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Abstract This study comprehensively analyzes the mean free path of gas molecules
and gaseous thermal conductivity in confined nanoporous structures through a wide
range of temperatures and pressures. A simplified unit cell cubic array structure of
nanospheres is used to correlate microstructure features with specific surface area and
density of nanoporous materials. Zeng’s model is used to describe the mean free path
of the gas molecules and the gaseous thermal conductivity in confined nanoporous
structures, and experimental gaseous thermal conductivity data from the literature is
used to validate the model. The results show that a material’s nanoporous structure
features are directly related to specific surface area and density. The mean free path of
gas molecules in a confined nanoporous structure decreases with increasing specific
surface area and density. Thus, nanoporous materials with a relatively high specific
surface area and a higher density are more favorable for confining gaseous thermal
conductivity in nanopores. This work shows that p = 10* Pa and 10° Pa are two
characteristic pressures at ambient temperatures for the investigated silica aerogel
materials. When p < 10* Pa, the mean free path of the gas molecules remains constant
with varying pressure, while gaseous thermal conductivity approaches zero due to the
restrictive effect of the nanoporous structure and the diluted gas molecules. When
p > 10° Pa, the limiting effect of the nanoporous structure on the movement of
gas molecules can be ignored, and so the mean free path of gas molecules in the
nanoporous material approaches the mean free path of gas molecules in free space,
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while the gaseous thermal conductivity approaches the gaseous thermal conductivity
in free space. As temperature increases, there exists a maximum value for gaseous
thermal conductivity in confined nanoporous materials, but this maximum increases
as pressure increases. The maximum gaseous thermal conductivity for the material is
also determined in the paper.

Keywords Conduction - Thermophysical properties - Silica aerogel - Nanoporous
structure - Mean free path - Thermal conductivity

1 Introduction

Silica aerogel is an amorphous solid material fabricated through sol-gel chemi-
cal processing and supercritical drying. The material has many unique physical
properties—very high porosity, very high specific surface area, and a low thermal con-
ductivity even lower than that of still air at ambient temperatures—due to its special
nanoporous structure [1-6]. Silica aerogel has many different potential applications
in super insulation, energy storage, gas absorption, and in improving conventional
industrial energy efficiency. Use as a thermal insulation is one of most attractive appli-
cations of silica aerogel, and this potential use has been investigated comprehensively
in the past two decades. The heat transfer mechanisms in silica aerogel include gaseous
conduction, solid conduction, and thermal radiation [7-9]. Convective heat transfer
can be ignored completely since the pores in aerogel are nanometer in size [10—13].
However, gaseous thermal conductivity can account for more than 50 % of the total
conduction experienced by silica aerogel due to its exceptional porosity, which is typ-
ically more than 90 % [4,5,13-19]. This gaseous thermal conductivity can potentially
be reduced even at atmospheric pressure by reducing pore size for the nanoporous
structure. Therefore, in-depth analysis of the gaseous thermal conductivity mecha-
nisms of nanoporous silica aerogels is very important for understanding the insulating
performance of the material.

The main reason silica aerogels have a very low thermal conductivity is that the
mean pore diameter of aerogel is obviously smaller than the mean free path of gas
molecules in free space, which greatly limits the free movement of gas molecules. The
heat transfer process is closely related to the collisions between gas molecules as well as
the collisions between gas molecules and the surface of the solid. The above collisions
directly affect the mean free path of gas molecules in the confined nanoporous structure
of silica aerogels. Therefore, correctly estimating and calculating the mean free path
is very important for accurately determining the relationship between heat and mass
transfer mechanisms in nanoporous structures, and is very significant when estimating
gaseous thermal conductivity in nanoporous materials.

Traditionally, the mean free path model in free space is adopted for the gaseous
thermal conductivity analysis of conventional porous insulation materials due to the
fact that the mean pore diameter in conventional porous materials is micron sized
or even larger, which is significantly greater than the mean free path of gas in free
space (which is about 70 nm). Generally, the revised gaseous thermal conductivity
model (Knudsen equation model) based on the mean free path model in free space is
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adopted to determine the effect of pressure on gaseous transportation in conventional
porous media [7,11-20]. It must be mentioned that Knudsen model was derived by
analyzing the heat transfer problem between two parallel surfaces. Its validity for gases
in porous media is questionable, and especially so for aerogels. The pore dimensions
of aerogels are nanometer in scale, and the solid surfaces are a silica matrix distributed
over the entire space. Accordingly, the mean free path of gas molecules in confined
aerogel nanoporous structures is different because the solid matrix of the aerogel
greatly restricts the free movement of gas molecules. By considering nanoporous
structure features, Zeng et al. [17] developed a new model in 1995 to depict the mean
free path of gas molecules in confined nanostructures. The Zeng model has recently
been widely adopted for the analysis of gaseous thermal conductivity in aerogels [14—
16,18-22]. However, it should be noted that, although the mechanisms for gaseous
thermal conductivity in aerogels have been studied by many researchers in recent years
[18-25], the principles of mean free path variation in nanoporous structures have been
largely ignored. Furthermore, the gaseous thermal conductivity analyses performed to
date have few been conducted for pressures larger than atmospheric pressure, except
the experimental measurement on organic aerogels up to 10 MPa by Swimm et al.
[24]. On the other hand, this study comprehensively analyzes the influencing factors,
mechanisms, and changes in the mean free path within confined nanoporous structures
based on Zeng’s model and in combination with a simplified unit cell structure of a
cubic array of nanospheres. The gaseous thermal conductivity is also analyzed for
wider temperature and pressure ranges than what has previously been reported in the
literature.

2 Theoretical Model
2.1 Kinetic Theory of Gases in Free Space

According to the kinetic theory of gases, the inhomogeneous distribution of temper-
ature can lead to a gas molecule exchange, resulting in part of the thermal motion
energy transferrsing from one part of the object to another. The macro-result of this
micro-energy transport process is known as the conductive heat transfer of gas. Thus,
the magnitude of gaseous thermal conductivity directly depends on the strength of
the energy transport process of the gas molecules. This strength primarily comes from
three factors: the number of gas molecules involved in energy transport, denoted as the
number density; the mean motion velocity of gas molecules u; and the mean collision
frequency between gas molecules f. Accordingly, f/u is the collision frequency per
path length of the gas molecules. A larger value of f/u means more frequent collisions
between gas molecules, it results to a relatively lower gas molecule mean free path
and a relatively longer distance of motion for a single molecule in energy transport
routes. Generally, a smaller collision frequency and a larger movement velocity mean
a shorter time is required to complete an energy transport process. Furthermore, the
gaseous thermal conductivity will increase as the number of molecules involved in the
energy transport process increases. The number density of gas molecules is expressed
as [17,26]
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Ng = p/(ksT) ey

Here, p is pressure (Pa), T is temperature (K), and kg = 1.38 x 10723 J. K~ ! is the
Boltzmann constant.

According to the kinetic theory of gases, the gaseous thermal conductivity is
expressed as [17]

k = (2.25y — 1.25)0.461 Ny Mgucy L, )

where y is the adiabatic index of gas such that y = 5/3 for monatomic gas molecules
and y = 1.4 for diatomic gas molecules, m, is the molecular mass, cy is the specific
heat at constant volume, and L is the mean free path of the gas molecules. The mean
motion velocity of the gas molecules is calculated as

u=+/SRnT/(TM) A3)

where Ry, = 8.3143 J-(mol-K) ™! is the universal gas constant and M is the molar mass
of the gas molecules. The mean free path of gas molecules in free space is expressed
as

Lo = 1/(V21 Ngdy). €5

where d is the diameter of the gas molecule.
Rearranging the above four equations, the gaseous thermal conductivity in free
space is calculated as [17]

ko = 1.1525(1.8y — Dkpeyy/ MT /(3 Ri)/d?. )

According to Eq. 5, the thermal conductivity for certain gases is independent of
pressure and proportional to /7. For air, y = 1.4,¢, = 781.7J-(kg:K)~!, M
= 0.029 kg-mol~!, dy = 3.53 x 107!9 m, so the thermal conductivity is

ko = 1.489 x 1073 x /7. (6)

2.2 Kinetic Theory of Gases in Confined Nanoporous Structures

In confined nanoporous structures, collisions between gas molecules and the solid
surface occur in addition to collisions between gas molecules, and these collisions
cannot be ignored. Using the concept of kinetic theory and focusing on the central
point A of a gas molecule in a nanoporous structure as shown in Fig. 1, we can
determine the volume and the superficial area of the volume (i.e., the area that can
collide with point A) where point A cannot exist, and which takes into consideration
collisions between the gas molecules as well as collisions between the gas molecules
and the solid surface. In this fashion we can obtain the space that point A can occupy.
We can also suppose that the possibility the gas molecule occupies any part of the above
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Fig. 1 Analysis of collisions of
a gas molecule in confined
nanoporous structures

space is identical, i.e., the gas molecules move freely and are uniformly distributed in
the nanoporous structure. On this basis and applying probability theory, Zeng et al.
obtained the collision frequency of the corresponding gas molecule [17]

uSsppor

= 10

+V2ruNgd?. ™

Here, S; is the specific surface area (m?-g~!), Ppor is the density of the porous media
(kg-m~3), and ¢ is the porosity.

The former part of Eq. 7, f; = uSsppor/(4¢), can be considered to be the average
collision frequency between gas molecules and the solid surface, while the latter part,
fe= ﬁnuNgdé, would be the average collision frequency between gas molecules.
In addition, f;/f is the solid surface collision rate, which characterizes the restriction
strength of the nanoporous structure on the gas molecules. Therefore, the mean free
path of the gas molecules can be determined directly [17]

1
0.25Ss ppor/$ + /2 Npd2

Lw=u/f = (8)

Zeng et al. then determined the gaseous thermal conductivity in confined nanoporous
structures as [4,17]

b — 9y —5 | 8M Cva—0.5¢ 9)
®7 12\ T Rw 0.258ppor /¢ + v2(p/(kpT))7d2

If air is considered, then

B 60.22 x 10° pT 3¢
0.25Ssppor/® + ~/2(p/ (ks T))7d2’

g (10)

2.3 Correlations Between Sg and ¢ and Nanoporous Structures

To use the above equations, the specific surface area Sg and the porosity ¢ of the
materials must first be determined in order to calculate the mean free path and the
gaseous thermal conductivity in confined nanoporous structures. The porosity of the
media can be determined directly by
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¢ =1— e (11)
Pbulk

Here, ppulk is the density of the bulk material (the value of ppuc = 2100 kg - m—3 for
bulk silica can be used for silica aerogel [22,29]). The specific surface area S; is related
to the density and the porous structure features of the material. In order to examine
the influencing features of the nanoporous structure, the specific surface area on the
mean free path of gas molecules, and the gaseous thermal conductivity in a confined
nanoporous structure, this work adopted a regular cubic array structure of nanospheres,
as shown in Fig. 2. This cubic array was first recommended by Zeng et al. [27], and
adopted by others for their heat transfer analyses [14,25,28-30]. In the figure, D is
the side length of the column, d is the diameter of the spherical nanoparticles, a is
the contact diameter between two nanospheres, and n is the number of nanospheres
in each column. Based on Fig. 2(a), the specific surface area S and the porosity ¢ can
be determined by [28]

Ss = od (12)
T (d2 + 0.5612) Pbulk
7 (4 +24%) (3D - 2/&7 = @)
=1- . 13
¢ THE 13)
Rearranging the above two equations, we get the following relationships
12
A= (14)
(2 + 612) Poulk Ss
272
3rd 21,/ 1 —asd
pP- % py 2o, (15)
PporSs Ppor Ss

where ap = a/d. Since density ppor and specific surface area S5 can be measured
through experimental methods(e.g., nitrogen adsorption method), we can then deter-
mine the geometric parameters d and D using Eqs. 14 and 15.

dx

)

di2

Din

LA AL AL LA AL AL LA AL AT LS

X

(a) Cubic array of nanospherical structures  (b) Contact arrangement between two particles

Fig. 2 A simplified geometric structure and the contact arrangement between two nanospherical solid
particles [28]
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3 Results and Discussion
3.1 Nanoporous Structure Features

Based on Egs. 14 and 15, the dependent relationship between specific surface area
Ss and the nanoporous structure features of the material can be seen in Figs. 3 and
4 (the MATLAB software is used to construct the graphs). The figures show that
the particle diameter d changes very little with aerogel density, while the mean pore
diameter D is especially evident at lower densities. The specific surface area of the
nanoporous material has a profound effect on both particle diameter d and mean pore
diameter D, where d and D significantly decrease with increasing specific surface
area. Experimental solid grain size for aerogels is in the range of 2 nm to 5 nm, while
the mean pore size D is in the range of 10 nm to 50 nm [12,22,27-29], both of
which are very close to the calculated results shown in Figs. 3 and 4. Therefore, we
can surmise that a cubic array of nanospheres is a reasonable representation of the
nanoporous structure of silica aerogel. Based on these nanoporous structure features,
we can now discuss the mean free path and gaseous thermal conductivity.

3.2 Validation of the Model and Effect of Pressure

Figure 5 gives the pressure-dependent gaseous thermal conductivity in a confined
nanoporous structure. The diameter dy, = 3.53 x 1079 m was adopted for the air
molecules in the calculation. In the figure, the calculated results are also compared
against typical experimental data from the literature [14,27]. The validity of this work’s
theoretical model is verified by these experimental data. Compared with gas molecules
in free space (without any confinement), the free movement of gas molecules in a con-
fined nanoporous structure is greatly limited, and the collision probability between
gas molecules reduces dramatically. Therefore, the gaseous thermal conductivity in
confined nanoporous structures is lower than the gaseous thermal conductivity in free
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space. When pressure is less than 10* Pa, very few gas molecules are involved in
energy transport, while the gaseous thermal conductivity approaches zero due to the
strong limiting effect of the solid surface. When the pressure is higher than 10° Pa, the
collisions between gas molecules are bolstered by the increase in the number density of
gas molecules, while collisions between gas molecules and the solid surface simulta-
neously decline. Therefore, the gaseous thermal conductivity in confined nanoporous
structures approaches the gaseous thermal conductivity of free space.

The pressure-dependent mean free path of gas molecules in a confined nanoporous
structure of aerogel is shown in Fig. 6. Using the mean free path of gas molecules
in free space Eqs. 4 and 8, the ratio of Ly/Ly, is also plotted in the figure. The ratio
Lo/Lp can be considered the nano-scale impact factor for the mean free path of
gas molecules, which can clearly characterize the limiting effect of the nanoporous
structure on internal gas molecules.

Similar to the variation in gaseous thermal conductivity (Fig. 5), Fig. 6 shows that
two characteristic points at about p = 10* Pa and 10° Pa exist for of the variation in
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mean free path of gas molecules in a confined nanoporous structure with changing
pressure for investigated silica aerogel materials. When p < 10* Pa, the gas molecule
mean free path remains essentially constant with changing pressure due to the restric-
tive effect of the nanoporous structure, while the number density of the gas molecules
is so small that the collisions between gas molecules can be ignored. The gas mole-
cular motion style is usually referred to as the molecular state in this condition. As
indicated by Gong [31], the mean free path of gas molecules in the molecular state is
approximately proportional to the pore diameter D of aerogel. Since the density and
specific surface area of the nanoporous material do not change, the pore diameter D
also does not change with variation in pressure. When p > 10* Pa, the gas molecule
mean free path decreases with increasing pressure as the number density of gas mole-
cules also increases. However, the average collision frequency between gas molecules
and the solid surface does not change, while the average collision frequency between
gas molecules increases. As shown in Fig. 6, the impact factor Lo/L, decreases with
increasing pressure. This means that the restrictive effect of the nanoporous structure
on the internal gas molecules weakens with increasing pressure. When p > 10° Pa,
the impact factor Lo/ L, reaches 1 and the limiting effect of the nanoporous structure
on the movement of the gas molecules can be ignored. Therefore, the gaseous thermal
conductivity approaches the gaseous thermal conductivity in free space.

3.3 Effect of Specific Surface Area and Density

The effect of aerogel specific surface area and density on the mean free path of gas
molecules and gaseous thermal conductivity in confined nanoporous structures was
analyzed at ambient temperatures and pressures, with the results shown in Figs. 7
and 8. A diameter of dy = 3.53 x 10710 m was adopted for the air molecules in the
calculations. The results show that the mean free path of gas molecules in a confined
nanoporous structure decreases as specific surface area increases, although this trend
flattens for very high specific surface areas. At a fixed density, the mean pore diameter
D decreases as the specific surface area of a nanoporous structure increases, as shown
in Fig. 4. Although the collision frequency between gas molecules does not change, the
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average collision frequency between gas molecules and the solid walls does increase,
reinforcing the restrictive effect of the solid matrix on the motion of the gas molecules.
According to Gong et al. [31], the mean free path of gas molecules is approximately
proportional to parameter D when the collision frequency between the gas molecules
and the wall is large enough to neglect any collisions between gas molecules. Thus,
as the rate of change in the mean pore diameter D decreases with increasing specific
surface area, so to does the decreasing trend in the mean free path of the gas molecules
flatten at high specific surface areas.

For a given specific surface area, the mean pore diameter D decreases with increas-
ing aerogel density, as shown in Fig. 3, while the diameter of solid particle d is unlikely
to change. The porosity of the aerogel also decreases with increasing density. Both of
these results lead to a reduction in the available space for the free movement of gas
molecules in the confined nanoporous structure, which enhances the restrictive effect
of the solid matrix on the gas molecules. Therefore, the mean free path of the gas
molecules decreases as the density increases (Fig. 7).

Figure 8 shows that the gaseous thermal conductivity in confined nanoporous struc-
tures decreases as the density or specific surface area increases. At constant temperature
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and pressure, increasing the density of the porous material decreases the mean pore
diameter, as shown in Fig. 3, again reinforcing the confining effect of the nanoporous
structures on the gas molecules, as mentioned above, and decreasing gaseous ther-
mal conductivity. As the specific surface area increases, the mean pore diameter
also decreases, as shown in Fig. 4, because of the reinforced confining effect of the
nanoporous structures on the gas molecules, which again decreases gaseous thermal
conductivity.

3.4 Effect of Temperature

The variation in mean free path as a function of environmental temperature is shown
in Fig. 9. As the temperature rises, the number density of gas molecules decreases
because of heat expansion according to Eq. 1. As a result, the scattering cross-section
area of gas molecules per unit volume decreases with increasing temperature, which
leads to a decrease in the average collision frequency and an increase in the mean free
path of the gas molecules. Similarly to the low pressure condition, the gas molecular
motion style at high temperatures is also a molecular state, and the gas molecule
mean free path is approximately proportional to the mean pore diameter D of the
nanoporous material. Therefore, the rate of change of the mean free path of the gas
molecules gradually decreases with increasing temperature.

Further investigation of Eq. 9 shows that there is a maximum value for the gaseous
thermal conductivity as a result of the change in temperature. Therefore, by deriving
kg as a function of temperature 7', the maximum value of gaseous thermal conductivity
can be determined when the average collision frequency f; between gas molecules
equals the average collision frequency f; between gas molecules and the solid surface.
This gives the following equation

_ 0.258uppar/$

— 16
P JInd (16)

Substituting Eq. 16 into 9 gives the maximum gaseous thermal conductivity

99y -5 | M
g = | ——CykpgTO>. 17
& T 12nd2\ 7Rm B¢ (n

Both Egs. 9 and 17 are plotted in Fig. 10 as a function of temperature and pressure,
using a representative value of S; = 797 m?-g~! and a density of Ppor = 110 kg-m~3
[27]. The figure shows that the maximum gaseous thermal conductivity shifts to a
higher temperature as the pressure increases.

According to the kinetic theory of gasses, the conductivity of gas molecules in free
space is a function of temperature, increasing with elevation of temperature, while the
gaseous thermal conductivity in confined nanoporous structures is very different than
the one in free space. On the left side of Fig. 10, where the temperature is relatively low
and there is a relatively high number density of gas molecules, the molecular collision
is the dominant collision type compared to collisions between gas molecules and
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the solid surface. Therefore, gaseous thermal conductivity increases with increasing
temperature, although the rate of increase slows due to the reinforcement of collisions
between gas molecules and the solid surface. On the right side of the figure, collisions
between gas molecules and the solid surface dominate the molecular collisions, and
the number density of gas molecules decreases with increasing temperature, while
the heat transfer ability of individual gas molecules does not increase. Therefore, the
gaseous thermal conductivity in the confined structure decreases. As the pressure rises,
the number density of the gaseous molecules also increases, causing the intermolecular
collisions to grow more dominant, so the peak of the gaseous thermal conductivity
shifts to the higher temperature side.

4 Conclusions

Gaseous thermal conductivity is one of the main heat transfer mechanisms in
nanoporous materials, and is closely related to the collisions between gas molecules
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as well as the collisions between gas molecules and the solid surface of the material.
The mean free path of gas molecules is a direct representation of these collisions, and
so estimating the mean free path is very significant for understanding heat and mass
transfer mechanisms in confined nanoporous structures. Although many researchers
have studied the gaseous thermal conductivity mechanism in aerogels to some extent,
the principles behind changes in mean free path in nanoporous structures have rarely
been comprehensively discussed. Using Zeng’s model and a simple cubic array unit
cell structure of nanospheres, this study analyzed how the mean free path of gas mole-
cules varied in confined nanoporous structures, as well as discussed gaseous thermal
conductivity over wide temperature and pressure ranges. The major conclusions are
drawn as follows:

1. The structure features of nanoporous materials are directly related to the specific
surface area and density. Although the mean pore diameter of aerogel directly
affects the mean free path of gas molecules, analyzing the effects of specific surface
area and density are more meaningful, i.e., the specific surface area and density
are two primary parameters for characterizing nanoporous materials.

2. The mean free path of gas molecules in a confined nanoporous structure decreased
with increased specific surface area and with increased density. Nanoporous mate-
rials with a relative higher specific surface area and a larger density were more
favorable for confining gaseous thermal conductivity in the material’s nanopores.

3. p = 10* Paand 10° Pa are two characteristic pressures at ambient temperature for
investigated silica aerogels. When p < 10* Pa, the mean free path of gas molecules
appeared independent of changes in pressure, the gaseous thermal conductivity
approached zero due to the restrictive effect of the nanoporous structure, and
the number density of the gas molecules was so small that collisions between
gas molecules could be ignored. When p > 10° Pa, the limiting effect of the
nanoporous structure on the movement of gas molecules could be ignored, the
mean free path of the gas molecules in the nanoporous material approached the
mean free path of gas molecules in free space, and the gaseous thermal conductivity
approached the conductivity value in free space.

4. With increasing temperature, the mean free path of gas molecules in nanoporous
space also increased, although the rate of increase also gradually decreased. A
peak gaseous thermal conductivity exists with increased temperature, and this peak
value occurred at a higher temperature as the pressure increased. An expression for
determining the maximum gaseous thermal conductivity for a nanoporous material
has been developed in this study.
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