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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas

Theoretical study on the effective thermal conductivity of silica
aerogels based on a cross-aligned and cubic pore model
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Aerogel nanoporous materials possess high porosity, high specific surface area, and extremely low density due to
their unique nanoscale network structure. Moreover, their effective thermal conductivity is very low, making them a new
type of lightweight and highly efficient nanoscale super-insulating material. However, prediction of their effective thermal
conductivity is challenging due to their uneven pore size distribution. To investigate the internal heat transfer mechanism of
aerogel nanoporous materials, this study constructed a cross-aligned and cubic pore model (CACPM) based on the actual
pore arrangement of SiO2 aerogel. Based on the established CACPM, the effective thermal conductivity expression for the
aerogel was derived by simultaneously considering gas-phase heat conduction, solid-phase heat conduction, and radiative
heat transfer. The derived expression was then compared with available experimental data and the Wei structure model. The
results indicate that, according to the model established in this study for the derived thermal conductivity formula of silica
aerogel, for powdery silica aerogel under the conditions of T = 298 K, a2 = 0.85, D1 = 90 µm, ρ = 128 kg/m3, within the
pressure range of 0–105 Pa, the average deviation between the calculated values and experimental values is 10.51%. In the
pressure range of 103–104 Pa, the deviation between calculated values and experimental values is within 4%. Under these
conditions, the model has certain reference value in engineering verification. This study also makes a certain contribution
to the research of aerogel thermal conductivity heat transfer models and calculation formulae.

Keywords: silica aerogel, effective thermal conductivity, two pore-size structure model, porous medium heat
transfer

PACS: 44.30.+v, 64.70.qd, 51.30.+i, 61.43.–j DOI: 10.1088/1674-1056/ad47ac

1. Introduction

An aerogel is a solid material with a nano-porous net-
work structure filled with a gaseous dispersed medium in its
pores. Due to its unique microstructure, it holds 15 Guin-
ness World Records for solid materials, including the low-
est thermal conductivity (0.012–0.016 W/m·K), lowest den-
sity (0.16 mg/cm3), lowest dielectric constant (< 1.003), high-
est acoustic impedance (106 kg/(m2·s)), and highest porosity
(> 99.9%).[1,2] The critical electrical components and wiring
of China’s first Mars rover, Tianwen-1, as well as China’s
Zhurong rover, and the American Mars rovers, Spirit and Op-
portunity, all use aerogel protection to withstand temperatures
as low as −100 ◦C.[3]

The main reasons for the extremely low thermal conduc-
tivity of aerogels are twofold: the first is the high porosity
of aerogels, with the porosity of silica aerogels ranging from
90% to 99%, and the volume fraction of air being as high as
approximately 99.8%.[4] Heat transfer within aerogels mainly
occurs through the air, and the thermal conductivity of air in
standard conditions is 0.024 (W/(m·K)); the second reason is
the restriction on the thermal motion of gas molecules. The
pore size of aerogels is smaller than the average free path of air

molecules, which is approximately 70 nm in standard condi-
tions, while the pore size distribution of silica aerogels ranges
from 2 nm to 50 nm.[5] The silica aerogel framework signifi-
cantly inhibits the thermal motion of air molecules, reducing
the thermal conductivity of air, resulting in the thermal con-
ductivity of aerogels being lower than that of air, with a value
of only 0.018 (W/(m·K)) under standard conditions. These
two factors combine to create the ultra-low thermal conductiv-
ity of aerogels.

The competition in the aerogel market is becoming in-
creasingly fierce, prompting aerogel production companies to
continuously launch aerogel products with better performance
and lower cost. The development of new products relies on
research into the effective thermal conductivity of aerogels.
Conducting theoretical research on the effective thermal con-
ductivity of aerogels helps to identify the reasons for the low
thermal conductivity of aerogels, leading to improvements in
the performance of aerogel products. The theoretical research
on the effective thermal conductivity of aerogels makes the
engineering application of aerogels more convenient. In en-
gineering applications, it is necessary to calculate the thick-
ness of the required thermal insulation material based on in-
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sulation or cooling requirements. If aerogel is chosen as the
thermal insulation material, the effective thermal conductiv-
ity of aerogels is needed to determine the thickness of the re-
quired aerogel material. More importantly, research on the
effective thermal conductivity of aerogels contributes to the
exploration of heat transfer mechanisms in nanoscale porous
materials, with significance for the development of nanoscale
foundational theories.

To promote the development and application of aero-
gels, scientists have conducted extensive research on the heat
transfer mechanisms and effective thermal conductivity cal-
culation of aerogels. Zeng[6] proposed three structural mod-
els based on the microstructure of aerogels: the crossed-bar
model, crossed-cylindrical model, and cubic array model com-
posed of nanospheres, as shown in Fig. 1. Among the three
models, only the cubic array model composed of nanospheres
yielded satisfactory computational results and found broader
applications. However, it only considers the heat transfer be-
tween the gas phase and solid phase of aerogels, neglecting
the radiation heat transfer of aerogels. Building upon previ-
ous research, Yichang[7] modified Zeng’s[6] cross-linked rod
model to hexagonal and octagonal prisms based on the ob-
served particle shapes and arrangements under scanning elec-
tron microscopy. The variations in effective thermal conduc-
tivity under different parameters for several structural models
were analyzed; however, the radiation heat transfer of aerogels
was not investigated.

(a) (b) (c)

Fig. 1. Zeng’s models[6] ((a) crossed-bar model; (b) crossed-cylindrical
model; (c) cubic array model composed of nanospheres).

(a) (b)

Fig. 2. The fractal crossed-sphere-rod model: (a) first-level structure,
(b) second-level structure.[9]

Good et al.[8] discovered that small-scale structures in
aerogels can transition fractally to larger-scale structures.
Building upon this, Xie[9] proposed a fractal cross-linked
sphere-rod model, as depicted in Fig. 2, and compared its com-
putational results with the experimental results of Wei.[10] The
study found that the computed values of effective thermal con-

ductivity at different densities are generally lower than the ex-
perimental values, and the calculations involve multiple inte-
grations, making the computation relatively complex.

Dan,[11] integrating the microstructure of aerogels, pro-
posed a hollow-sphere cubic structure model based on the
cubic array model composed of nanospheres, as shown in
Fig. 3. Compared with previous models, this model exhibits
smaller errors between predicted values and experimental val-
ues, and does not require any empirical parameters. In com-
parison with Zeng’s model,[6] the computational accuracy is
improved. However, this model only investigates the thermal
conduction principles of aerogels under a single-scale aper-
ture.

r

a

Fig. 3. The hollow spherical cube structure model.[11]

Wei[10] discovered, via electron microscopy, that pow-
dered SiO2 aerogels possess both nano-scale and micrometer-
scale pores. Based on the cubic array model composed of
nanospheres, they established two different particle size pe-
riodic filling models, as shown in Fig. 4. The model proposed
by Wei et al.[10] considers the dual-scale porosity of aerogels.
However, the formula for the gas–solid coupled thermal con-
ductivity coefficient used in the calculation process is derived
from composite aerogels, which theoretically may not be fully
adequate for pure silica aerogels.

Fig. 4. The spherical structural model of nanometer-sized pores with
face-to-face contact and their unit cell.[10]

In the 21st century, with full recognition of the impor-
tance of aerogel materials, scientists have been exploring vari-
ous heat transfer models for aerogel materials. However, there
are still some shortcomings in model development and data
validation. Firstly, there are currently relatively few estab-
lished dual-scale aperture models, and the most suitable dual-
scale aperture model for silica aerogels has not been found yet.
Secondly, the derived calculation formulas suffer from insuf-
ficient validation data and limited validation scope, which fail
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to fully reflect the applicability of the models and formulas.
This paper aims to address the above issues by establishing a
new dual-scale aperture model for aerogels and collecting over
a hundred sets of data under different conditions to validate
the thermal conductivity calculation formula derived from this
model. It further explores the most suitable model and calcula-
tion formula for calculating the effective thermal conductivity
of aerogels. Due to the widespread application of silica aero-
gels, they are selected as the research subject in this paper.

2. Establishment of the heat transfer model
According to scanning electron microscope images at

different magnifications of aerogels, it is evident that silica
aerogels initially aggregate from nano-scale frameworks into
micrometer-sized particles, which are then further stacked to
form structures at the micrometer level. These two structure
levels result in two levels of pore sizes, as shown in Fig. 5.[12]

By combining the real structure of aerogels, shown in scanning
electron microscope images, and aiming to derive a simpler
thermal conductivity calculation formula with higher applica-
bility for future optimization, we have established a dual-scale
pore periodicity model, denoted as the cross-aligned and cubic
pore model (CACPM).

20 mm 200 nm
(a) (b)

Fig. 5. (a) SEM micrographs of the aerogel powder dissolved in ethanol,
(b) an SEM micrograph of the aerogel particles’ surface.[12]

(a) (b) (c)

Fig. 6. The cross-aligned and cubic pore model (CACPM): (a) the plan
view of the model; (b) a cubic unit structure; (c) the cubic array struc-
ture model.

The CACPM is depicted in Fig. 6, where both Figs. 6(a)
and 6(b) represent the micrometer-scale structures of the
model, corresponding to the secondary particle portion of the
model. Figure 6(a) illustrates the plan view of the model,
while Fig. 6(b) displays a cubic unit structure extracted from
the model with side length A. The transparent spherical re-
gions represent the pores of the secondary particles, arranged
in a crossing pattern with a diameter of D1. The grey regions
depict the solid skeleton structure of the secondary particles
composed of primary particles, as illustrated in Fig. 6(c). Fig-
ure 6(c) illustrates the nanometer-scale structure of the model,

referred to as the cubic array model composed of nanospheres,
initially invented by Zeng, as the primary particles of the
model under study in this paper. The green spheres denote
the solid skeleton structure of the primary particles, while the
remaining portions are filled with gas.

3. The derivation of the formula for calculation
of thermal conductivity
The pore size of silica aerogel ranges from 2 nm to 50 nm,

which is smaller than the mean free path of air molecules un-
der standard conditions (70 nm), making the macroscopic ther-
mal conductivity calculation formula inapplicable. Therefore,
it is necessary to employ kinetic theory to study the thermal
motion of gas molecules and subsequently calculate the gas-
phase thermal conductivity of aerogels. This paper adopts ki-
netic theory to calculate the gas-phase thermal conductivity
of aerogels and derives the final thermal conductivity formula
using Fourier’s law.

All pressures used in the calculations in this article are
relative to atmospheric pressure. Assuming a cube with side
length A as the heat transfer unit model, as shown in Fig. 7,
heat transfer occurs as a one-dimensional steady-state process
with heat flowing downward. The temperature difference be-
tween the top and bottom of the heat transfer unit model is de-
noted as T , and the total heat flow is denoted as Q. Q consists
of two parts, where Q1 represents the gas–solid coupled heat
flow passing through the micrometer-scale spherical pores and
the solid skeleton, and Q2 represents the heat flow passing only
through the solid skeleton.

z

x

A

A

Q

D1/

Q1 Q1Q2

Fig. 7. Heat transfer within the unit cell structure.

According to Fourier’s law, the formulas for calculating
Q1 and Q2 can be derived. The formulas obtained are as fol-
lows:

Q1 =
∫ D1

2

0

2πx∆T√(
D1
2

)2
−x2

kg1
+

A−
√(

D1
2

)2
−x2

kn

· dx

=
πD1∆T kn

µ2

(
µ +

2A
D1

ln
2A

µD1 +2A

)
, (1)

Q2 =

(
A2−π×

(
D1
2

)2
)
×∆T

A/kn
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=

(
A− πD2

1
4A

)
· kn ·∆T, (2)

where D1 is the diameter of spherical pores; A is the side
length of the unit cell structure; µ = kn/kg1−1; kn is the gas–
solid coupled thermal conductivity of primary particles; and
kg1 is the gas-phase thermal conductivity within the pores of
secondary particles.

The gas–solid coupled thermal conductivity of secondary
particles is ke, and according to Fourier’s law, the expression
for the total heat flow Q of the unit cell structure model can be
obtained as follows:

Q =
∆T ·A2

A/ke
= ∆T ·A · ke, (3)

Q = Q1 +Q2, (4)

ke =
Q1 +Q2

∆TA
=

πδkn

µ2

(
µ +

2
δ

ln
2

µδ +2

)
+kn

(
1− πδ 2

4

)
, (5)

where δ = D1/A, 0≤ δ ≤ 1.
Based on the above formula, the relationship between ke,

kn, and kg1can be obtained. However, to obtain ke, it is neces-
sary to calculate kn and kg1 as well.

To calculate the gas–solid coupled thermal conductivity
kn of primary particles, we compute it using the cubic array
model composed of nanospheres. This model and its internal
heat transfer model are illustrated in Fig. 8.

D/n D
a 

d/ 

dx

x

(a) (b) (c)

Fig. 8. The cube array structure model and internal heat transfer of the unit cell. (a) A schematic diagram of sphere–surface contact (Q1);
(b) the corresponding diagram of sphere space (Q2); (c) the cube array structure model (Q3).

Q1 =
∫ d

2

a
2

(∆T/n)2πxdx

2
√
(d/2)2− x2/ks +

[
D/n−2

√
(d/2)2− x2

]
/kg2

+
π
( a

2

)2
∆T ks

D

= −
π∆T dkg2

2nβ

[
D

ndβ
ln

(
1− ndβ

D

√
1−
(a

d

)2
)
+

√
1−
(a

d

)2
]
+

1
4

πa2
∆T ks/D, (6)

Q2 =
∫ √(d/2)2−(a/2)2

0

2(n−1)∆T 2πxdx

2
√

(d/2)2−x2

ks
+

D−2
√

(d/2)2−x2

kg2

=
π (n−1)∆T d

β
kg2

(
a
d
−1+

D
βd

ln
D−βa
D−βd

)
, (7)

Q3 =
(D−d)2

∆T kg2

D
, (8)

where ks is the solid thermal conductivity in the cube array
structure model; kg2 is the gas phase thermal conductivity in
the cube array structure model; β = 1− kg2/ks; d is the diam-
eter of the small sphere; D is the side length of the cube array
structure model; a is the diameter of the contact surface be-
tween two small spheres; n is the number of small spheres on
each side of the cube array structure model; ∆T is the temper-
ature difference between the bottom and top of the cube array
structure model.

Starting from the overall structure model, according to
Fourier’s law, the expression for the total heat flow Q of the
cubic array structure model composed of nano balls can be
obtained as

Q =
∆T ·D2

D/kn
= ∆T ·D · kn, (9)

Q = Q1 +Q2 +Q3. (10)

Therefore, the effective thermal conductivity kn of SiO2

aerogel nanoparticles can be obtained from the following
equation:

kn =
Q1 +Q2 +Q3

∆T D
. (11)

By substituting Q1, Q2, and Q3 derived from the previous text

into the above equation, and letting d =

√
a2 +(D/n)2, the

following can be obtained:

kn =

{
πa2

1a2
2

4(1−β )
+
(
1−a2

1
)
−

πa2
1
(
1−a2

2
)

2β 2

× [β + ln(1−β )]+
π

β

(
1/
√

1−a2
2−a1

)
×
[

1
βa1

ln
1−βa1a2

1−βa1
− (1−a2)

]}
· kg2, (12)

where a1 = d/D, a2 = a/d.
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To obtain the gas–solid coupled thermal conductivity kn

of primary particles, we need to know the gas-phase ther-
mal conductivity kg2 in the cubic array structure model, and
the solid thermal conductivity ks in the cubic lattice structure
model.

Zeng[13] et al. obtained the expression for the gas-phase
thermal conductivity at the nanoscale by further considering
the influence of material microstructure parameters and com-
bining with the non-equilibrium transport theory of molecular
dynamics for gas molecules in aerogel

kg2 =
60.22×105PT−0.5

0.25Ssρporε
−1
1 +4.01×109PT−1

. (13)

Here, Ss is the specific surface area of the aerogel, which
can be measured via a low-temperature nitrogen adsorption
method; ρpor is the density of the aerogel material particles,
with the expression of ρpor = ρ/(1− ε), where ρ is the overall
density of the aerogel material stacking, and ε is the porosity
of the aerogel; ε1 is the porosity of the cubic array structure
model, with the expression of ε1 = 1−ρpor/ρbulk, where ρbulk

represents the density of the base material (for SiO2 aerogel
ρbulk = 2200 kg/m3); P refers to the pressure of the test envi-
ronment gases; and T is the absolute temperature.

The specific surface area Ss is directly related to the den-
sity and micro-porous structure of the aerogel. According to
the cubic array unit structure composed of nanoparticles, the
specific surface area Ss and porosity ε1 of the material can be
calculated as follows:

Ss =
πd
(

3D−2d
√

1−a2
2

)
ρporD3 , (14)

ε1 = 1−
π
(
a2 +2d2

)(
3D−2

√
d2−a2

)
12D3 . (15)

After organization, the following formula can be obtained:

d =
12(1− ε1)(

2+a2
2

)
ρporSs

, (16)

D3− 3πd
ρporSs

D+
2π

√
1−a2

2d2

ρporSs
= 0. (17)

The density and specific surface area of aerogel can be
measured; therefore, the structural parameters d and D can be
directly calculated from the above two formulas.

For the calculation of the solid-phase thermal conduc-
tivity of aerogels, the main heat transfer mechanism in the
solid-phase of the material is achieved through phonon or lo-
cal lattice vibrations. Due to the nanometer-scale thickness
of the solid skeleton in the material, the phonon motion in
the material is restricted by the solid boundary; therefore,
there is a size effect on the solid-phase thermal conductivity of
aerogels. Chen et al.[14] discovered that the solid-phase heat

transfer of particles at the nanoscale has the characteristics of
non-equilibrium and non-locality when solving the Boltzmann
transport equation. When the radius of the nanoscale particle
is close to the average free path of phonons, the heat trans-
fer rate of the nanoscale particle will significantly decrease,
resulting in a much higher temperature rise in the nanoscale
particle than predicted by Fourier’s law of heat conduction.
According to a series of research, Chen et al.[14] proposed a
formula to calculate the solid-phase thermal conductivity

ks =
3r∗

3r∗+4
kbulk. (18)

Here, r∗ is the dimensionless radius of the nanoscale particle,
r∗= r/ls; and ls is the average free path of phonons in the solid
material. For SiO2 aerogels, ls = 0.58 nm. Here, r is the radius
of the nanoscale particle, that is, r = d/2. Meanwhile, kbulk is
the thermal conductivity of bulk SiO2 aerogel materials, which
can be calculated using the following fitting equation:[15]

kbulk = 7.5264×10−1 +3.13×10−3T

−4.5242×10−6T 2 +3.5253×10−9T 3. (19)

According to molecular theory, thermal conduction in gases is
due to the collisions between gas molecules during molecular
thermal motion. When high-speed (“hot-side”) molecules col-
lide with low-speed (“cold-side”) molecules, energy is trans-
ferred to the low-speed molecule, resulting in heat transfer.
Molecular theory is a theory that explains the laws of ther-
mal phenomena from the perspective of the microstructure of
matter and is more suitable for the analysis of heat transfer
processes at a microscopic scale. In this study, the Kaganer
model based on the Knudsen number was used to calculate
the gas-phase thermal conductivity kg1 in the large pores. This
model is generally considered to be applicable to micropores
with a diameter greater than 10 µm microns and macroscopic
large pores:[16]

kg1 =
kg,0 · εm

(1+2βKn)
, (20)

β =
2γ

γ +1
· 1

Pr
· 2−α1

α1
. (21)

Here, kg,0 is the thermal conductivity of gas in free space, for
air, kg,0 = 1.489× 10−3T 0.5;[13] εm is the porosity of the ma-
terial’s large pores; γ is the adiabatic index of the gas; Pr is
the Prandtl number; and α1 is the energy adjustment coeffi-
cient. For air in aerogels, the coefficient β ≈ 2; Kn is the
Knudsen number, which is the ratio of the mean free path of
gas molecules l0 to the average pore diameter Dm, and in the
CACPM, the average pore diameter Dm = D1:

Kn =
l0

Dm
, (22)

lg =
kBT√
2π pd2

g
. (23)
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Here, Boltzmann’s constant kB = 1.38× 10−23 J/K; T is the
thermodynamic temperature; p refers to the pressure of the
test environment gases; dg is the diameter of gas molecules
and, for air, dg = 3.53×10−10 m.

In the calculation of the radiative thermal conductivity of
SiO2 aerogel, in practical applications, the optical thickness of
the thermal insulation material is generally large (i.e., τ ≥1);
therefore, the diffusion approximation model can be used. The
radiative heat transfer inside the aerogel material belongs to
medium radiation. In general engineering applications, it is
assumed to satisfy the optical thick medium hypothesis and
the Rosseland equation can be used to calculate the material’s
radiative thermal conductivity.[17] The calculation formula is
shown below:

q(x) =− 16
3ρσe,R

n2
σT 3 ∂T

∂x
. (24)

Furthermore, the expression for radiative thermal conductivity
can be derived as follows:

kr =
16n2σ

3ρσe,R
T 3, (25)

where n is the shading coefficient, which is approximately 1
for SiO2 aerogel; σ is the Boltzmann constant, σ = 5.67×
10−8 W·m−2·K−4; ρ is the material density; and σe,R is the
Stefan–Boltzmann mean extinction coefficient, which can be
obtained using the following equation:

σe,R =
1∫

∝

0

1
σλ ,m

· ∂ebλ

∂eb
dλ

. (26)

Here, eb is the blackbody radiance, ebλ is the blackbody spec-
tral radiance, and σλ ,m is the material’s mass spectral attenua-
tion coefficient, which can be measured through experiments.
This article uses the experimental data from Wei[10] to calcu-
late σλ ,m and thus obtain σe,R as well as the radiative thermal
conductivity of SiO2 aerogel material.

The model established in this paper is a dual-scale pore
model. The primary particles are at the nanoscale and are mod-
eled using a cubic array structure, as depicted in the heat trans-
fer model shown in Fig. 8. Due to the difficulty in representing
pore sizes in the cubic model, as shown in formula (6), we use
the parameters of the small sphere diameter (d), the side length
of the cubic array structure (D), and the contact diameter (a)
for size calculations when computing heat transfer in the cu-
bic model. The secondary particles are at the microscale and
have a cross-arrangement pore structure, as shown in Fig. 7.
The pores in the secondary particles are spherical, and the use
of pore diameter for size representation is more convenient.
Therefore, for the heat transfer calculation of secondary par-
ticles, we use the pore diameter (D1) as the size calculation
parameter, as shown in formula (1).

By organizing the heat transfer calculation expressions
mentioned above, the overall effective thermal conductivity of
SiO2 aerogel nanoporous material can be obtained as the sum
of the gas–solid coupling thermal conductivity and the radia-
tive thermal conductivity in the unit cell structural model:

k = ke + kr =
πδkn

µ2

(
µ +

2
δ

ln
2

µδ +2

)
+kn

(
1− πδ 2

4

)
+

16n2σ

3ρσe,R
T 3. (27)

4. Verification and comparison of calculation
formulas
To verify the effectiveness of the cross-aligned and cu-

bic pore model (CACPM), we compared the calculated results
of this model with experimental data on the effective thermal
conductivity of SiO2 aerogels at different densities as a func-
tion of pressure. We compared it with the results obtained
from the Wei[18] structural model under the same conditions,
to explore the applicability of the derived formula for effective
thermal conductivity.

According to Wei,[18] the relevant calculation parameters
selected are as follows: temperature T = 298 K, a2 = 0.85,
and the diameter of spherical large pores in the powder SiO2

aerogel is D1 = 90 µm.
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Cross aligned model
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Fig. 9. Comparative validation of the variation of effective thermal con-
ductivity of SiO2 powdered aerogel with respect to changes in relative
pressure.

As shown in Fig. 9, the calculated curves of the CACPM
are consistent with the experimental data trend. Compared
with the experimental data from Wei,[18] the structural model
proposed by Wei[18] has a minimum deviation of 2.04% and
an average deviation of 6.39%; while the CACPM results
compared with the experimental data from Wei[18] have a
minimum deviation of 0.2% and an average deviation of
10.51%. The specific deviation values are a minimum de-
viation of 0.00045 W/(m·K) and an average deviation of
0.001236 W/(m·K). In the pressure range of 103–104 Pa, the
deviation between the calculated values and the experimental
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values in this study is within 4%, indicating that the calcula-
tion accuracy of our proposed formula is superior to the Wei
model.[18]

Next, the calculation results of the CACPM will be com-
pared with the experimental data in Shen,[19] Bisson,[20] and
the results calculated by the Wei[18] structure model under the
same conditions, as shown in Figs. 10 and 11.
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Fig. 10. Comparative validation of the variation of effective thermal
conductivity of SiO2 powdered aerogel with respect to changes in rela-
tive pressure.
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Fig. 11. Comparative validation of the variation of effective thermal
conductivity of SiO2 powdered aerogel with respect to changes in rela-
tive pressure.

In Fig. 10, within the pressure range of 10–104 Pa, the
calculated results of the CACPM are basically consistent with
the experimental data of Shen,[19] but show different trends
within the range of 104–105 Pa. In comparison, the mini-
mum deviation between the calculation results of the Wei[18]

model and the experimental data of Shen[19] is 6.91%, with
an average deviation of 75.64%. Meanwhile, the minimum
deviation between the simulation results of the CACPM and
Shen’s[19] experimental data is 1.04%, with an average devi-
ation of 16.84%. In Fig. 11, the minimum deviation between
the calculation results of the Wei[18] structural model and the
experimental data of Bisson[20] is 9.57%, with an average de-
viation of 72.85%. Whereas, the minimum deviation between

the calculation results of the CACPM and Bisson’s[20] exper-
imental data is 6.81%, with an average deviation of 28.56%.
Overall, under these two conditions, the calculation accuracy
of the CACPM is superior to the Wei[18] model.

Then, the model is validated by comparing it with the ex-
perimental data of the effective thermal conductivity of partic-
ulate SiO2 aerogels under different densities with changes in
pressure. The results are also compared with Wei’s[18] struc-
ture model under the same conditions. The relevant calcula-
tion parameters are set according to Wei[18] as follows: tem-
perature T = 298 K, a2 = 0.85,and the spherical macro-pore
diameter in the particulate SiO2 aerogel D1 = 3 mm.

In Fig. 12, the minimum deviation between the calcula-
tion results of Wei’s[18] model and the experimental data of
Huang[21] is 0.16%, with an average deviation of 29.63%.
The minimum deviation between the calculation results of the
CACPM and Huang’s[21] experimental data is 2.05%, with an
average deviation of 33.82%. Within the pressure range of
10–103 Pa, the CACPM outperforms the Wei[18] model in pre-
diction. However, within the pressure range of 103–108 Pa, the
prediction performance of the CACPM is inferior to the Wei
model.[18]
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Fig. 12. Comparative validation of the variation of effective thermal
conductivity of granular SiO2 aerogel with respect to changes in rela-
tive pressure.

In Fig. 13, the minimum deviation between the calcu-
lated results of the Wei model[18] and the experimental data
of Huang[21] is 3.82%, with an average deviation of 33.72%.
With regard to the cross-aligned and cubic pore model, the
minimum deviation compared to Huang[21] experimental data
is 19.32%, with an average deviation of 42.39%. When the
pressure exceeds 3×103 Pa, the calculation deviations of both
models significantly increase.

In Fig. 14, the calculated results of the two models ex-
hibit a similar changing pattern to the experimental data. The
minimum deviation between the calculation results of the Wei
model[18] and the experimental data from Wang[22] is 4.86%,
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with an average deviation of 29.95%. With regard to the bi-
modal porous columnar structure model, the minimum de-
viation between the calculation results and the experimental
data from Wang[22] is 13.28%, with an average deviation of
37.44%. When predicting the effective thermal conductivity
of aerogel, the bimodal porous columnar structure model out-
performs the Wei model[18] when the pressure is between 102–
105 Pa. However, when the pressure is between 10–102 Pa,
the bimodal porous columnar structure model is inferior to the
Wei model.[18]

E
ff
e
c
ti
v
e
 t

h
e
rm

a
l 
c
o
n
d
u
c
ti
v
it
y

K
 (

W
Sm

-
1
SK

-
1
)

Relative atmospheric pressure P (Pa)

100 101 102 103 104 105 106 107 10810-1

Huang experimental data
Wei model computation results
Cross aligned model computation results
Relative deviation value of Wei model              T=298 K

Relative deviation value of Cross aligned model  Granular (ρ=147.365 kg/m3)  

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0

10

20

30

40

50

60

70

R
e
la

ti
v
e
 d

e
v
ia

ti
o
n
 v

a
lu

e
 (

%
)

Fig. 13. Comparative validation of the variation of effective thermal
conductivity of granular SiO2 aerogel with respect to changes in rela-
tive pressure.
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Fig. 14. Comparative validation of the variation of effective thermal
conductivity of granular SiO2 aerogel with respect to changes in rela-
tive pressure.

In conclusion, based on the analysis of the above data,
our research model demonstrates a deviation of within 4% be-
tween calculated and experimental values for the thermal con-
ductivity of powdery silica aerogel at a density of 128 kg/m3

within the pressure range of 103–104 Pa. For the calculation
of thermal conductivity of powdery silica aerogel at other den-
sities, our research model consistently outperforms the Wei

model.[18] With regard to the calculation of thermal conduc-
tivity of granular silica aerogel, both models exhibit some sig-
nificant deviations, but they also yield results with relatively
high accuracy within certain ranges.

5. Conclusion

(1) The cross-aligned and cubic pore model (CACPM)
and heat transfer model were established based on the actual
pore structure characteristics of aerogels: macroscopically, the
model consists of large pores in the form of a cross-grid struc-
ture, while microscopically, it is composed of a cubic array of
nanoballs. Heat transfer takes into account solid-phase con-
duction, gas-phase conduction, and radiative heat transfer.

(2) Based on the CACPM, the formula for calculation of
the effective thermal conductivity of aerogels was derived us-
ing the thermodynamic principles of heat transfer:

k = ke + kr =
πδkn

µ2

(
µ +

2
δ

ln
2

µδ +2

)
+kn

(
1− πδ 2

4

)
+

16n2σ

3ρσe,R
T 3.

(3) In this study, for powdery silica aerogel with a density
of 128 kg/m3 under the conditions of temperature at 298 K
and pressure within the range of 0–105 Pa, the average devi-
ation between the calculated thermal conductivity values and
experimental values is 10.51%, with a minimum deviation of
0.2%. Within the pressure range of 103–104 Pa, the devia-
tion between the calculated and experimental values is within
4%. Under other density conditions, the deviation between
the model’s calculated results and experimental values is sig-
nificantly lower than that of the Wei model. However, both
models exhibit relatively large deviations when calculating the
effective thermal conductivity of granular silica aerogels, al-
though they also have ranges of high precision. Overall, this
model demonstrates higher applicability to the calculation of
the thermal conductivity of powdery silica aerogel compared
to the Wei model.

(4) In the calculation of the effective thermal conductivity
of powdery silica aerogels, the significant errors attributed to
different densities suggest that the values of parameters a2 and
D1 may need to be correlated with density. For the calculation
of the effective thermal conductivity of granular silica aero-
gels, new models and derivation methods might be necessary.
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Transfer, 5nd edn. (Boca Raton: CRC Press) pp. 817–827
[18] Wei G, Zhang Y, Xu C, Du X and Yang Y 2017 International Journal

of Heat and Mass Transfer 108 1297
[19] Shen J, Zhou B, Wu G M, Deng Z S, Ni X Y and Wang J 2002 The

Chinese Journal of Process Engineering 2 341
[20] Bisson A, Rigacci A, Lecomte D and Achard P 2004 Journal of Non-

Crystalline Solids 350 379
[21] Huang C 2021 Preparation and Investigation of Nanoporous Super

Thermal Insulation: Silica Aerogels (MS dissertation) (Beijing: North
China Electric Power University) (in Chinese)

[22] Wang L X 2017 Study of Gaseous Conductivity Variation on
Nanoporous Silica Aerogel Thermal Insulation Materials (MS disser-
tation) (Beijing: North China Electric Power University) (in Chinese)

064401-9

https://doi.org/10.1007/s10934-021-01091-3
https://doi.org/10.1007/s10934-021-01091-3
https://doi.org/10.16777/j.cnki.issn.1009-5993.2022.06.003
https://doi.org/10.1002/9781118801017.ch8.3
https://doi.org/10.1002/9781118801017.ch8.3
https://doi.org/10.1002/9781118801017.ch8.3
https://doi.org/10.1016/j.jobe.2022.104814
https://doi.org/10.1016/j.jobe.2022.104814
https://doi.org/10.1016/j.jnoncrysol.2012.08.011
https://doi.org/10.1016/j.jnoncrysol.2012.08.011
https://doi.org/10.1016/0022-3093(95)00076-3
https://doi.org/10.1016/0022-3093(95)00076-3
https://doi.org/10.1557/PROC-0885-A09-35
https://doi.org/10.1557/PROC-0885-A09-35
https://doi.org/10.1557/PROC-0885-A09-35
https://doi.org/10.1016/j.ijheatmasstransfer.2012.11.016
https://doi.org/10.1016/j.ijheatmasstransfer.2012.11.016
https://doi.org/10.1016/j.ijheatmasstransfer.2011.02.026
https://doi.org/10.1016/j.ijheatmasstransfer.2011.02.026
https://doi.org/10.1016/j.applthermaleng.2014.02.052
https://doi.org/10.1016/j.applthermaleng.2014.02.052
https://doi.org/10.1016/j.eurpolymj.2020.109884
https://doi.org/10.1115/1.2822642
https://doi.org/10.1115/1.2822665
https://doi.org/10.1016/S0017-9310(03)00016-4
https://doi.org/10.1016/S0017-9310(03)00016-4
https://doi.org/10.2514/2.6746
https://doi.org/10.1201/9781439894552
https://doi.org/10.1201/9781439894552
https://doi.org/10.1016/j.ijheatmasstransfer.2016.12.062
https://doi.org/10.1016/j.ijheatmasstransfer.2016.12.062
https://doi.org/10.3321/j.issn:1009-606X.2002.04.012
https://doi.org/10.3321/j.issn:1009-606X.2002.04.012
https://doi.org/10.1016/j.jnoncrysol.2004.08.238
https://doi.org/10.1016/j.jnoncrysol.2004.08.238

	1. Introduction
	2. Establishment of the heat transfer model
	3. The derivation of the formula for calculation of thermal conductivity
	4. Verification and comparison of calculation formulas
	5. Conclusion
	References

