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Near-field radiative heat transfer in mesoporous alumina*
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The thermal conductivity of mesoporous material has aroused the great interest of scholars due to its wide applications
such as insulation, catalyst, etc. Mesoporous alumina substrate consists of uniformly distributed, unconnected cylindrical
pores. Near-field radiative heat transfer cannot be ignored, when the diameters of the pores are less than the characteristic
wavelength of thermal radiation. In this paper, near-field radiation across a cylindrical pore is simulated by employing the
fluctuation dissipation theorem and Green function. Such factors as the diameter of the pore, and the temperature of the
material are further analyzed. The research results show that the radiative heat transfer on a mesoscale is 2~4 orders higher
than on a macroscale. The heat flux and equivalent thermal conductivity of radiation across a cylindrical pore decrease
exponentially with pore diameter increasing, while increase with temperature increasing. The calculated equivalent thermal
conductivity of radiation is further developed to modify the thermal conductivity of the mesoporous alumina. The combined
thermal conductivity of the mesoporous alumina is obtained by using porosity weighted dilute medium and compared
with the measurement. The combined thermal conductivity of mesoporous silica decreases gradually with pore diameter
increasing, while increases smoothly with temperature increasing, which is in good agreement with the experimental data.
The larger the porosity, the more significant the near-field effect is, which cannot be ignored.
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1. Introduction

Nowadays, research attention have gradually been turned
to the nano-scale since micro-electro-mechanical systems
(MEMS) developed rapidly. Nano-scale heat transfer includ-
ing the near-field radiation has been more and more concerned
with.!" Thermal radiation on a nano-scale, i.e., near-field radi-
ation, is different from macroscale thermal radiation, and has
size effect.

Early in 1971, Polder and Hovelinitially deduced the ra-
diative heat flux between two parallel plates with micro-scale
gap. Since then, numerous studies on the near-field radiative

[3-5

heat transfer between two semi-infinite bodies,*-! between a

spherical particle and a semi-infinite body®”! or between two

8-10] have been carried out.

spherical particles!
It has been investigated that as the gap between the two
mediums is so small that it is comparable to or shorter than the
characteristic wavelength of thermal radiation (Ar), Stefan—
Boltzmann law is no longer applicable. The radiation will have
wave interference effect and photon tunneling effect,[!!-13]
which greatly enhances the radiative heat transfer. The near-
field radiative heat transfer can exceed blackbody radiation by
5-6 orders of magnitude.14-1¢]
Nanoscale radiative heat transfer promotes the research

and development of near-field radiation.!'”! For a mesoporous
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material, the near-field radiation across the pore cannot be
Although the thermal

property of amorphous mesoporous material has caused great
[18,19

ignored, which is rarely reported.
attention, ! the heat transfer mechanism for amorphous
mesoporous material is not very clear yet. Therefore, the re-
search of thermal conductivity of amorphous mesoporous ma-
terial is still a hot point. For amorphous mesoporous alumina
film (AAO template) as an amorphous material, its thermal
conductivity has been rarely reported relatively.?%-2!]

In this paper, we focus on the near-field radiation across a
cylindrical pore by employing the fluctuation dissipation theo-
rem and Green function, and its influence on the thermal con-
ductivity of the mesoporous alumina. Porosity weighted dilute
medium (PWDM) model??! is used to combine the near-field
radiation with the thermal conductivities of gas confined in the
pore of mesoporous alumina substrate. The combined thermal
conductivity of the mesoporous silica is obtained and com-
pared with the measurement. Finally, the effects of the pore
size and temperature are also investigated.

2. Near-field radiative heat transfer across a
pore

Near-field radiative heat transfer across a pore in meso-
porous alumina is analyzed. The schematic nanostructure of
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mesoporous alumina is shown in Fig. 1(a), which consists of
uniformly distributed, unconnected cylindrical pores with di-
ameters that can be tailored within a range of 10-80 nm.[20-21]

The porosity ¢ is introduced to denote the volume ra-
tio of pores in mesoporous alumina, which is given by ¢ =
72 /23 (r+1)%, where r is the pore radius, r = d/2, with
d being the mesopore diameter, and ¢ the half the wall thick-
ness. As the diameter of the pore is much smaller than A,
the electromagnetic field across the pore is dominated by the
near-field radiation. Ay is given by At ~ fic/kgT, and is about
several micrometers at room temperature.

Since the mesoporous alumina has a periodical structure,
a structure element containing a cylindrical pore can be sug-
gested as shown in Fig. 1(b). The pore is characterized by
the free-space permittivity &g, and bounded by alumina with
relative permittivity £;. The temperature distribution can be
expressed as T(p,0) = 1/2[(T; — T)pcos 8 /r + T; + T5].[*
It drives radiative heat transfer across the pore, where T} is
the high temperature at 6 = 0°, 7, is the low temperature at
6 = 180° on the pore boundary. As illustrated in Fig. 1(b), heat
radiated from a source located at (p, 0) transfers to the point
(p’, 8") by traveling a distance L = [(p? + p"> —2pp’ cos(0 —
9/)} 1 /2.

Fig. 1. (a) Structure of mesoporous alumina. where red spheres repre-
sent oxygen atoms, yellow spheres denote aluminium atoms). (b) Sim-
plified a pore for near-field radiation calculation.

Unlike the far-field radiation (macroscale thermal radia-
tion) transferred by the propagating of the transmissible elec-
tromagnetic waves, the near-field radiation is transferred by

photon tunneling of the evanescent waves.?*>3! Now consid-
ering a monochromatic electromagnetic wave in the vacuum
region, the complex wave vector in a vacuum can be expressed
as ko = (B,%), which can be seen in Fig. 2, and kg = ©/c,
where c is the speed of light in vacuum, J is the parallel com-
ponent of the wave vector that is parallel to the plane, Y is the
perpendicular component of the wave vector, o is the angular
frequency of the electromagnetic wave.

Fig. 2. Complex wave vector of a monochromatic electromagnetic wave
in the vacuum.

Assuming that thermal and quantum fluctuations of the
current density j inside the body create the fluctuating elec-
tromagnetic field, it is known that the time-averaged (j)=0
but (7-7) # 0. We can describe the fluctuating electromag-
netic field by the Maxwell equations with the fluctuating cur-
rent density. According to the electromagnetic wave theory,
for a monochromatic wave in a dielectric, isotropic, nonmag-
netic body, the Maxwell equations corresponding to radiative
heat transfer can be shown as

VXEZ—[JOaa—I;I,

ey

oE
V><Hz£0£17+j,

where E is the electric field, H the magnetic field, €g the vac-
uum permittivity, to the magnetic permeability of vacuum, €
the relative permittivity(dielectric constant) of alumina, and
7 the fluctuating current density. Considering boundary con-
ditions, the fluctuating electromagnetic field can be obtained,
then the frequency-dependent spectral Poynting vector, i.e.,
spectral heat flow across the pore, is given by

(Sp (w)) =Re(Eg (0) x H} (0)), )

where * denotes the complex conjugate.
Using the fluctuating current density as the source, from
the Maxwell equations the electric field can be given by

V xV xE—-KkE =iouyj, 3)

where K is the wave vector in alumina, k; = ®/c; = /€| ko,
c1 is the speed of light in alumina.

When we calculate the radiative heat transfer across
a cylindrical pore, the Fourier transform of the three-
dimensional expression from z to kjz space is used, and set
kKiz = 0. The induced electric and magnetic fields caused
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by the fluctuating current density can be expressed as a
frequency-dependent volumetric integral, according to the
dyadic Green’s function G (p, p’, 0):

E9 (pa )

o* Ho / o / 2
Wﬂv (p,p,®)-jo (p',®)d*p/, "
H, (p, )

1 .
= 75m Iy VxG(p,p,0) joo(p,0)d*p,

where G (p, p', @) is essentially a spatial transfer function be-
tween a fluctuating current source j at a location p’ and the
electric field E at another location p. The integration is over
the region V that contains the source of fluctuating current den-
sity.

The radiative heat transfer between the left side and
the right side of a curved interface is calculated by employ-
ing the dyadic Green’s function characterizing the electric
field, G (p,p’,®), which is given as the solution to a in-
The dyadic
Green’s function must satisfy the boundary condition at the

homogeneous cylindrical Helmholtz equation.

vacuum-silica interface (p = r), which can be given by V x

G (papla (l)) = ikG (pvplv (J)).
Green'’s functions, 23] which can be shown as

We can obtain the electric

G(p.p, o) = iH(()l)(K‘oL)—i Z Hnei"(efel)

< HY (Kol))H;(ql> (kop') , )

where the reflection coefficient can be shown as

! Z n
II, = /gln) (Kor) iz ((1’;0r) ) (6)
H,, (K'()}”) +i1ZH, (K'(]r)

where J,, and HE,I) are Bessel functions of the first and third
+/1/¢€;. The first term on the right-
hand side of Eq. (5) is the field incident on the curved inter-

kind respectively, and Z =

face, while the second term is the field scattered away. The
Green function in Eq. (5) describes the field transmitted from
the alumina, through the boundary and into the vacuum.

In this paper, the pore diameter in our model is greater
than 1 nm since the dielectric function is not local nor depen-
dent on wave vector!>! when the pore diameter is less than
1 nm. Therefore, we can assume that the dielectric function is
a scalar (isotropic medium) and independent of the wave vec-
tor. The dielectric function can be written as € (@), which can
be calculated by the data in handbook of optical constants. [>6]

The fluctuating current density within the body, as the
source, can be described by fluctuation-dissipation theorem
(FDT). It is related to the alumina equilibrium temperature 7'
and dielectric function & (®). The random thermal fluctua-
tions of charges create a space- and time-dependent fluctuat-

ing electric current density j (p,t) = jp.p + j(.)’,é inside the

silica whose time average is zero. The time-dependent cur-
rent density can be decomposed into j (p, ®) in the frequency-
dependent form by using the Fourier transform. The en-
semble average of the spatial correlation function of current

[27]

density'“"! can be obtained by

(3 (p,0)3" (0, 00'))
1 ho
272 (ehw/kBT _ 1)

x Im (g (0))5(p—p')d (0—0'), (7N

) is the component of fluctuating current density

where j (p,
at point p, with @ being the angular frequency; § is the Dirac
delta function; ( ) denotes the ensemble averaging, which is
an average concept in quantum mechanics.

According to Egs. (2), (4), (5), and (7), we can obtain the
Poynting vector, i.e., radiative heat flow across the pore, which
is shown (in units of W-m~1) as follows:

oo

/ MLis uo// d*p'G (p.p',0) -G (p,p,0)

3/2
o (2m)

hoIm(g;)
(eh(o/kBT2 -1

. ®)
)

holIm(g;)
c2 (eho/ksT(p".07) 1) T2

where the last term on the right-hand side refers to the net ra-
"ir~oo 0 —m/2 ~ 1/2) to the
location p(p = r,0 = m). The radiative heat flux is given by
g = S/A (in units of W-m~2), with A being the near-field radi-
ation area.

diative heat flux from p'(p

Finally, equivalent thermal conductivity of radiative heat
transfer (in units of W-m~!-K~1) can be obtained as follows:
q
ky = —d 9
v = ard. ©)
where AT =T; — 1.

3. Model of combined thermal conductivity of
mesoporous alumina with near-field radiation
considered

The combined thermal conductivity of mesoporous alu-
mina is a combination of the thermal conductivity of meso-
porous alumina (substrate thermal conductivity), ks, the ther-
mal conductivity of void space (air), k., and the equivalent
thermal conductivity of radiative heat transfer across meso-
pore, k;.

The thermal conductivity of mesoporous alumina,
ks, is lower than that of normal bulk alumina (kg =
33 W-m~1.K~1)[?8] since mesoporous alumina is not a crystal
but an amorphous material. The kinetic theory is used to cal-
culate the substrate thermal conductivity in the X-Y plane and
along the Z direction, and it is shown as follows:?"]

1 1
k *CVVZ *CVV TXY/Z7 (10)

3
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where Cy is the heat capacity, Tyy 7z is the combined relaxation
time, and v is the average sound velocity. So the reduced sub-
strate thermal conductivity scaled by that of the corresponding
bulk can be written as

ks = G2ty - (11)

The superscript “x” above means a dimensionless quan-
tity scaled by the corresponding quantity of the bulk material.
The scaled specific heat capacity of a nanoporous material is a
function of the pore radius r and the porosity ¢, i.e.,

C{,(1¢)exp[s;;b"r’oh (&p)] (12)

The values of equation parameters can be obtained from
Ref. [20].

The combined phonon relaxation time is obtained from
30]

the Matthiessen rule as!

1 1
=4l . (13)
xyiz o L TBxy/z

On the right-hand side of the above equation, the first term is
the reciprocal of the relaxation time corresponding to the scat-
tering in the normal bulk alumina, and [ is the phonon mean
free path of the normal bulk alumina; the second term is the
reciprocal of the relaxation time corresponding to the defect
scattering, and /; is a fitting parameter which shows the glass
defect levels; in the third term, 7g xy /7 is the relaxation time
corresponding to the boundary scattering. The boundary re-
laxation rate along the Z direction3!! can be expressed as

L:;r (14)

Wz 2/ (r+1)2—r21

The boundary relaxation rate in the X-Y plane can be ex-
pressed as

1 27ry (r) (15)
TB,XY_Z\/g(V—‘rt)Z—ﬂﬂ t)”

According to Egs. (11)—(15), we obtain the scaled substrate
thermal conductivity as

ks xy = (1—¢)exp {ZSVib mh (0))}

3R ro 1—(])
Iy Io[1/¢p—1
x{1+ll+r{ 2

x ( z;&p _1)}]}1’
0= 1-0jon S (0]

lo 1
x{1+0+0

L r

e (e )]} oo

The substrate thermal conductivity can be written as ks =
2/3ks’xy + 1/3/(572.

Zeng et al.’s model*?! is used to describe the thermal con-
ductivity of confined air in mesopore, ky, as

1
4 [vm — 6ﬂngd§}

Tmg  Ag+ ﬂnngdé

cv, (A7)

where the parameter ¥ = cp/cy, Noo = ng/V @, A is the sur-
face area of the shell, Vi the apparent volume of the material,
mg the mass of an air molecule, n, the number density of the
air molecules, and d, the diameter of an air molecule. An air
molecule has a mass of 4.648x1072° kg and a diameter of
3.53x10710 m, 33

The porosity weighted dilute medium (PWDM) model>?!
is used to obtain the combined thermal conductivity of meso-
porous alumina by taking into account the thermal conduvtiv-
ities of alumina, confined air and near-field radiation. The
PWDM model represents thermal conductivity variations of
the dilute particle, fluid or other porous materials, through em-
ploying a combination of the dilute particle and dilute fluid
models, so it is more accurate than the porosity weighted sim-
ple medium (PWSM) model,!?*! which is a combination of the
parallel and serial models. Accordingly, the combined thermal
conductivity of mesoporous alumina can be expressed as

(1—¢)ks+ (1 —2¢) k¢
(2+0)ks+(1—0)ke
(3—2¢)ks +2¢k;

Oks + (3 —¢) ke > (18)

where x is the semi-empirical fitting parameter, which ranges

2
k = ks

[1-¢"]

+ kg

from zero to infinity and accounts for the effects of pore shape,
pore size, and other parameters; k¢ = k; +kg.

4. Results and discussion
4.1. Near-field radiation across a pore

As is well known, the total radiative heat flux includes
the contributions of near-field and far-field electromagnetic
waves. For a cylindrical pore surrounded by alumina, 77 =
310 K and 7> = 300 K are the temperatures of two sides of
the pore, respectively. It can be seen from Fig. 3(a) that the
radiative heat flux decreases exponentially with pore diameter
increasing. When the diameter is greater than 1nm and less
than 100 nm, the contribution of near-field evanescent wave
is 2~4 orders of magnitude greater than that of far-field elec-
tromagnetic wave. On a nanoscale, the main contribution to
the radiation is the evanescent wave of near-field. The smaller
the pore diameter, the more significant the near-field effect is.
When d is larger than 1000 nm, near-field radiative heat flux
is close to far-field radiative heat flux.

014401-4
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Fig. 3. (color online) Variations of radiative heat flux (a) and equivalent
thermal conductivity (b) across a pore with pore diameter (77 = 310 K
and 7, = 300 K).
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Fig. 4. (color online) Variations of radiative heat flux (a) and equivalent
thermal conductivity (b) with temperature (pore radius » = 7.5 nm) at
T, =300 K and AT =10 K.
Figure 3(b) shows the variation of equivalent thermal con-
ductivity of near-field radiative heat transfer in pores with pore

diameter. The equivalent thermal conductivity decreases ex-
ponentially with increasing the pore diameter and decreases
more rapidly at smaller pore diameter.

The following is concerned with the influence of temper-
ature on the near-field radiation as illustrated in Fig. 4. It
is for the case where the pore of radius is 7.5 nm with the
temperature 77 ranging from 310 to 350 K. When keeping
AT =Ty — T, = 10 K, the heat flux of near-field radiation
increases smoothly as temperature 7] rises, meanwhile, ra-
diative heat flux is almost increasing linearly when keeping
T, =300 K with temperature 77 rising. Concerning the equiv-
alent thermal conductivity of near-field radiation, it increases
smoothly with temperature 77 going up. It seems that equiva-
lent thermal conductivity under AT = 10 K is slightly greater
than under 7, = 300 K, since the former mean temperature is
greater than the later. Therefore, rising mean temperature can
be more significant for raising the equivalent thermal conduc-
tivity of near-field radiation than for enhancing the tempera-
ture difference.

4.2. Combined thermal conductivity of mesoporous alu-
mina with near-field Radiation considered

The porosity and the pore radius of mesoporous alumina
films (AAO) can be obtained by the image of scanning elec-
tron microscopy (SEM) method,?°! and the results are shown
in Table 1.

Table 1. Structure model and thermal conductivities.

Sample #1 #2 #3 #4
0 32.2% 19.5% 26.9% 15.1%

r/nm 93 14.4 17.6 36.4
ks/W-m~L.K~1  0.7899 0.7022 0.6835 0.6208

k/W-m 1K1 224x1073 1.85x1073 1.73x1073 1.46x1073
ke/W-m~ LK1 1.84x107% 1.36x107% 2.39x1073 1.49x1073

The hot disk method was used to measure the thermal
conductivities of the samples simultaneously in the previous
work[?%l as shown in Fig. 5. The sensor used in this paper
consists of a 10-pm thick nickel double spiral concentric cir-
cle foil, insulated on both sides by a 25.4-um thick layers of
Kapton polyimide film with good chemical resistance and me-
chanical properties. This sensor acts both as a heat source for
increasing the temperature of the sample and as a resistance
thermometer for recording the time-dependent temperature in-
crease of the heat source itself. Exhaustive information about
the experiment has already been mentioned in Ref. [20].

(b)
sample

sample

Fig. 5. (color online) Hot disk thermal constant analyzer apparatus.
Panel (a) shows hot disk sample holder and sensor, and panel (b) dis-
plays sensor and samples.
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We employ the structure models of experiments, which
are listed in Table 1. Shell thermal conductivity of mesoporous
alumina is denoted by ks, and can be obtained by Eq. (16).
The thermal conductivity of air in mesopore is calculated by
Eq. (17). Also the equivalent thermal conductivity of near-
field radiation across various mesochannels of alumina, k;, can
be obtained by Eq. (9). The above calculated data are shown
in Table 1.

The combined thermal conductivity of mesoporous alu-
mina with near-field radiation for cylindrical pore consid-
ered is calculated from Eq. (18), and the results are shown
in Fig. 6(a). The current model is consistent with the mea-
surement. The combined thermal conductivity of mesoporous
alumina does not keep decreasing with increasing the poros-
ity since the combined thermal conductivity is determined by
porosity and pore radius. The predicted values with consid-
ering the near-field radiation are almost 3% higher than those
without considering it. This verifies the accuracy of our model.

0.63

0.571

0.51¢

® experimental data

O theretical data, with radiation

mesoporous alumina/W-m~1K~!
o

m theretical data, without radiation

16% 20% 24% 28% 32%
Porosity

Combined thermal conductivity of

0.45

0.0032 (b)
0.0028 +
0.0024 +

0.0020

Combined thermal conductivity
difference/ W-m—1.K~1

0.0016

24%  28%

Porosity

16%  20% 32%

Fig. 6. (color online) Combined thermal conductivity of mesoporous
alumina with different porosities. Panel (a) shows the experimental ver-
ification, and panel (b) displays the combined thermal conductivity dif-
ference between with and without considering the radiation.

Meanwhile, the influence of near-field radiation on the
combined thermal conductivity of mesoporous alumina is
shown in Fig. 6(b). The combined thermal conductivity dif-
ference between with and without considering the radiation
increases with porosity increasing.

Now we consider the influences of the porosity on the
combined thermal conductivity of mesoporous alumina with

the temperatures 77 = 310 K and 7; = 300 K. From Fig. 7(a)
it can be found that while keeping the pore radius r = 7.5 nm,
the combined thermal conductivity of mesoporous alumina de-
creases gradually with porosity increasing, since the increase
of the proportion of confined air leads to the reduction in the
combined thermal conductivity. This result could be attributed
to the fact that the air filled in pores has much lower thermal
conductivity than the substrate alumina. It should be noted
that the pore diameter of actual mesoporous alumina is less
than 100 nm, therefore, the near-field radiation across the pore
may not be ignored.

1.0

3.0

0~ combined thermal cond'uctivity !
—m— percentage of radiation

o
o)
T

Combined thermal
conductivity/W-m~—1.K~!
=
o
Percentage of radiation/%

2 1 1 1 1 1
20% 30% 40%  50%  60%
Porosity

g 0.46 T T T
> IM —o— k-with radiation (b)
= —#— k-without radiation
© g
S 5
T E 044f

~
S 2
= =
£ 3
S
= g 0.42f
9 9
£2
QL 0
g8
S g
@) 0.40

300 310 320 330 340 350
Mean temperature /K

Fig. 7. (color online) Combined thermal conductivities of mesoporous
alumina (a) under different porosities and (b) under different mean tem-
peratures respectively.

The following is concerned with the influence of tempera-
ture on the combined thermal conductivity of mesoporous alu-
mina as illustrated in Fig. 7(b), while figure 4(b) shows the
equivalent thermal conductivity of near-field radiation chang-
ing with mean temperature. It is for the pore radius of 7.5 nm
with the temperatures ranging from 310 to 350 K for 77 and
from 300 to 340 K for 75, while keeping temperature dif-
ference AT = 10 K. As the average temperature increases,
the combined thermal conductivity of mesoporous alumina in-
creases smoothly, since the increase of the number of phonons
and the enhancement of energy transfer can raise the thermal
conductivity. The predicted values with considering the near-
field radiation are higher than without considering it, so, near-
field radiation has an significant influence on thermal conduc-
tivity of mesoporous material with small radius.
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5. Conclusions

Near-field radiation has great influence on mesoporous
material thermal properties. We focus on the near-field radia-
tive heat transfer across a mesopore and its contribution to the
combined thermal conductivity of mesoporous alumina. The
main findings and conclusions are summarized as follows.

1) The equivalent thermal conductivities of near-field ra-
diation across a pore under different pore radii and temper-
atures are investigated. The near-field radiative heat flux on
a nanoscale is 2—4 orders higher than on a macroscale. The
equivalent thermal conductivity decreases exponentially with
the increase of diameter, and increases smoothly with the rise
of temperature, implying that temperature can raise the equiv-
alent thermal conductivity of near-field radiation more signifi-
cantly. The smaller the pore diameter, the more significant the
near-field radiation effect is.

2) The combined thermal conductivity of mesoporous
alumina does not keep decreasing with the increase of poros-
ity since the combined thermal conductivity is determined by
porosity and pore radius. The predicted values with consider-
ing the near-field radiation are almost 3% higher than without
considering it.

3) The influence of near-field radiation on the combined
thermal conductivity of mesoporous alumina increases with
porosity increasing. The combined thermal conductivity of
mesoporous alumina decreases gradually with porosity in-
creasing, while increases smoothly with temperature increas-
ing.
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