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Abstract: Due to the extremely high porosity and extremely low density of nano-porous thermal
insulation materials, the characteristic size of the pores inside the materials and the characteristic
size of the solid skeleton structure are on the nanometer scale, which leads to the obvious nanoscale
effect of the heat transfer law inside the aerogel materials. Therefore, the nanoscale heat transfer
characteristics inside the aerogel materials and the existing mathematical models for calculating the
thermal conductivity of various heat transfer modes at the nanoscale need to be summarized in detail.
Moreover, in order to verify the accuracy of the thermal conductivity calculation model of aerogel
nano-porous materials, correct experimental data are required to modify the model. Because the
medium is involved in radiation heat transfer, the existing test methods have a large error, which
brings great difficulties to the design of nano-porous materials. In this paper, the heat transfer
mechanism, characterization methods, and test methods of thermal conductivity of nano-porous
materials are summarized and discussed. The main contents of this review are as follows. The first
part introduces the structural characteristics and specific application environment of aerogel. In the
second part, the characteristics of nanoscale heat transfer of aerogel insulation materials are analyzed.
In the third part, the characterization methods of thermal conductivity of aerogel insulation materials
are summarized. In the fourth part, the test methods of thermal conductivity of aerogel insulation
materials are summarized. The fifth part gives a brief conclusion and prospect.

Keywords: nano-porous insulation material; aerogel; effective thermal conductivity; characterization
method; test method

1. The Structural Characteristics

According to the pore size, porous materials are divided into four categories by the
International Union of Pure and Applied Chemistry (IUPAC) [1]: Micropore, with the pore
size ≤2 nm; Mesopore, with the pore size of 2–50 nm; Macropore, with the pore size of
50–1000 nm; Pore, with the pore size≥1000 nm. In recent years, mesoporous materials with
nanoscale structure have attracted great attention in international physics, chemistry, and
materials, and have rapidly developed into one of the interdisciplinary research hotspots.
Aerogel is a typical mesoporous material, belonging to solid material with a disordered
mesoporous shape that is irregular but interconnected [2]. Aerogel is a kind of mesoporous
amorphous material with a very high specific surface area (>800 m2/g) and very low
density (<100 kg/m3), and its porosity can reach more than 80%. Because of the nanoscale
pore size of aerogel, the thermal conductivity at normal temperature and pressure is lower
than that of air in free space. Aerogel is also known as super insulation material because
of its unparalleled thermal insulation performance. As shown in Figure 1 [3], aerogel is
widely used in aerospace, energy, chemical industry, construction and other fields.
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Figure 1. Application range of aerogel [3].

The extremely low thermal conductivity of aerogel nano-porous insulation materials is
caused by their inherent complex nanostructures, as shown in Figure 2 [4]. The nanoparti-
cles of the nano-porous materials randomly gather together to form chain skeletons, which
are connected to each other to form a complex three-dimensional network structure. Firstly,
the structure generates a large number of nanopores, and the pore size inside aerogel is
smaller than or close to the mean free path of gas molecules. Such nanoscale pores will
severely restrict the free movement of gas molecules, and the heat transfer between gas
molecules will be severely weakened [5,6]. Secondly, when heat is transferred through
the solid skeleton, the complex skeleton structure of the nano-porous insulation materials
increases the heat transfer path, which makes the aerogel nano-porous insulation materials
produce large thermal resistance, and thus the solid thermal conductivity is lower. Finally,
it must be mentioned that aerogel has strong permeability to near-infrared radiation with
wavelengths of 3–8 µm at high temperature, which leads to the poor shielding ability of
aerogel at high temperature, and the thermal conductivity of aerogel increases significantly
with the increase in temperature [7,8].
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To sum up, the basic structure of aerogel materials consists of nanoscale pores and
nanoscale solid skeleton structures, and the nanoscale heat transfer problem is very compli-
cated. Therefore, it is of great significance to study the heat transfer mode inside aerogel
insulation materials in detail and reveal the heat transfer mechanism for further reducing
the heat transfer performance of nano-porous thermal insulation materials. Moreover, in
order to verify the accuracy of the thermal conductivity calculation model of aerogel nano-
porous materials, correct experimental data are required to modify the model. Because the
medium is involved in radiation heat transfer, the existing test methods have a large error,
which brings great difficulties to the design of nano-porous materials. In this paper, the
heat transfer mechanism, characterization method, and thermal conductivity measurement
method of nano-porous materials are reviewed and discussed, which can provide some
help for the subsequent research on the heat transfer calculation model, test methods, and
engineering rapid calculation of the equivalent thermal conductivity of aerogel materials.

2. Analysis on Heat Transfer Mechanism

As shown in Figure 3 [9], heat transfer modes inside aerogel materials can be summa-
rized into three modes: (1) Heat transfer between different gas molecules (blue particles);
(2) Heat transfer along the solid skeleton structure (red dotted line); (3) Radiant heat transfer
(red wavy arrow). In addition, convection is the macroscopic motion of fluid, which causes
relative displacement among all parts of fluid, resulting in the mixing of cold and hot fluids,
and thus generating heat transfer. It has been reported that for porous materials, when
the pore diameter of the material is less than 4 mm, the heat transfer generated by fluid
convection can be basically ignored [10,11]. The internal pore size of aerogel materials is
basically on the scale of nanoscale, so the convection can be ignored when considering
the law of heat transfer inside aerogel, that is, heat conduction and thermal radiation are
the two main heat transfer modes of aerogel insulation materials [12]. According to the
nanoscale heat transfer theory, many factors significantly affect heat transfer in nano-porous
materials. For example, size effect will reduce the heat conduction of aerogel solid skeleton,
pore size effect and rarefied gas effect will both reduce the heat transfer of gas molecules,
and photon scattering will also affect the radiation heat transfer. Common effects are shown
in Figure 4 [13]. The specific analysis of the two heat transfer modes of heat conduction
and heat radiation is as follows:
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Figure 4. Common heat transfer effects of aerogel insulation materials.

As aerogel nano-porous materials are composed of gas phase component and solid
phase component, heat conduction inside aerogel can be subdivided into gas thermal
conductivity and solid thermal conductivity [14,15].

Gas thermal conductivity refers to the heat transfer generated by the collision of gas
molecules in pores. The gas heat conduction in general porous materials and aerogel
nano-porous materials is shown in Figure 5 [16]. The pore size of aerogel is generally
5~100 nm, and the mean pore size is about 20~40 nm [17], while the mean free path of air
in standard state is about 69 nm. It can be seen that the pore diameter inside aerogel is
smaller than or close to the mean free path of gas molecules, and such nanoscale pores will
severely restrict the free movement of molecules, thus greatly reducing the gas thermal
conductivity [18].
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The solid thermal conductivity mainly depends on the lattice vibration of solid
molecules at the equilibrium position. Taking silica aerogel as an example, primary particle
diameter generally ranges from 2 to 5 nm [19], while for amorphous silica materials, the
mean free path of the phonon is about 0.58 nm [4,20]. It can be seen that, for aerogel
materials, the characteristic scale of the skeleton is also close to the mean free path of solid
phonons, so the solid thermal conductivity is significantly reduced under the effect of
nanoscale [21]. Solid thermal conductivity in general porous materials and aerogel nano-
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porous materials is shown in Figure 6. Generally, porous materials have a large particle
contact area and a short path, while aerogel nano-porous materials have a small particle
contact area, and heat transfer through a complex path, thus extending the heat transfer
path, which is the second reason for the lower solid thermal conductivity of aerogel.
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For aerogel nano-porous materials, the radiation heat imported from the outside or
emitted by the solid skeleton in the nano-porous material will be absorbed and scattered
by the solid phase material when it passes through the pores or skeleton in the nano-
porous material [22,23]. It must be mentioned that aerogel has strong permeability to
near-infrared radiation with wavelengths of 3–8 µm at high temperature, which leads to
the poor shielding ability of aerogel at high temperature, and the thermal conductivity of
aerogel increases significantly with the increase in temperature [24].

It should be mentioned here that in addition to the three basic heat transfer modes
mentioned above, namely gas phase heat transfer, solid phase heat transfer and radiation
heat transfer, gas-solid coupled heat transfer is also considered to be an important heat
transfer mode. Due to the nanoscale pores and solid skeleton of aerogel, a large number of
gas molecules are gathered in the contact surface of solid particles, forming the gas-solid
coupling heat transfer effect and enhancing the effective heat transfer of materials, as shown
in Figure 7 [25]. In order to show the characteristics of various heat transfer models of
aerogel more clearly, the heat-transfer characteristics of various models are summarized
in Table 1.

In conclusion, because aerogel nano-porous insulation materials have extremely high
porosity and extremely low density, the characteristic size of the pore and solid skeleton
structure inside the material is on the nanometer scale, which is close to or smaller than
the mean free path of the corresponding energy carrier. Therefore, the heat-transfer law
inside aerogel has obvious nanoscale effect. At the same time, the influence of heat transfer
on aerogel materials will also be affected by gas-solid coupled heat transfer as shown
in Figure 7. Therefore, different heat transfer modes of aerogel insulation materials at
the nanoscale should be studied, and the characterization and test methods of thermal
conductivity of nano-porous insulation materials should be summarized.
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Table 1. Characteristics of various heat-transfer models of aerogel.

Heat Transfer Mode Characteristic

Gas heat transfer mode
The pore diameter is smaller than or close to the

mean free path of gas molecules, thus greatly
reducing the gas thermal conductivity.

Solid heat transfer mode
The characteristic scale of skeleton is close to the

mean free path of solid phonons, thus greatly
reducing the solid thermal conductivity.

Gas-solid coupled heat transfer mode
A large number of gas molecules are gathered in

the contact surface of solid particles, forming
gas-solid coupling heat transfer effect.

Radiative heat transfer mode
Aerogel has strong permeability to near-infrared

radiation with wavelength of 3–8 µm at high
temperature, which leads to poor shielding ability.

3. Characterization Methods of Thermal Insulation Performance

For the existing calculation model of thermal conductivity of aerogel materials, this
chapter will be introduced in two parts. The first part is introduced according to the four
basic heat transfer modes contained in the material: gas phase heat transfer, solid phase
heat transfer, gas-solid coupling heat transfer and radiation heat transfer. The second
part is a summary of the overall thermal conductivity of aerogel nano-porous materials.
The thermal conductivity corresponding to the overall thermal insulation performance of
materials refers to the effective thermal conductivity.
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3.1. Calculation Models of Gas, Solid, Gas-Solid Coupling, and Radiation
3.1.1. Calculation Model of Gas Thermal Conductivity

There are roughly three methods for calculating the gas thermal conductivity of
aerogels. First, based on the experimental data, the gas thermal conductivity is fitted
to the empirical formula of related parameters, such as the empirical formula related to
the aerogel density. The second method employs the Lattice Boltzmann Method (LBM),
Direct Simulation Monte Carlo (DSMC) or Molecular Dynamics (MD), and other numerical
simulation methods to obtain the law of gas phase heat transfer of aerogel nano-porous
materials. Thirdly, based on the theory of molecular motion, the gas thermal conductivity
of nano-porous materials is derived theoretically [26,27].

Empirical Correlation Formula

Since the pore size varies with the density of aerogel, the gas thermal conductivity
of aerogel is fitted into the empirical correlation formula of material density based on the
measurement results [28], as shown in Equation (1):

λg ∝ ρ−0.6
a (1)

where λg is the gas thermal conductivity and ρa is the apparent density of the aerogel.
The disadvantage of the empirical correlation formula shown in Equation (1) is that

it lacks strict theoretical basis. The calculation equation of gas thermal conductivity is
only affected by macroscopic density and cannot reflect the influence of microscopic solid
skeleton structure and pore size on gas thermal conductivity, nor can it reveal the change
law of gas thermal conductivity with pressure and temperature.

Numerical Simulation Method

As for the numerical simulation method, because there are nanoscale pores in aerogel
insulation materials, the numerical research method of gas phase heat transfer at the
micro- and nanoscale is used to calculate gas thermal conductivity, such as LBM, DSMC,
MD, etc. [29]. LBM is directly used to solve the Boltzmann transport equation, which is a
tool used to analyze the micro-scale energy transport phenomenon [30,31]. The Boltzmann
transport equation is shown in Equation (2).

∂ f
∂t

+ v
∂ f
∂r

+ F
∂ f
∂p

=

(
∂ f
∂t

)
scat

(2)

where f is the statistical distribution function of particles, which is related to time t, position
vector r and momentum p, F is the force acting on the particles, and v is the particle velocity.

Theoretical Derivation Method

The Kaganer model [32] is widely used to calculate the gas thermal conductivity in
nanoscale pores. Based on the assumption of parallel plates, the pore size is equivalent to
the distance between parallel plates, thus revealing the influence of pore size on the gas
thermal conductivity. The specific formula is as follows:

λg =
λ0

1 + 2βKn
(3)

Kn = lm/D (4)

lm = KBT/
(√

2πd2
gp
)

(5)

where λ0 is the gas thermal conductivity in free space, Kn is the Knudsen number, which
is the ratio of the mean free path lm of gas molecules to the characteristic dimension D of
pores, dg is the effective diameter of gas molecules, KB is the Boltzmann constant, p and T
are pressure and temperature, respectively.
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In the Kaganer model, the mean free path of gas molecules is considered to describe
the effect of pore size on gas thermal conductivity, which can reveal the effect of temper-
ature and pressure on gas thermal conductivity. Therefore, the Kaganer model has been
widely used.

However, in the Kaganer model, the influence of pore size in the parameter D is not
considered. For aerogel nano-porous insulation materials, the pore size distribution inside
the aerogel has a significant impact on the gas thermal conductivity. Because the pore size
distribution in aerogel materials is not uniform, if the average pore size is directly used
to calculate the gas phase thermal conductivity, there will be a large deviation. Therefore,
Reichenauer et al. [33] and Bi et al. [34] modified the pore size to a certain extent based on
the Kaganer model.

Pore size correction model 1: In Kaganer model, the mean pore size is used to describe
the pore distribution inside the material, which is suitable to describe the nano-porous
materials with a concentrated pore size distribution. In order to describe nano-porous
materials with multiple characteristic pore sizes, Reichenauer et al. [33] in 2007 proposed a
calculation model of gas thermal conductivity of nano-porous materials based on double
pore size distribution:

λg =
λ0 ϕ1

1 + 2βlm/D1
+

λ0 ϕ2

1 + 2βlm/D2
(6)

where D1 and D2 are two characteristic pore sizes used to describe the pore size distri-
bution of nano-porous materials, respectively, ϕ1 and ϕ2 are the proportions of the two
characteristic pore sizes, respectively.

The authors considered more detailed pore size distribution in the material, so Equa-
tion (6) is modified. Reichenauer et al. [33] assumed that the pore size distribution in
nano-porous materials is the Gauss distribution, and then weighted summation of the
gas thermal conductivity within each pore size is performed to obtain the gas thermal
conductivity, as shown in the following formulas, which are called the Gaussian model.

λg =
n

∑
i=1

ΦiK(Di) (7)

Φi =
∫ Di+∆D

Di
1√
2πσ

e−
(D′−D)

2

2σ2 dD′ ≈ ∆D√
2πσ

e−
(Di−D)2

2σ2

Di ∈ [D− 3σ, D + 3σ] Di − 3σ > 0
(8)

λg ≈
n

∑
i=1

[
∆D√
2πσ

e−
(Di−D)2

2σ2

]
· K(Di) (Di > 0) (9)

where n represents the number of pore size, Φi represents the contribution of pore size to
the total porosity, and K(Di) is the simplified form of Kaganer model with pore size Di.

Pore size modification model 2: In order to predict the gas thermal conductivity of
aerogel more accurately, Bi et al. [34] in 2012 considered that: (1) most pore sizes present
random distribution characteristics; (2) The contribution of macropores to gas thermal
conductivity should be emphasized; (3) The contribution of small pores to gas thermal
conductivity should be reduced. Based on these considerations, Bi et al. proposed a new
random pore size distribution model for nano-porous materials to consider the randomness
and heterogeneity of pore distribution in aerogel materials.

Bi et al. [34] modified the gas thermal conductivity model based on Gauss distribution
proposed by Rechenauer et al. [33]. The authors modified the pore size distribution in
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aerogel materials, and Equation (10) is used to describe the pore size distribution. Based on
this, Formulas (7), (9) and (10) are called the Non-Uniform Pore-Size (NUPS) model.

Φi =


∆D√
2πσ

e−
(Di−D)2

2σ2 Di ∈ [D− σ, D + σ] Di − σ > 0

2∆D√
2πσ

e−
(Di−D)2

2σ2 Di ∈ (D + σ, D + 3σ]

(10)

In the NUPS model, the confidence interval is changed from [D − 3σ, D + 3σ] to
[D− σ, D + 3σ], and the pore size distribution is assumed to obey the Gaussian distribution
in the confidence interval [D− σ, D + σ], so 68.26% of the pores could be guaranteed to
obey the Gaussian distribution. Once the pore is within the interval of [D + σ, D + 3σ], the
value of the probability density function will be doubled based on the original value of the
Gaussian distribution function.

Secondly, the expression of another key parameter lm in the Kaganer model is derived
in free space, and the concept of mean free path used only considers the collision between
gas molecules. However, the pore size of aerogel is lower than the mean free path of gas
molecules, and the collision between gas molecules and pore wall will greatly limit the
collision between gas molecules, thus reducing the gas thermal conductivity. Based on the
above reasons, Zeng et al. [35–37] modified the mean free path of gas molecules on the
basis of Kaganer model.

Modification of the mean free path of gas molecules: Zeng et al. [35–37] used prob-
ability theory to derive the expression of mean collision frequency of gas molecules
in nanopores:

f =
uSsρpor

4φ
+
√

2πuNgd2
g (11)

where u is the average motion velocity of molecules, Ss is the specific surface area, ρpor is
the apparent density, φ is the porosity, and Ng is the number density of gas molecules.

In Equation (11), the first part and the second part are, respectively, considered to be
the mean collision frequency between gas molecules and solid walls and the mean collision
frequency between gas molecules. Through Equation (11), the calculation formula of the
mean free path of gas molecules can be obtained:

lm = u/ f =
1

0.25Ssρpor /φ +
√

2πNgd2
g

(12)

On this basis, the gas thermal conductivity in the aerogel nano-porous material is
shown in Equation (13):

λg =
60.22× 105 pT−0.5

0.25Ssρpor/φ + 4.01× 109 pT−1 (13)

The calculation model of gas thermal conductivity derived from the molecular motion
theory is in good agreement with the experimental data. However, to accurately predict
the gas thermal conductivity of different materials under different working conditions, the
theoretical model needs to be modified in combination with relevant experimental data.

3.1.2. Calculation Model of Solid Thermal Conductivity

Aerogel nano-porous material is a three-dimensional network skeleton structure
formed by cross-linking nanoscale particles, which has been introduced in detail in the
second chapter of heat transfer mechanism, and it has strong “path effect” and “nanoscale
effect”, as shown in Figure 8 [4]. Similarly, for the summary of solid phase heat transfer
model of aerogel materials, solid thermal conductivity is still divided into the empirical
correlation formula based on experimental data, the numerical calculation method based
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on solving internal heat transfer equation, and the theoretical derivation model based on
dynamics theory.
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Empirical Correlation Formula

Since the pore size varies with the density of aerogel, the solid thermal conductivity
of aerogel is fitted into the empirical correlation formula of material density based on the
measurement results [28], as shown in Formula (14):

λs ∝ ρ1.5
a (14)

where λs is the gas thermal conductivity and ρa is the apparent density of the aerogel.
The disadvantage of the empirical correlation formula shown in Equation (14) is that

it lacks strict theoretical basis. The calculation results of solid thermal conductivity are only
affected by macroscopic density and cannot reflect the influence of the microscopic solid
skeleton structure and pore size on solid thermal conductivity.

Numerical Simulation Method

The numerical simulation method for heat conduction of nanoscale solid materials is
mainly based on solving the Boltzmann transport equation, as shown in Formula (2). By
solving the Boltzmann transport equation, Chen et al. [38] found that when the particle
diameter of the solid is much larger than the phonon mean free path of the solid, the
heat transfer behavior of the solid is consistent with that under macroscopic conditions,
satisfying Fourier’s heat conduction law. However, when the particle diameter is close
to or less than the phonon mean free path, the heat transfer rate of the particle decreases
significantly, resulting in the temperature rise of the particle far below the value predicted by
Fourier’s heat conduction law. According to the research results, Chen et al. [38] proposed
an approximate formula for calculating the thermal conductivity of nanoparticles:

λs =
3r∗/4

3r∗/4 + 1
λbulk (15)

where r∗ = r/Λ is the dimensionless radius of solid particles, r is the radius of solid
particles, Λ is the phonon mean free path of solid, and λbulk is the thermal conductivity of
aerogel bulk materials.

Wang et al. [39], Zhao et al. [40], Xie et al. [41] and Han et al. [42] all used Equation (15)
to modify the thermal conductivity of nanoscale solid skeleton particles.

Theoretical Derivation Method

Aerogel solid phase structure is complex and usually presents an amorphous state.
The thermal conductivity of amorphous solid mainly depends on the local vibration of solid
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atoms/phonons and is limited by the scattering of atoms/phonons at the mean collision
distance (mean free path). Based on this, Cahill et al. [43,44] first proposed the theory of
minimum thermal conductivity to predict the thermal conductivity of amorphous solids:

λmin = (π/6)1/3kBn2/3∑
i

vi(T/Θi)
2
∫ Θi/T

0

x3ex

(ex − 1)
dx (16)

where n is the atomic density, v is the sound speed of solid, i represents the three acoustic
modes, and Θi is the cutoff frequency of each polarization.

Because it is complicated to calculate the solid thermal conductivity by Formula (16),
it is not convenient for engineering application. Most scholars use Formula (17) to calculate
the solid thermal conductivity in aerogel nano-porous materials [45,46].

λS = λ0
ρ

ρ0

v
v0

(17)

where ρ is the apparent density of aerogel, ρ0 is the density of aerogel skeleton, v is
the sound velocity in aerogel, v0 is the sound velocity of solid skeleton, and λ0 is the
thermal conductivity of aerogel skeleton (thermal conductivity of heat transfer along
aerogel solid skeleton).

It is difficult to obtain the value of λ0 in Equation (17), and λ0 in the existing literature
is generally not accurate. Based on this, Bi et al. [47–50] calculated the thermal conductivity
of aerogel solid skeleton by the following formula according to the kinetic theory:

λ0 =
1
3

CVv0Λ0 (18)

where CV is the specific heat of volume and Λ0 is the phonon mean free path.

3.1.3. Calculation Model of Gas-Solid Coupling Thermal Conductivity

Reichenauer et al. [33] and Swimm et al. [51] both pointed out that gas-solid coupling
heat transfer is an important heat transfer mode among aerogel heat transfer modes, but
this heat transfer mode is ignored by most scholars. Several main calculation models of
gas-solid coupling thermal conductivity are introduced below.

Swimm et al. [52] experimentally studied the thermal insulation performance of RF
(resorcin-formaldehyde) aerogel, as shown in Figure 9, and proposed a gas-solid coupling
thermal conductivity model based on RF aerogel:

λc = 1.5(1−Φ)
2R

πR2

n

∑
i=1

(
δi

λg,i Ai
+

yi
λp Ai

)−1

(19)

yi = 2
[

R2 − (iR/n)2
]0.5

(20)

δi = 2R− yi (21)

Ai = π(1 + 2i)(R/n)2 (22)

where R (R = 0.5dp) is the particle diameter of the aerogel skeleton, i is the ith hollow
cylinder in the cylinder unit, n represents the number of hollow cylinders, yi is the total
height of the solid phase of the ith hollow cylinder, δi is the corresponding gap size, Ai is the
annular area of the ith hollow cylinder. In addition, λg,i is the gas thermal conductivity with
the gap size of δi, λp is the thermal conductivity of the solid particles in the aerogel skeleton.
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Figure 9. Gas-solid coupling thermal conductivity model established by Swimm et al. [52] (R is the
radius of the particle).

Zhao et al. [25] pointed out that the connected solid particles in the aerogel skeleton
have a certain contact diameter, rather than point contact, as shown in Figure 10. Therefore,
Equation (19) is modified.
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Figure 10. Gas-solid coupling thermal conductivity model established by Zhao et al. [25] (a and
i represent the contact area of the particles and the ith hollow cylinders in the cylindrical unit
cell, respectively).

The gas-solid coupling heat transfer calculation models derived by Swimm et al. and
Zhao et al. involve a large number of parameters and require numerical integration, which
bring difficulty and inconvenience to calculation and engineering application. Therefore,
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Bi et al. [53] established a new gas-solid coupling heat transfer model (as shown in Figure 11,
which can be expressed as:

λc =
D + dp

dp

2λpλg

λg − λp

[
1−

D + dp

dp

λp

λg − λp
ln ×

(
1 +

λg − λp

λp

dp

D + dp

)]
(23)
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length of heat flux path in the solid phase).

In 2017, Swimm et al. [54] pointed out that the accuracy of existing calculation models
of gas-solid coupling thermal conductivity is poor in consistency with the test results, the
accuracy needs to be improved, and some models are too complex for practical application.
Based on this, Swimm et al. analyzed and described the gas-solid coupling thermal
conductivity through the series connection of gas and solid phase thermal resistance, as
shown in Figure 12. The derivation of gas-solid coupling thermal conductivity can be
simply described by the series connection of the thermal resistance Rgas and Rsolid, and the
final derivation model of gas-solid coupling thermal conductivity is shown in Formula (24):

λc
(

pg, T
)
=
(

Rsolid + Rgas
)−1 · dges

=

[
dsolid

λsolid (T) +
Dgas

λgas (pg ,T)

]−1
·
(
dsolid + Dgas

)
= λgas

(
pg, T

)
· λsolid (T)

λgas (pg ,T)·dsolid +λsolid (T)·Dgas
·
(
dsolid + Dgas

)
≡ λgas

(
pg, T

)
· f
(

pg, T
)
.

(24)
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To sum up, it can be known from the literatures that by considering only gas thermal
conductivity, solid thermal conductivity, and radiation thermal conductivity, the predicted
results are mostly lower than the experimental data, which are usually attributed to the
coupled heat transfer between gas molecules and aerogel particles. In view of this, domestic
and foreign scholars have conducted some researches on gas-solid coupling heat transfer,
but there are still few researches on this kind of study.

3.1.4. Calculation Model of Radiation Thermal Conductivity

Aerogel material is a participating medium for radiation heat transfer, and the radia-
tion heat transfer inside the material belongs to medium radiation. When radiation heat
is injected into the material, the material will produce absorption and scattering effects
on radiation, which shows that the material has attenuation effects on radiation [55]. At
normal temperature, the radiation heat transfer in the medium may not be significant,
but at high temperature, the radiation heat transfer cannot be ignored. It must be men-
tioned that aerogel has strong permeability to near-infrared radiation with wavelengths of
3–8 µm at high temperature, which leads to poor shielding ability of aerogel at high tem-
perature, and the thermal conductivity of aerogel increases significantly with the increase
in temperature [56,57].

As shown in Figure 13, it is the radiation heat transfer process inside the aerogel
medium. The radiative intensity within aerogel is governed by the radiative transport
equation (RTE) [58], and the RTE is shown in Formula (25).

dIλ(r, s)
ds

= −βλ Iλ(r, s) + κλ Ibλ(r) +
σsλ

4π

∫
Ωi=4π

Iλ(r, si)Φλ(si, s)dΩi (25)

where β, κ, σs are the extinction, absorption and scattering coefficients, respectively; Ib(r) is
the radiative intensity emitted by a black body; I(r, s) represents the radiative intensity of
space position r and transmission direction s, which is a vector; Φ(si, s) is the scattering
phase function, which is the ratio of the scattering intensity in the s direction caused by
incident radiation in the si direction to the average scattering intensity in the 4π scattering
space. Here, because the RTE is related to space and direction, I(r, s), I(r, si) and Φ(si, s)
in the Equation (9) are all related to direction, which are vectors.
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For aerogel nano-porous materials, since most of the existing aerogel materials are
optically thick medium, the Rosseland formula is the most widely used formula in domestic
and foreign research and engineering calculation. For optically thick media, the optical
thickness (the product of the attenuation coefficient and the characteristic thickness of the
material) is much greater than 1. If the medium is optically thick, the attenuation effect of
the medium on radiation is strong, resulting in a very short transfer distance of radiation
energy, so the energy transfer characteristics are similar to that of solid heat conduction.
Thus, the RTE can be simplified, and the simplified RTE is called the optical thickness
approximation formula, also known as the Rosseland formula [59].

According to the Rosseland formula, radiation heat flux can be expressed by the
following formula:

qr(x) = − 16
3σe,R

n2σT3 ∂T
∂x

= −λr
∂T
∂x

(26)

λr =
16

3σe,R
n2σT3 (27)

where T is the temperature, n is the average refraction index, σ is the Stefan–Boltzmann
constant, σe,R is the mean attenuation coefficient, and λr is the radiation thermal conductivity.

Due to the simple form of the Rosseland formula, and the expression of radiation heat
flux is similar to Fourier’s law of heat conductivity, the Rosseland formula is widely used by
most scholars, such as Lu et al. [60,61], Lee et al. [62], Zhang et al. [63], Soorbaghi et al. [64]
and Dai et al. [65].

3.2. Calculation Models of Effective Thermal Conductivity

The effective thermal conductivity of aerogel represents the overall thermal insulation
performance of the material. Different heat transfer modes in aerogels are analyzed in
order to obtain the overall thermal conductivity of aerogels and provide theoretical basis
for the design of thermal insulation materials. The common methods for calculating the
effective thermal conductivity of aerogel include the decoupling method, the equivalent
circuit method and the numerical simulation method. Before introducing the three methods
in detail, the disadvantages and advantages of the three methods are briefly summarized
in Table 2.
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Table 2. The common methods for calculating the effective thermal conductivity.

The Common Methods Disadvantages Advantages

Decoupling method
The complex nano-porous

structure of aerogel materials
is ignored.

The method is simple in form
and convenient in processing.

Equivalent circuit method

For different materials, the
structural model needs to be

rebuilt, which is a
complicated method.

This method can reflect the
influence of material structure

and physical parameters on
thermal conductivity.

Numerical simulation

The calculation method is
complicated and only discrete

numerical results can
be obtained.

The method is accurate
enough to take into account

the influence of various
factors on heat transfer.

3.2.1. Decoupling Method

In the decoupling model, many scholars at home and abroad assume that the three
heat transfer modes of nano-porous materials, namely gas heat transfer, solid heat transfer
and radiation heat transfer, are independent of each other, so the effective thermal conduc-
tivity of nano-porous materials is the sum of the three heat transfer modes, as shown in
Equation (28):

λeff = λS + λg + λr (28)

However, according to [33,51], most of the predicted results obtained by Equation (28) are
lower than the experimental data, which are usually attributed to the coupled heat transfer
between gas molecules and aerogel particles (coupling effect). In order to consider the
contribution of coupling effect to effective thermal conductivity, [25,52–54] point out that
gas-solid coupling heat transfer is the fourth heat transfer mode in aerogel, and Formula (28)
is modified as follows:

λeff = λS + λg + λr + λc (29)

3.2.2. Equivalent Circuit Method

An important method to establish the theoretical calculation model of the effective
thermal conductivity of aerogel materials is to obtain the corresponding calculation model
by the equivalent circuit method for a certain structure.

When Zeng et al. [66] studied the overall thermal conductivity of aerogel materials,
three typical structural units were used to characterize the aerogel nano-porous materials,
namely, the cross square rod structure, the cross cylindrical rod structure, and the cross
ball rod structure. Under the assumption of one-dimensional heat transfer, the equivalent
circuit method is used to calculate the effective thermal conductivity of aerogel under three
conditions. The structure of cross ball rod is shown in Figure 14, and the sum of gas thermal
conductivity, solid thermal conductivity, and gas-solid coupling thermal conductivity is
shown in Equation (30):

λg + λs + λc =
qg+qs+qsg+qsgs

∆TD = D2
{

πλgdp
2ndpα

[
−
√

1− β2 − D
ndpα ln

(
1− ndpα

D

√
1− β2

)]
+ aλs

1.1ndp
+

(n−1)πλgdp
Dα

(
β− 1 + D

αdp
ln D−αa

D−αd

)
+
(
1− dp/D

)2
λg

}
∆T
D

(30)

where qg, qs, qsg and qsgs represent the heat transferred through the gas phase, the heat
transferred through the solid phase, the heat transferred by the gas in the gap between the
two spheres, and the heat transferred from the bottom sphere to the top sphere through the
gas phase respectively, and ∆T represents the temperature difference between the bottom
and the top of the unit.
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Based on the Zeng model, Wei et al. [67] theoretically derived the effective thermal
conductivity of aerogel composite insulation material by using the equivalent circuit
method, as shown in Equation (31):

λg + λs + λc =

{
(2−γb)γ

2
a γb

1−β1γa
+

γ2
a [(1−γb)

2−γ2
c ]

1−β1γaγb
+ 2γaγc(1−γa)

1−β1γaγc

+ γ2
a γ2

c
1−β1+β1(1−γb)γa

+ (1− γa)(1 + γa − 2γaγc)
}

·
[
ψkae + (1− ψ)kg

]
(0 < c < a− 2h)

λg + λs + λc =

{
1 + 2γaγc(1−γa)

1−β1γaγc
+ (1−γb)

2γ2
a

γa(1−γb)+(1−γa+γaγb)(1−β1)

+
(1−γ2

c )γ2
a

1−β1γa
+

γ2
a [γ2

c−(1−γb)
2]

1−β1
+ γa(1− γa − 2γc + γaγc)

}
·
[
ψkae + (1− ψ)kg

]
(a > c > a− 2h)

(31)

Dan et al. [68], based on the structure of aerogel and Zeng model, proposed a new
model, namely the spherical hollow cube model. The spherical hollow cube model and
cell are shown in Figures 15 and 16, respectively. The calculation formula of the sum of
gas phase thermal conductivity, solid phase thermal conductivity, and gas-solid coupling
thermal conductivity is shown in Equation (32):

λg + λs + λc =
Q1+Q2+Q3+Q4

∆T·a/2 =
2λs

[
a2−πr2

2 +2arccos( a
2r )r2−a

√
r2−( a

2 )
2
]

a2 + λgπ
(

r2

a2 − 1
4

)
− λsπ

k2a [kr(cos θ1 − cos θ0) − a
2 ln
(

kr cos θ1+a/2
kr cos θ0+a/2

)]
+ 4

a
∫ r

a/2

arcsin
(

a/2−
√

x2−a2/4√
2x

)
xdx

√
r2−x2/λg+(a/2−

√
r2−x2)/λs

(32)
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The thermal conductivity model of thermal insulation composites filled with aerogel
particles was proposed by He et al. [69]. The corresponding models were established
and the thermal conductivity equations based on the analysis of the heat transfer in the
composite are derived in this paper.

In Liu’s study [70], three kinds of nano-porous insulating materials with regular
geometric structures and controllable thermal conductivities, including a simple cubic
packing, a face-centered cubic packing, and a cubic array of intersecting spheres packing of
uniform-sized hollow nanospheres, were designed, as shown in Figure 17. The effective
thermal conductivity models of each packing structure are developed according to the
assumption of one-dimensional heat transfer, in which the following factors including
material types, size of the hollow nanosphere packing structure (e.g., sphere size, spherical
shell thickness, contact ratio), gas pressure, the rarefaction effect of gas and the mean free
path of phonons were considered.
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Figure 17. Regular geometric structure: (a) Cubic packing structure; (b) The face-centered cubic
packing structure; (c) The cubic array of intersecting spheres.

Similar to Zeng et al., Wei et al., Dan et al., He et al., and Dan et al., in the research
of many domestic and foreign scholars [71,72], the cross ball rod structure has also been
used to characterize the nano-porous structure of aerogel matrix materials. In fact, most
studies on equivalent circuit method use some regular structures to characterize the nano-
porous structure of aerogel materials, while the complex nano-porous structure of aerogel
materials is ignored. In order to make the calculation results more accurate, Xie et al. [41],
Pia et al. [73], Li et al. [74] and Chen et al. [75] all adopted the fractal structure to analyze
the microstructure of aerogel materials, which will not be described in detail here.

3.2.3. Numerical Simulation Method

The prediction of the effective thermal conductivity of aerogel by the decoupling
method and equivalent circuit method cannot provide much information about the heat
transfer in aerogel, such as temperature distribution and heat flux distribution. Therefore,
in order to further study the heat transfer mechanism in aerogel nano-porous materials,
numerical simulation based on solving the energy equation inside the material is used to
determine the temperature distribution and heat flux field in the nano-porous materials.
The energy equations of heat transfer in the material are shown in Equations (33) and (34),
respectively. The energy equation considering only heat conduction is shown in Equa-
tion (33). If the radiation heat transfer in the medium is taken into account, Equations (34)
and (25) mentioned in the previous section should be solved simultaneously to realize the
coupling solution of thermal conductivity and radiation heat transfer.

ρc
∂T(x, y, z)

∂t
= −∇ · qt = −∇ · qc =

∂

∂x

(
λ

∂T
∂x

)
+

∂

∂y

(
λ

∂T
∂y

)
+

∂

∂z

(
λ

∂T
∂z

)
(33)

ρc
∂T(x, y, z)

∂t
= −∇ · qt = −∇ · qc −∇ · qr =

∂

∂x

(
λ

∂T
∂x

)
+

∂

∂y

(
λ

∂T
∂y

)
+

∂

∂z

(
λ

∂T
∂z

)
−∇ · qr (34)

Before numerical calculation, the structure of the aerogel material needs to be es-
tablished for numerical simulation. Aiming at the structural characteristics of aerogels
nano-porous materials, Spagnol et al. [76] established a numerical model based on two-
dimensional fractal structure to simulate heat transfer in silica aerogels. Zhao et al. [40]
adopted the diffusion-limited cluster–cluster aggregation (DLCA) method to generate
three-dimensional random particle stacking structure to characterize the typical structure
of aerogel nano-porous materials, and then calculated the thermal conductively radiation
coupling thermal conductivity of the materials by numerical simulation. Bi et al. [77] also
adopted a similar approach to calculate the effective thermal conductivity of aerogel nano-
porous materials. Four three-dimensional regular structures were used to represent the
typical structures of aerogel nano-porous materials, namely, the regular triangular prism
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structure, cube structure, octahedron structure, and regular hexagonal prism structure, as
shown in Figure 18.

Gels 2023, 9, x FOR PEER REVIEW 20 of 31 
 

 

et al. [73], Li et al. [74] and Chen et al. [75] all adopted the fractal structure to analyze the 

microstructure of aerogel materials, which will not be described in detail here. 

3.2.3. Numerical Simulation Method 

The prediction of the effective thermal conductivity of aerogel by the decoupling 

method and equivalent circuit method cannot provide much information about the heat 

transfer in aerogel, such as temperature distribution and heat flux distribution. Therefore, 

in order to further study the heat transfer mechanism in aerogel nano-porous materials, 

numerical simulation based on solving the energy equation inside the material is used to 

determine the temperature distribution and heat flux field in the nano-porous materials. 

The energy equations of heat transfer in the material are shown in Equation (33) and Equa-

tion (34), respectively. The energy equation considering only heat conduction is shown in 

Equation (33). If the radiation heat transfer in the medium is taken into account, Equation 

(34) and Equation (25) mentioned in the previous section should be solved simultaneously 

to realize the coupling solution of thermal conductivity and radiation heat transfer. 

(x, y z)

x x y y z z
 t c

T T T T
c

t
   

          
= − = − = + +    

          
q q

,
 (33) 

(x, y,z)

x x y y z z
 t c r r

T T T T
c

t
   

          
= − = − − = + + −    

          
q q q q  (34) 

Before numerical calculation, the structure of the aerogel material needs to be estab-

lished for numerical simulation. Aiming at the structural characteristics of aerogels nano-

porous materials, Spagnol et al. [76] established a numerical model based on two-dimen-

sional fractal structure to simulate heat transfer in silica aerogels. Zhao et al. [40] adopted 

the diffusion-limited cluster–cluster aggregation (DLCA) method to generate three-di-

mensional random particle stacking structure to characterize the typical structure of aer-

ogel nano-porous materials, and then calculated the thermal conductively radiation cou-

pling thermal conductivity of the materials by numerical simulation. Bi et al. [77] also 

adopted a similar approach to calculate the effective thermal conductivity of aerogel nano-

porous materials. Four three-dimensional regular structures were used to represent the 

typical structures of aerogel nano-porous materials, namely, the regular triangular prism 

structure, cube structure, octahedron structure, and regular hexagonal prism structure, as 

shown in Figure 18. 

 
Figure 18. Schematic of base-catalyzed aerogel structures: (a) Aerogel backbone; (b) Regular trian-

gular prism; (c) Cube; (d) Octahedron; (e) Regular hexagonal prism. 

In recent years, Fang et al. [78], Han et al. [79], Kan et al. [80], Qu et al. [9] and Ross-

Jones et al. [81] used LBM to simulate the heat transfer of nano-porous geometric 

Figure 18. Schematic of base-catalyzed aerogel structures: (a) Aerogel backbone; (b) Regular triangu-
lar prism; (c) Cube; (d) Octahedron; (e) Regular hexagonal prism.

In recent years, Fang et al. [78], Han et al. [79], Kan et al. [80], Qu et al. [9] and Ross-
Jones et al. [81] used LBM to simulate the heat transfer of nano-porous geometric structures,
so that not only the effective thermal conductivity, but also the temperature distribution
could be calculated. The temperature distribution calculated by Ross-Jones et al. [81] is
shown in Figure 19.
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4. Test Methods of Thermal Insulation Performance

In order to verify the accuracy of the thermal conductivity calculation model of aerogel
nano-porous materials, correct experimental data are required to modify the model. The
existing test methods are mainly divided into the heat conduction heating test method,
infrared radiation heating test method, and convection heating test method [82]. Among
the thermal conductivity test methods, the hot wire method, hot strip method, and tran-
sient plane source method of the unsteady state methods are widely used. However,
Zhang et al. [83–85] pointed out that the unsteady state methods still have a large error
when they are used to measure the thermal conductivity of aerogel nano-porous mate-
rials. For the infrared radiation heating, compared with the convection heating method,
the infrared radiation heating method will have some extra energy penetrating into the
material at high temperature, which enhances the degree of radiation heat transfer inside
the material, so that the test result of the thermal conductivity of aerogel is larger. Before
introducing the three methods in detail, the disadvantages and advantages of the three
methods are briefly summarized in Table 3.

Table 3. The common test methods.

The Test Methods Disadvantages Advantages

Heat conduction
heating method

Steady state
method

The test time is long
and the test

temperature is
limited.

The test result is
accurate.

Unsteady state
method

The test results are
inaccurate and

the test
temperature is limited

The test time is short.

Infrared radiation heating method
This method can be
used to test higher

temperatures.

The involvement of
infrared radiation

leads to higher
results.

Convection heating method
The cost of wind

tunnel testing
is higher.

The test result is
accurate.

4.1. Heat Conduction Heating Method

At present, heat conductivity heating methods can be divided into two categories:
the steady state method, in which the sample temperature distribution does not change
with time, and the unsteady state method, in which the temperature distribution changes
with time.

4.1.1. Steady State Method

According to the second law of thermodynamics, heat will spontaneously flow from a
body with a high temperature to a body with a low temperature. The main way of heat
transfer in heat conduction heating method is heat conduction [86]. In the test sample, the
internal temperature field is generally shown as Equation (35):

T = f(x, y, z, τ) (35)

where T represents temperature, x, y and z represent corresponding axes, respectively, and
τ represents time.

The steady state method mainly includes the hot plate method and heat flux meter
method. In the steady state method, the temperature field within the sample is a steady
state temperature field, that is, the temperature does not change with time. In the sample,
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there is only one-dimensional heat transfer, so the mathematical expression of temperature
field can be simplified as shown in Equation (36):

T = f(y) (36)

For one-dimensional steady state heat transfer, heat is transferred along the direction
of temperature gradient. Fourier’s law of heat conduction can be used to calculate the
effective thermal conductivity of the materials, as shown in Equation (37):

λ =
Q× d

A(T2 − T1)
(37)

where Q is the total heat flux, d is the thickness of the sample, A is the area, T2 and T1 are
the mean temperature of the hot side and cold side of the sample, respectively.

4.1.2. Unsteady State Method

The reliability and accuracy of steady state method are ideal, but the long measurement
period is considered to be the most outstanding feature. Especially when the thermal physical
properties of insulation materials are measured, the size of the sample is generally required to
be large enough to reduce the influence of the surrounding environment [58,87]. Because the
thermal conductivity of thermal insulation materials is very low, it will take a long time
to establish a stable temperature gradient in the thickness direction of the sample, which
is more obvious when measuring at high temperature. Based on this, the unsteady state
method is widely used to measure the thermal conductivity of thermal insulation materials,
which is based on the unsteady state thermal conduction differential equation [88]. The
measurement principle is to use a contact heat source to apply a trace amount of thermal
interference to the sample, at the same time measure the temperature response of a point in
the sample to the thermal interference, and then the thermal conductivity of the material is
calculated according to the measured data. The unsteady state method mainly includes the
hot wire method, hot strip method, transient plane heat source method and so on, among
which the hot wire method is a the commonly used international standardized method for
measuring thermal conductivity [89].

At present, the unsteady state method is used to measure the thermal conductiv-
ity of aerogel nano-porous materials by most domestic and foreign scholars. However,
Zhang et al. pointed out that such measurement methods have many limitations when mea-
suring the thermal conductivity of nano-porous materials; especially when the boundary
temperature is high and the material has a low attenuation coefficient, the measurement
error is more obvious. As the hot wire method is a commonly used method, the influence
of thermal radiation on the measurement of nano-porous insulation materials by the hot
wire method is mainly introduced here.

The schematic diagram of hot wire method is shown in Figure 20 [90]. The basic
principle is to place a heating wire, namely a hot wire, in the middle of the sample with
uniform and isotropic temperature to be tested. According to the variation of sample
temperature over time, the thermal conductivity of the sample can be solved, as shown in
Equation (38):

λ =
Qd(ln τ)

4πd(θ(τ))
(38)

where λ is the thermal conductivity of the sample to be measured, Q is the heating power of
the hot wire per unit length, τ is the heating time of the hot wire, and θ(τ) is the temperature
rise of the hot wire at τ time.
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Zhang et al. pointed out that when the unsteady state methods were used to measure
the thermal conductivity of nano-porous materials, there was a problem of inconsistency
between the test theory and the actual heat transfer process. The influence of thermal
radiation on effective thermal conductivity of nano-porous thermal insulation materials
measured by hot wire method and transient plane source method is studied numerically.

The thermal conductivity measured by cross arrangement and parallel arrangement
of hot wire method is written as CHW and PHW, respectively. The thermal conductivity
measured by the transient plane source method is written as TPS. The thermal conductivity
calculated by the Rosseland formula is written as Rosseland. The thermal conductivity
obtained through the one-dimensional steady state simulation of the coupled heat transfer
process of conduction and radiation is written as 1D DOM, which is the correct effective
thermal conductivity of the material. The simulation results of the thermal conductivity
change with the extinction coefficient and temperature, as shown in Figures 21 and 22,
respectively. The results show that the error of thermal conductivity measured by the
unsteady state method decreases with the increase in the extinction coefficient, which is
because the suppression of thermal radiation is enhanced. Temperature has the opposite
effect on the measurement error, which is because the higher the temperature, the more
obvious the thermal radiation.
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4.2. Infrared Radiation Heating Method

Aerogel nano-porous materials have strong permeability to near-infrared radiation
with wavelengths of 3–8 µm at high temperature, which leads to the poor shielding ability of
aerogel at high temperature, and the thermal conductivity of aerogel increases significantly
with the increase in temperature [24]. For this reason, compared to the heat conduction
heating and convective heating methods for measuring nano-porous materials, the infrared
heating method has “extra” energy penetrating into the aerogels, resulting in higher
measurement results.

Peng et al. [91] developed a mullite fiber-reinforced alumina-silica aerogel composite,
which was heated by a quartz lamp at 1500 ◦C to verify thermal insulation performance, as
shown in Figure 23. At the same time, Liu et al. [92] also used a quartz lamp heating test to
verify the thermal insulation performance of aerogel composites.
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4.3. Convection Heating Method

The convective heating test method generally refers to the combustion-gas wind tunnel
test, through which the real environment can be simulated. Li et al. [93] designed a new
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integrated thermal protection system. The inner core layer of the system was filled with
insulating aerogel, and the thermal conductivity was obtained through the combustion-gas
wind tunnel test, as shown in Figure 24.
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mospheric re-entry wind tunnel test.

In order to simulate the real environment, the combustion-gas needs to have the
advantages of high temperature, long working time, and fast transient change. However,
there are still many shortcomings in the research on this aspect. In view of these problems,
Lou et al. [94], Li et al. [95], and many domestic and foreign scholars have conducted a
great deal of research. As shown in Figure 25, Lou et al. designed a combustion-gas wind
tunnel device based on two-stage atomization, two-stage combustion/mixing mode of
high temperature rise combustor. The ignition reliability, combustion stability, outer wall
temperature of the combustor, combustion efficiency, outlet temperature distribution coef-
ficient, radial temperature distribution coefficient, and total pressure recovery coefficient
of the device were all within a reasonable range, and the most important point is that the
combustion-gas wind tunnel device can achieve continuous, accurate, rapid and ultra-wide
linear adjustment of the combustion-gas temperature.
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Figure 25. The combustion-gas generator: (a) Structure diagram; (b) Actual picture. 1, Air equal-
izing chamber; 2, The primary combustor; 3, The secondary combustor/mixer; 12, Kerosene inlet;
13, Atomization air inlet (the first stage atomization); 14, Uniform flow orifice; 15, The primary air
inlet; 16, Atomization nozzle; 17, Air swirler; 18, Liquid trap; 19, Flame stabilizer; 20, Igniter; 21, Air
equalizing cone; 22, The secondary air inlet; 23, The two-stage atomization device.

5. Summary and Outlook

There are three models for predicting the effective thermal conductivity of aerogels
nano-porous insulation materials. Firstly, mathematical models of different heat transfer
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modes are added in the decoupling method, which is simple in form and convenient in
processing, and has been calculated by many scholars at home and abroad for the effective
thermal conductivity. Secondly, in the study of the equivalent circuit method, some regular
structures are used to characterize the nano-porous structures of aerogel materials. These
regular structures simplify the heat transfer analysis of aerogel materials, but the complex
nano-porous structure of aerogel materials is ignored. For the third method, the numerical
simulation method is used to calculate heat transfer process within the material based on
specific structures and certain boundary and initial conditions. The method is accurate
enough to take into account the influence of various factors on heat transfer. However,
the disadvantage is that the calculation is complicated and only discrete numerical results
can be obtained. It must be mentioned that no matter what method is used to predict the
effective thermal conductivity of aerogel nano-porous materials, the mathematical model
needs to be modified for the effective thermal conductivity of different aerogel materials
under different working conditions, combined with relevant experimental data.

In order to verify the accuracy of the thermal conductivity calculation model of aerogel
nano-porous materials, correct experimental data are required to modify the model. The
existing test methods are mainly divided into the heat conduction heating test method, the
infrared radiation heating test method, and the convection heating test method. Among
the thermal conductivity test methods, the hot wire method, the hot strip method, and the
transient plane source method of the unsteady state methods are widely used. However,
due to the heat transfer theory inside the material being inconsistent with the measurement
principle of the device, the unsteady state methods still have a large error when they are
used to measure the thermal conductivity of aerogel nano-porous materials. For the infrared
radiation heating method, compared with the convection heating method, the infrared
radiation heating method will have some extra energy penetrating into the material at high
temperature, which enhances the degree of radiation heat transfer inside the material, so
that the test result of the thermal conductivity of aerogel is larger.

In conclusion, although there is much literature that has studied the heat transfer
characteristics of nano-porous silica aerogel insulation materials, some issues still need
to be investigated to better reveal the heat transfer mechanism of the material: (1) Apply
suitable methods to investigate the nanoscale effect, the interface effect, as well as the
coupled heat transfer effect heat transfer on the aerogel material; (2) Accurately calculate
the nanoscale solid thermal conductivity and the total effective thermal conductivity of
nano-porous aerogel material with complex particle aggregation structures; (3) Study the
characteristics of nanoscale radiative heat transfer as well as the impact of microstructure of
the material on the nanoscale radiative heat transfer; (4) Optimize the structure design and
preparation of aerogel material on the guide of the heat transfer mechanism of the material.
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