid, [24] that is,

1 3 2
M (Po, T) =20\ “pomr | L+ 2 PobglH (Po, T)
1t stz
32 om
+ 3o PRLE (e T) . )

with py being the bulk density of the homogeneous fluid. Note

that in this case, the radial distribution function at contact

glc‘f}‘fn(pb, T) is independent of position, but relies on density

as well as temperature.

hom

85 (py,T) can be determined by the analytical result pro-

For simplicity in the calculations,

posed by Johnson et al.,?] that is,

5
g (P, ) =1+ Y ayp'T* (7). @®)
ij=1
In this equation, the dimensionless qualities have been de-
fined, i.e., p; = pp0>, T* = kg T /€ with € being the potential
strength. The combination parameters a;; can be found in the
literature. !

It is necessary to emphasize that in Egs. (6a)—(6f),
both ¢i"fi(z,2|p,T) and gi'i(z,Z|p,T) are the radial distri-
bution functions at contact in inhomogeneous fluid. Take
gicrj?f(z,z'\p,T) as an example, it describes the probability of
the situation in which one particle locates at z and another par-
ticle locates simultaneously at z/, with their centroid distance
being ¢. In order to include the correlation effect in the in-
homogeneous fluid, the involved density in g"f(z,2|p,T’) can
be regarded as the algebraic average of the local densities at
zand 7. In this work, we set it as 5(z,2) = 3[p(z) +p(2)].

Accordingly, it can be obtained as
gz 71p,T) = gl (B(2,7),T). ©)

Note that p(z) is the weighted density, whose explicit defini-
tion will be given in the following. In a similar way, the value
of gicr’l?f(z,z’ |p,T) can also be determined.

3. Correlation contribution of the local thermal

conductivity

As stated above, the PG theory places itself on an MFT
level, which underestimates the correlation effect in the fluid.
Actually, plenty of MD simulations have been performed to in-
vestigate the thermal conductivity of the bulk fluids. Based on
the simulation results, some fitting expressions for bulk ther-
mal conductivity have been proposed.!?>?3 In the MD simu-
lations, the correlation effect in fluids can be naturally taken
into account in the simulation procedure. In this perspective,
the simulation-based correlations should provide a feasible ap-
proach to consider the correlation contribution of the thermal
conductivity. In view that the MFT contribution has been taken
into account in the PG theory, one need only extract from the
simulation-based correlations the contribution that is beyond
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the MFT level. By doing so, the thermal conductivity can be
obtained as the summation of the PG result and the correlation
contribution.

In this work, we employ the fitting result by Bugel and
Galliero,??! who expressed the reduced thermal conductivity,
At = l%;\/?, of the bulk LJ fluid as

Aim™ (Pe, T*) = A (T) + A7 (pg, T*) + AL (py, T*), (10)

where A = % 1/ L is the reduced kinetic contribution with
Vv v

the collision integral €. In addition, A and A} are residual

contribution and an enhancement due to the proximity of the

critical point, respectively. Their explicit expressions are

£2
X oy T*) = A(T*) [exp [BT)py* | 1]
A(ps. T") = a(T*py*xr)".
In Eq. (11a), the two temperature-dependent factors are de-

fined as A(T*) = ¢T*+d and B(T*) = eT* + f. Moreover,
X = XT% is the reduced isothermal compressibility and the

(11a)
(11b)

fitting parameters a—f can be found in the literature. >?!

According to the proposal stated above, the correlation
contribution of thermal conductivity in the bulk LJ fluids can
be first obtained by subtracting 2,1\*}[0};[% in Eq. (7) from lsl}ﬁlm,
that is,

Adom(py, T) =A™ (py, T) — M (po, 7). (12)

Having obtained the correlation contribution in the bulk fluid,
one would like to generalize it to the case of inhomogeneous
fluid. In the generalization, the concept of WDA is borrowed
from the DFT calculation for the equilibrium properties in
confined fluid. Accordingly, the involved py, in Eq. (12) should
be replaced by a weighted density p(z), rather than the local
density p(z). Then, the local correlation contribution can be
obtained as follows:

A5 (2) =A™ (p(2).T). (13)

Here, the weighted density is defined as p(z) =
[p(Z)o (|7 —z])dZ/, with the weight function @ (|7 —z|) =
ﬁ [s2 — (Z —2)?]. Evidently, the combination of Eqgs. (4) and
(13) provides a scheme for the local thermal conductivity in
the inhomogeneous fluids. This is referred as a PGH+WDA1
scheme in the following.

Nevertheless, as illustrated by Hoang et al.!?®! in their in-
vestigation on the shear viscosity of confined fluids, the tra-
ditional weight function developed for the static properties is
inadequate to provide an accurate estimation of the dynamic
properties, and more kinetic correlation should be taken into
account. To overcome this limitation, they proposed a specific
weighted density by considering the momentum exchange be-
tween the colliding particles. The key point in their compli-
cated calculation is how to identify the position where the lo-
cal property is defined. This is physically in line with Percus’s

idea for the coarse-grained free energy density of the inhomo-
geneous fluids.?”! Unlike their treatments, this work adopts an
alternative route by performing a further smooth procedure on
the local value of /% (z), that is,

Jele) = [ 25(n(i ~2hads a4

with (|7 —z]) = ﬁ[s% — (7 — 2)?] being another weight
2

function. Accordingly, the final results for the local thermal

conductivity in an inhomogeneous fluid read

A(z) = Apg(2) + Acor(2)- (15)

For the purpose of differentiation, Eq. (15) is referred as
a PG+WDA2 scheme. It should be noted that the differ-
ence between the two weight functions, say @;(|z/ —z|) and
@, (|7 —z|), lies in the region in which the weighted average is
performed, and that the parameters s; and s, are unnecessarily
identical. Yet, it is found that the values of s = s, = 0.80 can
produce satisfactory results in the calculation.

4. DFT scheme for confined LJ fluids

In this study, we focus on the thermal conductivity of ar-
gon film that is confined in the slit pore. For convenience, the
argon-argon pair interaction is modeled by the LJ potential,

woi=[(9)°-(5] a0

For a confined fluid that is equilibrium with a reservoir,

which reads

its equilibrium structure can be determined by classical
DFT.[?82] In the framework of DFT, the equilibrium density,
say p(z), can be calculated via the variation of grand potential
functional Q[p(z)] with respect to p(z) at constant chemical
potential, volume and temperature, that is,

1)

op(z)

In grand canonical ensemble, the grand potential functional

Q[p(z)] =0. (17)

Qp(z)] is given as

2p@) = Flp@)+ [ dzp@)Veu@ — ), (18)

with p and Vex(z) being chemical potential and external po-
tential, respectively. Evidently, the key point in the DFT calcu-
lation is to construct the intrinsic Helmholtz free enregy func-
tional F[p(z)]. Usually, it can be perturbatively decomposed
into several contributions. For the LJ fluid under considera-
tion, it reads

Flp(2)] = Fialp ()] + Fas[p (2)] + Faulp (2)] - (19)

with the three terms on the rhs represent contributions from
ideal gas, hard sphere and long-ranged attraction, respectively.
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Among them, Fj4[p(z)] can be exactly obtained by formal cal-
culation, and Fps[p(z)] can be well treated by the modified

30.31 Moreover, the at-

fundamental measure theory (MFMT).!
tractive contribution Fy[p(z)] can be appropriately expressed
via either the weighted density approximation (WDA)!3233]
or a functional Taylor expansion. 333 Both treatments have
achieved satisfied performance in investigations on diverse as-
pects of confined fluids. In this work, the WDA method is em-
ployed. For the purpose of concise, more details about MFMT

and WDA can refer to the literature.30-37]

5. Numerical results and discussion

To check the performance of the proposed methods in this
work, we have calculated the overall thermal conductivity, say
Aav, by performing a harmonic average of its inhomogeneous
profile in the pore:

Aoy = [H—;ZS /ﬁHsll(z)dz}_l. (20)

Here the parameter 0 is introduced because the fluid particle
is prevented from entering the region that is adjacent to the
pore wall.38 As a test, A,y of liquid argon confined in krypton
slit pore is calculated. The potential from each pore wall is
described by the 10 and 4 potential:

w(z) zznesfpscff[% (%)10— (%)4]. 1)

Accordingly, the external potential can be obtained as
Vext(z) = w(z) + w(H — z). Note that the values of the model
parameters are set the same as those used in the simulation: %]
6 = 0.3405 nm, 6 = 0.3519 nm, &/ky = 119.8 K, &¢/kg =
141.4 K, and ps = 5.5095 nm?.

Figure 1(a) depicts the pore-size dependence of A,y for
confined liquid argon under the conditions of p; = 0.642
and T* = 1.0. To display the superiority of the PG+WDA?2
scheme over other methods, the results from PG+WDAI, PG,
and LADM®) methods are also given in the figure. Note that
the reduced pore width H* = H /o is defined here. Compar-
ison between results from different methods suggests that for
Aav Of the confined argon, the PG+WDA?2 scheme reproduces
the MD results!">! very well. In contrast, both the PG+WDA1
and LADM methods overestimate the value of A,,, while the
PG method underestimates its value. This provides strong ev-
idence for the discrepancy in treating the static and dynamic
properties of the confined fluids, and for the necessity of per-
forming the second weighted average in Eq. (14).

Moreover, it is obvious that in the pores with different
widths, the value of A,y is usually smaller than those of the
bulk fluids. This arises from the ordered layer structure that
formed in the pore, especially in the regions near the walls.
The particle layers are so closely arranged that they prevent

the energy flowing caused by the particle translation. This can
be confirmed by the results shown in Fig. 1(b), which gives the
spatial profiles of fluid density and thermal conductivity in a
pore of H* = 12.0. The results in Fig. 1(b) also show that A(z)
is nearly in phase with p(z). However, the first crest near the
wall is small, while the second crest displays a maximal peak.
Actually, Rah and Eul*®! have decomposed A into contribu-
tions from kinetics, configuration and stress work. Among
them, contributions from kinetics and stress work rely on the
movement of atom in the pore, while the configurational con-
tribution depends mainly on the inter-atom interaction. In term
of this, the maximal peak of A(z) near the second atom layer
can be interpreted by the strong interaction felt by the atom

there.
(a) . . — (b) 6 . . .
4 ',
ol K A
3 N
S
F
2t B N}
—— PG+WDA2 ——LADM b 2F A
PG+WDA1 ——PG ~<
1 | ----- Bulk @ MD A e 2
. . . o . , .
0 10 20 30 0 3 6 9 12
H" 2z

Fig. 1. (a) Dependence of A,y of confined liquid argon on the pore width H*.
The red dashed line stands for the bulk thermal conductivity. (b) Profiles of
A*(z*) in the pore of a width of H* = 12.0. The solid green line represents
p*(z*), the dashed red line and dashed green line stand for the bulk thermal
conductivity and bulk density, respectively. The other lines are the profiles
of A*(z*) obtained from different methods, which take the same line types
as those given in (a). Moreover, all the calculations are performed under the
conditions of p; = 0.642 and T = 1.0.

Further, in each set of results in Fig. 1(a), an oscillatory
increment of A, with H* can be observed when H* is small.
This is also due to the formation of layer structure in the pore.
As stated above, the layer structure is detrimental to the par-
ticle translation. However, a further increment of H* may
loosen the particle layer and then enhances the energy flow-
ing, until a new particle layer is formed. When H* is large
enough, the two walls decouple, and only two thin layers are
formed due to the adsorption of the separated walls. In this in-
stance, the layer structure keeps unchanged in the region near
the walls, and then the substantial modulation of A}, by the
layer structure disappears.

In order for further understanding about the physics of
the method proposed in Eq. (15), it is necessary to clarify the
extent to which the confinement can influence the PG and cor-
relation contributions. To this end, the PG and correlation con-
tributions of A*(z*) of the confined liquid argon are calculated
under the conditions of 7* = 1.5 and H* = 6.0. The results are
given in Fig. 2. It is evident that A5 (z*) shows obvious oscil-
lation due to the confinement arising from the pore. Moreover,
the oscillation of Ap;(z*) turns more violent with the increase
of pi. On the contrary, the correlation contribution A (z*) ex-
hibits rather weak oscillation in the central region of the pore.

However, in the region near the walls, A}

S (%) is depressed

046503-5



Chin. Phys. B 33, 046503 (2024)

as it is approaching the walls. This can be understood by the
formation of the adsorption layer near the walls. Furthermore,
comparison between the values of A5 (z*) and A% (z*) sug-
gests that A% .(z*) can play a non-negligible role, especially in
the case of larger p;.

10 .

Apa(z%), Aeor(2”)

Fig. 2. The PG and correlation contributions of A1*(z*) of liquid argon con-
fined in slit pore. In the calculation, the parameters are set as 7* = 1.5 and
H* = 6.0. The solid and dashed lines stand for the results of Aj;(z*) and
A% (z"), respectively.

5.1. Effect of fluid parameters on the local thermal con-

ductivity

In the confined fluidic film, the local structure plays a de-
cisive role in determining its static properties. This is also true
for the thermal conductivity, as suggested by its density de-
pendence in Eq. (4). Actually, most of the reported investiga-
tions focus on the overall thermal conductivity of the confined
fluids, while little is known about its local profile in the pore.
From a microscopic point of view, knowledge of the local ther-
mal conductivity is crucial to deepen our understanding about
the thermal transfer in the confined fluids. Thus, it is necessary
to calculate the inhomogeneous profile of thermal conductiv-
ity in the pore, and to analyze its dependence on different in-
fluence factors. In this section, our attention is focused on
the influence of fluid parameters, i.e., the bulk density and the
temperature.

Fig. 3. Inhomogeneous profiles of A*(z*) under different conditions of p;.
(a) T* =0.7 and (b) T* = 2.0. In the calculations, the pore parameters are
setas H* = 12.0 and &g/€ = 1.18.

In Fig. 3, the effect of bulk density on the local thermal
conductivity is given. In this figure, the calculations are per-

formed under the conditions of H* = 12.0 and &g/ = 1.18.
Moreover, in order to understand the thermal conductivity of

confined fluids in different phase states, two different temper-
atures have been chosen. They are 7* = 0.7 and T* = 2.0,
both of which are far enough from the LJ critical tempera-
ture 7' ~ 1.31. Figure 3(a) shows that in the subcritical case,
A*(z*) undergoes a decrease-increase transition with the in-
crement of p7. This can be attributed to the occurrence of
capillary condensation at the low temperature. Physically, the
capillary condensation is a gas-liquid transition occurring at
a pressure lower than the saturation pressure. When the con-
densation of a gas phase takes place in the pore, the formed
liquid bridge takes the density of its coexisting liquid phase.
According to the gas-liquid phase equilibrium, for the given
temperature, the smaller the gas density, the larger its coexist-
ing liquid density. Therefore, when p;; is very small, the ther-
mal conductivity is reduced with a further increment of p;. In
contrast, the condition is different when py’ is large enough. It
is shown that for p} > 0.6, the capillary condensation is ab-
sent, and A*(z*) increases monotonically with p. This can be
explained by the positive correlation of thermal conductivity
with density, as indicated in Egs. (4) and (15).

Figure 3(b) is calculated at a supercritical temperature
T* =2.0. Unlike the case in Fig. 3(a), the thermal conductiv-
ity in Fig 3(b) increases monotonically with p; in the whole
region of py. When p;’ is small, 1*(z*) takes a typical gaseous
value in the central region of the pore, while it exhibits two vis-
ible peaks in the region near the walls. Actually, these peaks
arise from the adsorption by the walls. As p;' is increased, sev-
eral crests continuously appear in the curve. This results again
from the layer structure in the pore. Further, by comparing
the results in the cases of small and large pf, it is interesting
to find that when p{ is large, the first crest next to the wall is
smaller than the second one; when pt’f is small, the first crest is
larger. This can be understood by the different roles played by
the formed particle layer in these two cases. In the former case,
a larger p;; leads to a denser particle layer, which prevent the
energy from flowing via particle translation. Nevertheless, in
the latter case, the adsorbed particle layer is not dense enough
to prevent the particle from translating. Instead, it is conducive
to the configurational contribution of the thermal conductivity.

In order to understand the influence of temperature on the
local thermal conductivity of the confined fluids, the depen-
dence of A*(z*) on T* is calculated under the conditions of
H* =12.0 and &¢/e = 1.0. In the calculations, two distinct
densities, i.e., py = 0.1 and p;; = 0.8, are set to show the effect
of capillary condensation occurred in the cases of low temper-
ature and small density. The corresponding results are given
in Figs. 4(a) and 4(b), respectively.

Figure 4(a) shows the temperature dependence of A*(z*)
in the case of p; = 0.1. In this figure, the results of 1*(z*) in
the low temperature region are in stark contrast to those in the
high temperature region. For the chosen values of parameters,
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the turning point locates nearly at T7* ~ 1.25. Such a sharp
contrast implies that the temperature dependence of A*(z*)
has been ruled by different mechanisms in different temper-
ature regions. In the region of 7% > 1.25, A*(z*) exhibits the
typical gaseous value in the central region of the pore, and it
shows a tenuous increment with 7*. This is because the kinetic
contribution of 1*(z*) is dominant, and the enhanced thermal
motion of fluid particle is helpful for the energy flowing. Even
so, two conspicuous peaks are still observed in the immedi-
ate neighborhood of the walls, due to the adsorption of the
fluid particles there. In contrast, in the region of 7% < 1.25,
A*(z") is significantly larger than that of the bulk fluid. Mean-
while, with the decrease of T*, it grows larger and both the
value and amplitude of its oscillation are enhanced. This can
be interpreted by the capillary condensation in the pore, which
occurs usually at a low temperature. Specifically, for the given
gaseous bulk density, the lower the temperature is, the larger
the density of the condensed liquid film is.

In Fig. 4(b), the dependence of 1*(z*) on T* in the case
of py = 0.8 is depicted. The results suggest that for the given
Py, A*(z*) increases monotonically with 7*. This is identical
to the trend shown in the cases of low density and high temper-
ature, but exactly opposite to that in the cases of low density
and low temperature, which has been discussed in Fig. 4(a).

Fig. 4. Inhomogeneous profiles of 1*(z*) under different conditions of 7*:
(a) py = 0.1, (b) p; = 0.8. In the calculations, the pore parameters are set
as H* =12.0 and &¢/€ = 1.0.

5.2. Effect of pore parameters on the local thermal con-
ductivity

In the above subsection, the effect of fluid parameters,
i.e., pf and T*, on the local thermal conductivity of the nano-
fluidic films has been studied. Actually, besides these fluid
characteristics, the pore characteristics can also modulate the
structure of the confined fluids. In the light of the correlation
between thermal conductivity and density, it is expected that
the structural modulation by the confinement can be passed
on to the thermal conductivity of the film. In this subsection,
therefore, the influences of pore width and potential strength
on the thermal conductivity are investigated.

The dependence of A*(z*) on the pore width H* is given
in Fig. 5. 1In the calculations, we have set 7* = 1.5 and
&¢/€ = 1.0, while the bulk densities are set as Py = 0.1 and
Py = 0.8 in Figs. 5(a) and 5(b), respectively. It is interesting

that in Fig. 5(a), the thermal conductivity of the nano-fluidic
film is liquid-like when H* < 5.0, while it decays gradually to
a gas-like one with the increment of H*. This attributes again
to the occurrence of capillary condensation in the narrower
pore. In other words, when the pore is narrow, the two walls
are so close that the superposition of their potentials enhances
extremely the adsorption in the pore, though the temperature
is higher than the critical temperature 7,* ~ 1.31. Therefore,
it follows that the confinement of the pore can raise the crit-
ical temperature at which the capillary condensation occurs.
However, when H* is large enough, the pore decouples into
two irrelevant walls, which leads to the appearance of gaseous
phase in the central region of the pore.

(a) 6

> 9
T
| 1.0 6
y —2
» 0.5 3
6 0.0 0
2 4 6 8 10 12
e
Fig. 5. Contour plot of A*(z*) under different conditions of H*: (a)

Py = 0.1, (b) p; = 0.8. In the calculations, the other parameters are set
as T* = 1.5 and &4/€ = 1.0.

Figure 5(b) depicts the dependence of A*(z*) on H* in
the case of p; = 0.8. In this situation, A*(z*) keeps liquid-like
as H* is varied. In addition, some microscopic information
about the geometric modulation has been clearly displayed. It
is obvious that the number of crests appearing in the curves
relies heavily on the pore width. During the increment of H*,
the new crest emerges in the curve whenever H* takes nearly
an integer. From a physical perspective, this is decided by the
structural modulation of the confined fluid and can be under-
stood by the correlation between A*(z*) and p*(z*). When H*
is exactly capable of accommodating integer layers of fluid
particles, a well-arranged layer structure is formed in the pore.
Further increment of H* will relax the packed structure, un-
til a new well-arranged layer structure is reformed. This also
explains why a variation of nearly one diameter is required to
introduce a new crest in the curve of A*(z*). The results in the
figure also suggest that when H* > 9.0, no new crest appears
as H* is further increased. This is because the decoupled two
walls can not modulate the fluid structure anymore, and the
fluid in the central region of the pore maintains the bulk den-
sity py.

For the confined fluid under consideration, the adsorption
potential from the walls imposes a direct impact on the fluid
structure and then on the thermal conductivity. Thus, it is nec-
essary to investigate the effect of the potential strength, say
&g, on A*(z").
the calculations, the temperature is kept at 7* = 1.5, and the

The relevant results are given in Fig. 6. In
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pore width is set as H* = 6.0 in order to highlight the influ-
ence of &¢. Moreover, the bulk densities are set as p; = 0.1
and p; = 0.8 in Figs. 6(a) and 6(b), respectively. In Fig. 6(a),
it is evident that when &g/¢€ is small, the confined fluid ex-
hibits a gas-like thermal conductivity in the central region of
the pore, but with a striking peak near each wall. This is just
the expected because the weak adsorption potential imposes
only a negligible influence to the fluid. However, the situ-
ation becomes extremely different when &g/€ is large. On
the one hand, with the increment of &g/¢€, a liquid-like ther-
mal conductivity is exhibited in the central region of the pore.
On the other hand, the oscillation of A*(z*) turns more vio-
lent as &g/€ is increased. In these situations, the adsorption
potential is so strong that it can give rise to capillary conden-
sation, which is responsible for the enhancement of 1*(z*) in
the pore. Together with the results shown in Fig. 5(a), a con-
clusion can be safely drawn that both smaller H* and larger
&g/ € are conducive to the enhancement of A*(z*) of the con-
fined fluid. In contrast to the complex modulation in the case
of py = 0.1, Fig. 6(b) suggests that in a confined fluid with
Py = 0.8, the variation of &g/€ applies only a monotonous
modulation on the profile of 1*(z*), i.e., the stronger the ad-
sorption potential is, the larger the thermal conductivity and
its oscillation amplitude are.

Fig. 6. Inhomogeneous profiles of A*(z*) under different conditions of
&gr/€e: (a) pg = 0.1, (b) p; = 0.8. In the calculations, the pore parameters
are setas H* =6.0and T* = 1.5.

6. Overall thermal conductivity of the nano-
fluidic film

In the above two sections, the inhomogeneous profile of
thermal conductivity in the nano-fluidic films has been fo-
cused. Though the inhomogeneous thermal conductivity is
helpful to understand the thermal transfer from a microscopic
perspective, it is usually inaccessible in most of the experi-
mental measurements. On the contrary, it is more convenient
to measure the thermal conductivity of the confined fluid as
a whole. To this end, this section focuses the overall thermal
conductivity A}, of the fluidic film, which has been defined
in Eq. (20). In order to gain a comprehensive understanding
about A}, effects of both fluid parameters and pore parame-
ters are calculated and investigated, just as done for the local
thermal conductivity 1*(z*).

In Fig. 7, the effects of fluid parameters, i.e., p; and T,
on the overall thermal conductivity are given. In these calcu-
lations, the pore width is set as H* = 6.0, while the potential
strength is set as &¢/€ = 1.18 and &g/€ = 3.0 in Figs. 7(a)
and 7(b), respectively. In Fig. 7(a), the results suggest that
A}, behaves differently in different phase regions. First, the
value of A, in the region of small p; and small 7* is promi-
nently larger than that in the region of small p and large T*.
This is the result of the occurrence of capillary condensation at
the lower temperature. Second, in the region of large p;, A,
shows a weak correlation with the temperature, which is con-
sistent with the results in Fig. 4(b). This is in sharp contrast to
the case of small p, in which A}, is strongly correlated with
the temperature. Third, in the region of small p; and large T,
the sparsely distributed contour lines suggest that in this phase
region, A%, depends slightly on either p or T*. This can be
attributed to the dominance of the kinetic contribution in the
thermal conductivity of the dilute gas. In addition, Fig. 7(b)
plots the result of A, under the condition of &;/e = 3.0. It
is obvious that the pattern of contour line distribution is sim-
ilar to that in Fig. 7(a), except that the region where capil-
lary condensation occurs is enlarged along both the p,; and T*
axes. This is because the stronger potential has enhanced the
coupling of the two walls, which raises both the critical den-
sity and the critical temperature for the occurrence of capillary

condensation.
(a) 1.0 (b)1.0
11 e ———1
0.8 0.8 H
0.6 0.6
*0 7 %o 7
SY SY
0.4 5 0.4 s
0.2 3 0.2 3
1
0.0 0.0 !
0.8 1.2 1.6 20 24 0.8 1.2 1.6 20 24
T T

Fig. 7. Contour plot of A;, under different conditions of py and T*: (a)
&¢/€ = 1.18, (b) &;¢/€ = 3.0. In these calculations, the pore width is set as
H* =6.0.

est/€

Fig. 8. Contour plot of A}, under different conditions of H* and &g/¢:
(a) py = 0.6, (b) py = 0.1. In the calculations, the temperature is set as
T =1.5.

In Fig. 8, the effects of pore parameters, i.e., H* and &;/¢,
on the overall thermal conductivity A}, are displayed. In the
calculations, the temperature is set as 7* = 1.5. In order to ex-
plore the underlying physics in different phase states, two dif-
ferent values of p,; have been set, i.e., p; = 0.6 in Fig. 8(a) and
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Py = 0.1 in Fig. 8(b). As is expected, for an arbitrary value of
H*, the results in Fig. 8(a) show that A}, can be continuously
enhanced with the increment of &¢/€. What is more, the en-
hancement is more significant in the narrower pores because
the coupling between two closer walls is stronger. However, it
is an exception for the pores with H* < 3.0. This is because in
this case, the fluid particles are arranged so orderly that they
depress greatly the energy flowing via particle translation. In
addition, it is evident that for the given value of &/ €, the curve
of A, usually exhibits oscillation with H*, and the oscillation
is more violent for the larger value of &/¢. This is in line with
the results shown in Fig. 1(a).

Figure 8(b) displays the results in the case of p = 0.1. In
the case of small &/ € or large H*, the confined fluid exhibits a
gas-like thermal conductivity because the confined fluid keeps
gaseous. In contrast, in the case of large &;/€ or small H*,
the value of A, is dramatically enhanced. This can be at-
tributed mainly to the occurrence of the capillary condensa-
tion, which may lead to a liquid-like thermal conductivity in
the pore. Similar to the results in Fig. 8(a), the increment of
&g/ € is naturally conducive to the thermal conductivity. How-
ever, for a given value of &g/¢ that is large enough, the influ-
ence of H* on A}, is more complicated. The condition for the
pore with H* < 3.0 is similar to that shown in Fig. 8(a). With
the increment of H*, A}, is enhanced by the capillary con-
densation in the pore; while for the pore with H* > 7.0, A},
regresses to a gas-like thermal conductivity because the capil-
lary condensation has been depressed due to the decoupling of
the two walls.

7. Conclusions

In this work, a novel method for the local thermal conduc-
tivity of the inhomogeneous fluid is proposed by combining
the PG theory and the weighted density approximation. In this
method, the PG theory measures the local thermal conductiv-
ity on a level of mean field, while the correlation effect that is
beyond the mean field is treated by the weighted density ap-
proximation. The main ideas of the model and the underlying
physics can be highlighted as follows:

(1) The inhomogeneous thermal conductivity in confined
fluid is perturbatively decomposed into two contributions, i.e.,
the mean field PG part and the correlation part. Among them,
the latter is firstly obtained by the simulation-based correla-
tions, with the aid of the WDA treatment.

(2) The proposed PG+WDA?2 scheme exhibits satisfying
advantage over either the PGH+WDAI scheme or the LADM
method. This provides solid evidence to confirm that the tra-
ditional WDA scheme developed for the static properties is
inadequate to treat the dynamic properties.

(3) The dependence of the inhomogeneous thermal con-
ductivity on the fluid and pore parameters reveals the micro-

scopic mechanisms of determining the thermal energy transfer
in confined fluids, especially the correlation between the vari-
ation of the thermal conductivity and the structural modulation
in the pore.

Specifically, in its application to the fluidic film in slit
pores, it is found that the thermal conductivity of film can be
markedly modulated by the fluid and pore parameters. The
main findings are as follows. Firstly, the results suggest that
in the immediate neighborhood of the pore walls, the depen-
dence of local thermal conductivity on the local density is
not a simple positive correlation. This can be attributed to
the closely arranged particle layer which inhibits the particle
from traveling. Secondly, in the cases of low temperature, the
profile of the local thermal conductivity exhibits a decrease-
increase transition as the bulk density is increased, due to the
occurrence of capillary condensation in the pore; while at a
supercritical temperature, the thermal conductivity increases
monotonically with the bulk density. Thirdly, the tempera-
ture shows different modulation patterns for the fluids with
low and high bulk density. Specifically, the local thermal con-
ductivity is monotonically increased with temperature when
the bulk density is large. When the bulk density is small, it
shows a decrease-increase transition as the temperature is in-
creased. Fourthly, on the aspect of pore parameters, it is found
that both the smaller pore width and the stronger adsorption
potential are beneficial to the enhancement of the thermal con-
ductivity, since both factors can raise the critical temperature
at which the capillary condensation takes place.

In addition, it is also found that the overall thermal con-
ductivity may be markedly different in different phase regions.
This is the immediate result of the modulation of local thermal
conductivity by these fluid and pore parameters. More inter-
estingly, due to the modulation of microscopic structure by the
confinement, the overall thermal conductivity of the confined
fluid can exhibit oscillation with the variation of pore width.

In summary, this work provides a novel way to deepen
our understanding about the thermal conductivity of confined
fluids. Nevertheless, further improvements of the proposed
method are still demanding. On the one hand, more accurate
weight function should be designed to reduce the deviation of
its theoretical predictions from the simulation results. On the
other hand, this work focuses mainly on the atomic LJ fluid,
thus it is not applicable to complex fluids, whose molecular
has some specific structure. Nonetheless, it is hopeful that this
study can shed beneficial light on further investigation on the
energy transfer in fluids, especially those of nanoscales.
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