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the conductivity of VIPs. The effects of the aerogel density (50~150 kg·m-3) and the fiber content (0~20 vol.%) on the thermal 
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1. Introduction 

VIP is a type of promising building insulation materials, with extremely low thermal conductivity (as low as 3.0 
mW·m-1·K-1), which have already been extensively applied in insulating refrigerators, cold storages and building 
envelopes [1]. Compared with conventional insulation materials, such as expanded polystyrene (EPS) [2], 
polyurethane (PU) [3] and glass wool, VIPs achieve thermal conductivity of 6~10 times lower [4]. Similarly to most 
porous materials, thermal transport within VIP is conducted via solid conduction, gas conduction and radiation 
conduction. Among these three modes of heat transfer, gas conduction is negligible in VIP, which enables VIP to owe 
an ultralow thermal conductivity. According to Kwon et al. [5], the gas thermal conductivity in porous materials is a 
function of pore size and inner pressure. In their reports, decreasing the pore size or/and gas pressure are efficient ways 
to decrease the gas thermal conductivity. However, the increase of the gas pressure happens inevitably when the gas 
from the outside and core materials themselves permeates into the inner side of VIPs all the time. Therefore, decreasing 
the pore size should be the only way to ensure a relatively low thermal conductivity with the increase of gas pressure. 

As far as we best known, silica aerogels have nano and meco pore structure and the greater ability to maintain lower 
thermal conductivity at higher pressure [6, 7], and thereby it is by far considered as the best material for vacuum 
insulation panels [8]. However, silica aerogel has high price and low mechanical strength, which impede its 
applications in VIPs. The high cost has been cut down largely and currently lower to about 10 $/m2 via advanced 
preparation technics [9]. The mechanical properties could also be strengthened by adding reinforcing fibers, with 
compressive strength increasing from 0.1 to 2 MPa after adding 3.0 wt.% glass fiber [10]. Therefore, the fiber/aerogel 
composite would be a promising core material for VIPs to obtain mechanical enhancement and relatively long-term 
low thermal conductivity. For the VIPs with aerogel composite cores, the aerogel density and the fiber content are two 
key parameters that influence the thermal performance at the gas pressure of 1~104 Pa. Xie et al. [11] theoretically 
studied the effect of aerogel density on the thermal conductivity of the aerogel. The results indicated that the lowest 
thermal conductivity under ambient condition reached its minimum when aerogel density was about 120 kg·m-3. Yang 
et. al [12] theoretically predicted the effect of fiber content on the thermal conductivity of the fiber/aerogel composite, 
which showed that the minimum thermal conductivity was 17.5 mW·m-1·K-1 when the fiber content was 2.3 vol.% at 
atmospheric pressure.  

The objective of the present work is thus to systematically investigate the influence of the aerogel density and the 
fiber content on the thermal conductivity of the proposed VIPs with aerogel composite cores. Firstly, the preparation 
of the VIPs with aerogel composite cores is introduced. Then, the theoretical models of predicting the conductivity are 
developed to study the effects of the aerogel density or/and the fiber content on the thermal conductivity. Finally, the 
minimum thermal conductivity in various gas pressures are achieved by optimizing the fiber content. 

2. Theoretical Methods Of Thermal Conductivity Of VIPs With Aerogel Composite Cores 

A one-dimensional steady state heat transfer model is used to describe the thermal conductivity of the VIPs with 
aerogel composite cores (Figure 1) and expressed by 

�� = −λ���
��
��                                                                                                                                

(1) 
where Qv and Av are the total heat flux and the area of the VIPs respectively, dt/dx is the directional derivative of 
temperature. As the heat flux through barrier envelop and aerogel composite cores are included. In this model, λv can 
be calculated by 

λ� = ��
�� ��
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where dv, and Rv are the thickness and the thermal resistance of the VIPs respectively, Rv can be obtained by 
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Fig. 1. Heat flux and thermal resistance of VIPs 
where Rm1~Rm6 is the thermal resistance of the barrier envelope, Rt is the thermal resistance of the aerogel composite 
core, as shown in Figure 1. 

Due to the nano and meso pore structure of the aerogel composite, the gas is restricted, and hence the heat transfer 
due to gas conduction can be neglected. Therefore, λt can be calculated by the sum of solid-gas coupled conductive 
(λc) and radiative thermal conductivity (λr). The gas-solid conductive thermal conductivity of the aerogel composite 
is a combination of aerogel conductive thermal conductivity (λa) and the fiber conductive thermal conductivity (λf). 
Because the fiber in the aerogel composite are predominantly oriented normal to the direction of heat transfer, λc can 
be predicted by the Hamilton model [13] 
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where n is the shape factor, vf is the fiber volume fraction of aerogel composite,λa is a function of aerogel geometric 
structure and can be calculated by an intersecting spheres model [14] 
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where q is the contact diameter of the adjacent silica spheres, β= q/s (s is the small sphere diameter), L is the length 
of the cubic array unit, and np is the number of small spheres on each rod, g=1-λg/λs, λs is the solid-phase thermal 
conductivity of aerogel, λg is the gas-phase thermal conductivity of aerogel and can be expressed as [14]    

λ� = �0.����−0.5

0.�5�� �� �� + 4.01 × 104��−1
                                                                                                                   (6) 

where P is the gas pressure, T is the temperature, Sa is the specific surface area of aerogel, ρa is aerogel density, φa is
the aerogel porosity. 

Since aerogel composite is optically thick, λr can be calculated by Rosseland equation [15] 
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where T is temperature, σ is Stefan–Boltzmann constant, nt is temperature dependent total refractive index, and βe is 
Rosseland mean extinction coefficient. The spectral extinction coefficient is the sum of the aerogel and fiber (βλf), 
βλf is a function of extinction efficiency (Qeλ), which can be calculated by Mie scattering theory [15] for infinitely 
cylinders 



 Yuying Liang  et al. / Procedia Engineering 205 (2017) 2855–2862 2857
2 Yuying Liang et al. / Procedia Engineering 00 (2017) 000–000

1. Introduction 

VIP is a type of promising building insulation materials, with extremely low thermal conductivity (as low as 3.0 
mW·m-1·K-1), which have already been extensively applied in insulating refrigerators, cold storages and building 
envelopes [1]. Compared with conventional insulation materials, such as expanded polystyrene (EPS) [2], 
polyurethane (PU) [3] and glass wool, VIPs achieve thermal conductivity of 6~10 times lower [4]. Similarly to most 
porous materials, thermal transport within VIP is conducted via solid conduction, gas conduction and radiation 
conduction. Among these three modes of heat transfer, gas conduction is negligible in VIP, which enables VIP to owe 
an ultralow thermal conductivity. According to Kwon et al. [5], the gas thermal conductivity in porous materials is a 
function of pore size and inner pressure. In their reports, decreasing the pore size or/and gas pressure are efficient ways 
to decrease the gas thermal conductivity. However, the increase of the gas pressure happens inevitably when the gas 
from the outside and core materials themselves permeates into the inner side of VIPs all the time. Therefore, decreasing 
the pore size should be the only way to ensure a relatively low thermal conductivity with the increase of gas pressure. 

As far as we best known, silica aerogels have nano and meco pore structure and the greater ability to maintain lower 
thermal conductivity at higher pressure [6, 7], and thereby it is by far considered as the best material for vacuum 
insulation panels [8]. However, silica aerogel has high price and low mechanical strength, which impede its 
applications in VIPs. The high cost has been cut down largely and currently lower to about 10 $/m2 via advanced 
preparation technics [9]. The mechanical properties could also be strengthened by adding reinforcing fibers, with 
compressive strength increasing from 0.1 to 2 MPa after adding 3.0 wt.% glass fiber [10]. Therefore, the fiber/aerogel 
composite would be a promising core material for VIPs to obtain mechanical enhancement and relatively long-term 
low thermal conductivity. For the VIPs with aerogel composite cores, the aerogel density and the fiber content are two 
key parameters that influence the thermal performance at the gas pressure of 1~104 Pa. Xie et al. [11] theoretically 
studied the effect of aerogel density on the thermal conductivity of the aerogel. The results indicated that the lowest 
thermal conductivity under ambient condition reached its minimum when aerogel density was about 120 kg·m-3. Yang 
et. al [12] theoretically predicted the effect of fiber content on the thermal conductivity of the fiber/aerogel composite, 
which showed that the minimum thermal conductivity was 17.5 mW·m-1·K-1 when the fiber content was 2.3 vol.% at 
atmospheric pressure.  

The objective of the present work is thus to systematically investigate the influence of the aerogel density and the 
fiber content on the thermal conductivity of the proposed VIPs with aerogel composite cores. Firstly, the preparation 
of the VIPs with aerogel composite cores is introduced. Then, the theoretical models of predicting the conductivity are 
developed to study the effects of the aerogel density or/and the fiber content on the thermal conductivity. Finally, the 
minimum thermal conductivity in various gas pressures are achieved by optimizing the fiber content. 

2. Theoretical Methods Of Thermal Conductivity Of VIPs With Aerogel Composite Cores 

A one-dimensional steady state heat transfer model is used to describe the thermal conductivity of the VIPs with 
aerogel composite cores (Figure 1) and expressed by 

�� = −λ���
��
��                                                                                                                                

(1) 
where Qv and Av are the total heat flux and the area of the VIPs respectively, dt/dx is the directional derivative of 
temperature. As the heat flux through barrier envelop and aerogel composite cores are included. In this model, λv can 
be calculated by 

λ� = ��
�� ��

 
                                                                                                                                                (2) 

where dv, and Rv are the thickness and the thermal resistance of the VIPs respectively, Rv can be obtained by 

 Yuying Liang et al. / Procedia Engineering 00 (2017) 000–000 3 

�� = ��1 + ��� + 1
1
��

+ 1
���

+ 1
��4

+ 1
��5

+ 1
���                                                                                            (3) 

Fig. 1. Heat flux and thermal resistance of VIPs 
where Rm1~Rm6 is the thermal resistance of the barrier envelope, Rt is the thermal resistance of the aerogel composite 
core, as shown in Figure 1. 

Due to the nano and meso pore structure of the aerogel composite, the gas is restricted, and hence the heat transfer 
due to gas conduction can be neglected. Therefore, λt can be calculated by the sum of solid-gas coupled conductive 
(λc) and radiative thermal conductivity (λr). The gas-solid conductive thermal conductivity of the aerogel composite 
is a combination of aerogel conductive thermal conductivity (λa) and the fiber conductive thermal conductivity (λf). 
Because the fiber in the aerogel composite are predominantly oriented normal to the direction of heat transfer, λc can 
be predicted by the Hamilton model [13] 

λ� =  λ� λ�⁄ + �� − 1� + �� − 1��λ� λ�⁄ − 1� ��
λ� λ�⁄ + �� − 1� + �λ� λ�⁄ − 1� ��

λ�
                                                                             (4) 

where n is the shape factor, vf is the fiber volume fraction of aerogel composite,λa is a function of aerogel geometric 
structure and can be calculated by an intersecting spheres model [14] 

Ln
q

L
sgn

sgn
L

Lgn
s

p

sp

pp

g
a 1.1

)11ln(1
2

22 λββ
πλ

λ +











−−−−−= g

gp

L
s

gsL
gqL

gs
L

Lg
n

λβ
πλ 2)1()ln1(

s)1(
−+

−
−+−

−
+

           (5)
                        
where q is the contact diameter of the adjacent silica spheres, β= q/s (s is the small sphere diameter), L is the length 
of the cubic array unit, and np is the number of small spheres on each rod, g=1-λg/λs, λs is the solid-phase thermal 
conductivity of aerogel, λg is the gas-phase thermal conductivity of aerogel and can be expressed as [14]    

λ� = �0.����−0.5

0.�5�� �� �� + 4.01 × 104��−1
                                                                                                                   (6) 

where P is the gas pressure, T is the temperature, Sa is the specific surface area of aerogel, ρa is aerogel density, φa is
the aerogel porosity. 

Since aerogel composite is optically thick, λr can be calculated by Rosseland equation [15] 

e

t
r

Tn
β
σ

λ
3

16 32

=                                                                                                                                                          (7) 

where T is temperature, σ is Stefan–Boltzmann constant, nt is temperature dependent total refractive index, and βe is 
Rosseland mean extinction coefficient. The spectral extinction coefficient is the sum of the aerogel and fiber (βλf), 
βλf is a function of extinction efficiency (Qeλ), which can be calculated by Mie scattering theory [15] for infinitely 
cylinders 



2858 Yuying Liang  et al. / Procedia Engineering 205 (2017) 2855–28624 Yuying Liang et al. / Procedia Engineering 00 (2017) 000–000

( ) 






 +++= 
∞

=
ΙΠΙΠ

1
00 )(2aRe1

n
nne bab

x
Q λ                                                                                                            (8) 

where Re indicates the real part, x is the size factor defined as πdo/λ, an and bn are Mie coefficients, which is a function 
of complex refractive index (m). The complex refractive index (or optical constant) consists of the refractive index 
and absorption index [16], which indicate the scattering and absorption capabilities, respectively. During the 
predations, the complex refractive index of the fused silica fiber refers to Ref. [12].  

3. Validations of theoretical methods 

3.1. Comparison of thermal conductivity based on experimental measurements 

Fiber felt/silica aerogel composite was firstly prepared through dried technique at atmospheric pressure . The as-
prepared aerogel composite cores with size of 320×420×6 mm were then put into barrier envelope of multilayer 
membrane, and evacuated by using a vacuum packaging apparatus (DZD-800/2S, Nantong Tengyue Co. Ltd., China), 
as shown in Figure 2. 

Fig. 2. Schematic of preparation for VIPs with aerogel composite cores 

The thermal conductivity of the aerogel composite core was measured using a steady state plate method by a thermal 
conductivity TA instrument (FOX314, ±1% accuracy) (Figure 3a) according to the ASTM standard C518-10. Figure 
3(b) shows the comparison of the predicted and the experimental thermal conductivity of the aerogel composite core. 
It can be observed that the experimental value of the aerogel composite core is 13.9±1.4 mW·m-1·K-1 at atmospheric 
pressure, which is 6% smaller than the predicted one.  

 
 

Fig. 3. (a) Measurement of thermal conductivity, (b) comparison of predicted and measured thermal conductivity 
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3.2. Comparison of thermal conductivity for various pressures and fiber content  

Figure 4(a) shows the comparison of the thermal conductivity of the silica aerogel for various pressure of 10~105

Pa between the predictive method in this study and the experiment done by Wei et al. [17]. The density of the aerogel 
was 114 kg·m-3 and the temperature was 300 K. Figure 4(b) shows the comparison of the thermal conductivity of the 
aerogel composite for various fiber content of 14.0~28.0 wt.% between the predicted results and the experimental 
ones by Shi et al. [18]. The density was 142 kg·m-3 and the temperature was 300 K under the pressure of 1.01×105 Pa. 
It indicates that the thermal conductivity was increased stably from 23.1 to 28.6 mW·m-1·K-1 as the fiber mass fraction 
was increased from 14.0 to 28.0 wt.%. As a summary, the predicted thermal conductivity in this study are agreed well 
with the experimental results. Therefore, the theoretical models are reliable to predict the thermal conductivity. 

Fig.4. Comparisons of the predicted and the measured thermal conductivity. (a) For various pressure [15], (b) for various fiber content [16]

4. Results and discussion  

4.1. Effect of aerogel density on thermal conductivity of VIPs with aerogel composite cores  

The thermal conductivity of aerogel composite and its VIPs (viz., λv, λt, λc and λr) for various aerogel densities 
(50~150 kg·m-3) at gas pressure of 1, 103 and 105 Pa are shown in Figure 5(a)~(c) respectively. The fiber content and 
temperature were preset at 3.0 wt.% and 300 K. It can be observed that λr is very low (under 1.0 mW·m-1·K-1), and 
decreases with the increase of aerogel density. As a comparison, the three other kinds of thermal conductivities is 
relatively high, and increases with the increase of aerogel density at pressure of 1 and 103 Pa. But at 105 Pa, with the 
increase of aerogel density λv decreases firstly and then increases, which exists a minimum thermal conductivity (λmin)
of 15.8 mW·m-1·K-1 at the aerogel density of 75.0 kg·m-3. It can be deduced that λmin should be existed at the 
atmospheric pressure when the increase of λc is compatible with the decrease of λr.

Fig.5. Thermal conductivity for various aerogel densities. (a) 1 Pa, (b) 103 Pa, (c) 105 Pa 



 Yuying Liang  et al. / Procedia Engineering 205 (2017) 2855–2862 28594 Yuying Liang et al. / Procedia Engineering 00 (2017) 000–000

( ) 






 +++= 
∞

=
ΙΠΙΠ

1
00 )(2aRe1

n
nne bab

x
Q λ                                                                                                            (8) 

where Re indicates the real part, x is the size factor defined as πdo/λ, an and bn are Mie coefficients, which is a function 
of complex refractive index (m). The complex refractive index (or optical constant) consists of the refractive index 
and absorption index [16], which indicate the scattering and absorption capabilities, respectively. During the 
predations, the complex refractive index of the fused silica fiber refers to Ref. [12].  

3. Validations of theoretical methods 

3.1. Comparison of thermal conductivity based on experimental measurements 

Fiber felt/silica aerogel composite was firstly prepared through dried technique at atmospheric pressure . The as-
prepared aerogel composite cores with size of 320×420×6 mm were then put into barrier envelope of multilayer 
membrane, and evacuated by using a vacuum packaging apparatus (DZD-800/2S, Nantong Tengyue Co. Ltd., China), 
as shown in Figure 2. 

Fig. 2. Schematic of preparation for VIPs with aerogel composite cores 

The thermal conductivity of the aerogel composite core was measured using a steady state plate method by a thermal 
conductivity TA instrument (FOX314, ±1% accuracy) (Figure 3a) according to the ASTM standard C518-10. Figure 
3(b) shows the comparison of the predicted and the experimental thermal conductivity of the aerogel composite core. 
It can be observed that the experimental value of the aerogel composite core is 13.9±1.4 mW·m-1·K-1 at atmospheric 
pressure, which is 6% smaller than the predicted one.  

 
 

Fig. 3. (a) Measurement of thermal conductivity, (b) comparison of predicted and measured thermal conductivity 

 Yuying Liang et al. / Procedia Engineering 00 (2017) 000–000 5 

3.2. Comparison of thermal conductivity for various pressures and fiber content  

Figure 4(a) shows the comparison of the thermal conductivity of the silica aerogel for various pressure of 10~105

Pa between the predictive method in this study and the experiment done by Wei et al. [17]. The density of the aerogel 
was 114 kg·m-3 and the temperature was 300 K. Figure 4(b) shows the comparison of the thermal conductivity of the 
aerogel composite for various fiber content of 14.0~28.0 wt.% between the predicted results and the experimental 
ones by Shi et al. [18]. The density was 142 kg·m-3 and the temperature was 300 K under the pressure of 1.01×105 Pa. 
It indicates that the thermal conductivity was increased stably from 23.1 to 28.6 mW·m-1·K-1 as the fiber mass fraction 
was increased from 14.0 to 28.0 wt.%. As a summary, the predicted thermal conductivity in this study are agreed well 
with the experimental results. Therefore, the theoretical models are reliable to predict the thermal conductivity. 

Fig.4. Comparisons of the predicted and the measured thermal conductivity. (a) For various pressure [15], (b) for various fiber content [16]

4. Results and discussion  

4.1. Effect of aerogel density on thermal conductivity of VIPs with aerogel composite cores  

The thermal conductivity of aerogel composite and its VIPs (viz., λv, λt, λc and λr) for various aerogel densities 
(50~150 kg·m-3) at gas pressure of 1, 103 and 105 Pa are shown in Figure 5(a)~(c) respectively. The fiber content and 
temperature were preset at 3.0 wt.% and 300 K. It can be observed that λr is very low (under 1.0 mW·m-1·K-1), and 
decreases with the increase of aerogel density. As a comparison, the three other kinds of thermal conductivities is 
relatively high, and increases with the increase of aerogel density at pressure of 1 and 103 Pa. But at 105 Pa, with the 
increase of aerogel density λv decreases firstly and then increases, which exists a minimum thermal conductivity (λmin)
of 15.8 mW·m-1·K-1 at the aerogel density of 75.0 kg·m-3. It can be deduced that λmin should be existed at the 
atmospheric pressure when the increase of λc is compatible with the decrease of λr.

Fig.5. Thermal conductivity for various aerogel densities. (a) 1 Pa, (b) 103 Pa, (c) 105 Pa 
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4.2. Effect of fiber content on thermal conductivity of VIPs with aerogel composite cores 

The thermal conductivities of aerogel composite and its VIPs (viz., λv, λt, λc and λr) for various fiber contents 
(0~20.0 vol.%) at pressure of 1, 103 and 105 Pa are shown in Figure 6(a)~(c) respectively. The aerogel density and 
temperature were preset at 110 kg·m-3 and 300 K. It can be observed that λc increases linearly with the increase of 
fiber content. As a comparison, λr decreases with the increase of fiber content, and the decrease is considerable at the 
first 2.0 wt.%. As a results, λv decreases firstly and then increases with the increase of fiber content, which is existed 
a minimum thermal conductivity. Here an optimized fiber content (vopt) is defined as the fiber content at which λv
reaches its minimum. At pressure of 1, 103 and 105 Pa, λmin are 3.9, 4.1 and 16.0 mW·m-1·K-1 respectively, and vopt are 
6.6, 6.3 and 2.3 vol.% respectively. This means that with the increase of the fiber content, λmin increases while vopt
decreases. 

Fig.6. Thermal conductivity for various fiber contents. (a) 1 Pa, (b) 103 Pa, (c) 105 Pa 

4.3. Optimizing thermal conductivities of VIPs for building applications 

Figure 7(a) shows the optimizing results for the aerogel density of 80 kg·m-3. When the gas pressure increases from 
0.1 to 105 Pa, λmin increases from 2.8 to 15.8 mW·m-1·K-1, while vopt decreases from 9.2 to 2.8 vol.%. Overall, it can 
be showed that the λmin increases with the gas pressure increased, while the vopt decreases. As a comparison, Fig. 7(b) 
gives the comparisons of the optimizing thermal conductivities and the fiber contents between the aerogel density of 
110 kg·m-3. When the pressure increases from 0.1 to 105 Pa, λmin increases from 3.9 to 16.0 mW·m-1·K-1, while vopt
decreases from 6.6 to 2.3 vol. %. 

Fig.7. Comparison of optimizing results. (a) At 80 kg·m-3, (b) 110 kg·m-3 

 

We also noted that a low thermal conductivity less than 11.5 mW·m-1·K-1 could be obtained at internal gas pressures 
of 0~0.5 atm (atmosphere). It is because the existing of the nano and meso pore structure of silica aerogel composites 
is of great benefit to restrict gas conduction, and thereby decelerate the increase of total thermal conductivity. 
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5. Conclusions 

This study firstly prepared VIPs with aerogel composite cores using a drying technique at atmospheric pressure and 
a vacuum packaging apparatus. Then, a theoretical predictive method has been established to investigate the effect of 
aerogel density and fiber content on the thermal conductivity. The predicted thermal conductivity of aerogel composite 
cores agreed well with the measured data. With the increase of pressure from 0.1 to 105 Pa and the aerogel density of 
110 kg·m-3, the minimum thermal conductivity increases from 3.9 to 16.0 mW·m-1·K-1, while the optimized fiber 
content decreases from 6.6 to 2.3 vol.%. A low thermal conductivity of aerogel composite VIP with 3.9 mW·m-1·K-1

was obtained through optimizing fiber content at the pressure below 103 Pa. A low thermal conductivity less than 11.5 
mW·m-1·K-1 could be obtained at internal pressures of 0~0.5 atm, which can significantly benefit the use the VIPs in 
building applications.  
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4.2. Effect of fiber content on thermal conductivity of VIPs with aerogel composite cores 

The thermal conductivities of aerogel composite and its VIPs (viz., λv, λt, λc and λr) for various fiber contents 
(0~20.0 vol.%) at pressure of 1, 103 and 105 Pa are shown in Figure 6(a)~(c) respectively. The aerogel density and 
temperature were preset at 110 kg·m-3 and 300 K. It can be observed that λc increases linearly with the increase of 
fiber content. As a comparison, λr decreases with the increase of fiber content, and the decrease is considerable at the 
first 2.0 wt.%. As a results, λv decreases firstly and then increases with the increase of fiber content, which is existed 
a minimum thermal conductivity. Here an optimized fiber content (vopt) is defined as the fiber content at which λv
reaches its minimum. At pressure of 1, 103 and 105 Pa, λmin are 3.9, 4.1 and 16.0 mW·m-1·K-1 respectively, and vopt are 
6.6, 6.3 and 2.3 vol.% respectively. This means that with the increase of the fiber content, λmin increases while vopt
decreases. 

Fig.6. Thermal conductivity for various fiber contents. (a) 1 Pa, (b) 103 Pa, (c) 105 Pa 

4.3. Optimizing thermal conductivities of VIPs for building applications 

Figure 7(a) shows the optimizing results for the aerogel density of 80 kg·m-3. When the gas pressure increases from 
0.1 to 105 Pa, λmin increases from 2.8 to 15.8 mW·m-1·K-1, while vopt decreases from 9.2 to 2.8 vol.%. Overall, it can 
be showed that the λmin increases with the gas pressure increased, while the vopt decreases. As a comparison, Fig. 7(b) 
gives the comparisons of the optimizing thermal conductivities and the fiber contents between the aerogel density of 
110 kg·m-3. When the pressure increases from 0.1 to 105 Pa, λmin increases from 3.9 to 16.0 mW·m-1·K-1, while vopt
decreases from 6.6 to 2.3 vol. %. 

Fig.7. Comparison of optimizing results. (a) At 80 kg·m-3, (b) 110 kg·m-3 

 

We also noted that a low thermal conductivity less than 11.5 mW·m-1·K-1 could be obtained at internal gas pressures 
of 0~0.5 atm (atmosphere). It is because the existing of the nano and meso pore structure of silica aerogel composites 
is of great benefit to restrict gas conduction, and thereby decelerate the increase of total thermal conductivity. 
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5. Conclusions 

This study firstly prepared VIPs with aerogel composite cores using a drying technique at atmospheric pressure and 
a vacuum packaging apparatus. Then, a theoretical predictive method has been established to investigate the effect of 
aerogel density and fiber content on the thermal conductivity. The predicted thermal conductivity of aerogel composite 
cores agreed well with the measured data. With the increase of pressure from 0.1 to 105 Pa and the aerogel density of 
110 kg·m-3, the minimum thermal conductivity increases from 3.9 to 16.0 mW·m-1·K-1, while the optimized fiber 
content decreases from 6.6 to 2.3 vol.%. A low thermal conductivity of aerogel composite VIP with 3.9 mW·m-1·K-1

was obtained through optimizing fiber content at the pressure below 103 Pa. A low thermal conductivity less than 11.5 
mW·m-1·K-1 could be obtained at internal pressures of 0~0.5 atm, which can significantly benefit the use the VIPs in 
building applications.  
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