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Summary

Vacuum insulation panels (VIP) are usually manufactured using standardized

manufacturing processes based on empirical values and in most cases with any

fumed silica as the main component of the core material. However, not all

applications have the same requirements in terms of thermal conductivity and

service life. Therefore, it is useful to adapt the kind of core materials and their

product specifications, such as particle size and porosity, to the different appli-

cations. Furthermore, in some applications cheaper core materials, like precip-

itated silica, would be a reasonable alternative. To replace the time-consuming

series of measurements for this purpose, this work offers comprehensive

parameter studies to determine the optimum product properties of precipitated

silica, fumed silica, silica gel, and glass spheres for use in the building sector,

in transport boxes, as a superinsulation at atmospheric pressure, and as a

switchable VIP. As a result, not only the preferred materials but also their

porosities and particle sizes are presented. For atmospheric pressure and con-

struction applications, fumed silica has to be preferred. For the transport sector

and switchable VIPs as well as certain special applications, precipitated silica

and silica gel may well be reasonable alternatives.
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1 | INTRODUCTION

In times of climate change, efficient thermal insulation
that is precisely tailored to the various applications is
essential. The aim is not only to reduce the heat flux as
much as possible but also to save space. With the goal to
generate more usable volume in homes, transport boxes,
heat storage units, or any other conceivable application,
so-called superinsulations are becoming increasingly pop-
ular.1 They are characterized by the fact that their

thermal conductivities are lower than that of resting air,2

that is, less than 0:026 W
mK. The most common superinsu-

lations are vacuum insulation panels (VIP) and aerogels.
The most widely used core material for VIPs is fumed sil-
ica.3 However, since this material is very expensive and
thus increases the overall price of the insulation, scien-
tists are searching for viable alternatives.4 For this pur-
pose, inexpensive filler materials5 or even waste
materials6 are added to the fumed silica to lower the
price. However, alternative materials such as foams7 or
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fibers8 are also being investigated and used in some
cases.9 Silica aerogel is the most promising material for
atmospheric pressure superinsulation and is therefore
intensively studied.10 However, it is very high price
makes it uneconomical for many applications. Therefore,
this work also investigates alternative silica-based mate-
rials that may represent a cost advantage over tradition-
ally used materials for both vacuum and atmospheric
pressure applications. Glass fiber-based VIP cores are also
a low-cost silica-based alternative.

They are primarily used for short-term applications.
However, since the calculation models used in this work
refer to particulate systems only, glass-fiber-based VIPs
are not discussed. In addition to the physical and techni-
cal requirements, there is growing interest in sustain-
able11 or oil-free alternative materials.12 Insulation
materials based on amorphous silica, such as fumed
or precipitated silica, silica gel (silica xerogel), or some-
times even glass spheres can optimally meet these
requirements. On the other hand, it is known from Resa-
lati et al13 that especially fumed silica has a very high
environmental impact due to its energy-intensive produc-
tion. Therefore, this work examines also alternative
silica-based materials in more detail and, for the first
time, recommendations are given for their product prop-
erties to be targeted for the various applications of
superinsulations.

By definition, a superinsulator can only exist due to
the so-called Knudsen effect. It states that the thermal
conductivity of a gas, for example, in the pore of an insu-
lating material, decreases significantly when the mean
free path of the gas molecules becomes larger than the
surrounding space, that is, the pore. The ratio of the
mean free path length L to the size of the void space x is
therefore called Knudsen number Kn. To achieve a signif-
icant reduction in thermal conductivity, either the gas
pressure can be reduced or the pore size can be
decreased. This effect is used, for example, in vacuum
insulation panels. Here, porous, open-pore core material
is formed into a panel shape and sealed under a vacuum
using a barrier film. In some materials, such as some
kinds of silica, the Knudsen effect is already achieved at
atmospheric pressure, since at least some of the pores are
of the same size as the mean free path of air molecules
(approx. 68 nm). Although this fundamental relationship
is clear since Knudsen,14 the applicability of the corre-
sponding analytical calculation models for real porous
media is not yet fully understood.15 Heat transfer in
porous media is mainly composed of three mechanisms:
gas thermal conductivity λg, solid thermal conductivity λs,
and radiation λr. Moreover, a coupling λc between the
above mechanisms must be considered which strongly
depends on the microstructure of the materials. In

particular, the ratio between gas thermal conductivity
and the resulting coupling with the solid phase is difficult
to capture for chaotic structures. It depends on the Knud-
sen number and can make the largest overall contribu-
tion to the total heat transfer. There are many different
calculation models, especially for the gas and coupling
contribution in the literature some of which give very dif-
ferent results.

Therefore, in their last publication,16 the authors pre-
sented a selection guide for such models specifically for
the material groups fumed silica (FS), precipitated silica
(PS), silica gel (SG), and glass spheres (GS). From a total
of 2800 possible combinations of analytical models for
the calculation of the effective thermal conductivity and
the gas thermal conductivity, the one with the best agree-
ment with the measurement results was determined.
Thus, it is possible to predict the gas pressure-dependent
thermal conductivity for the mentioned substances with
an average deviation of about 10% without any parameter
adjustment or fitting. As input parameters, the thermal
conductivities of the two phases (solid λp and gas λg), the
porosity ϕ, the mean particle size D, and the pore size
distribution ddist are required. To be able to predict the
thermal conductivity of potential insulation materials as
reliably as possible using analytical methods, the correct
models must be used. Combining these gas thermal con-
ductivity models with common ones for solid conductiv-
ity and radiation, it is possible to determine the optimal
product specifications of fictitious silica-based core mate-
rials for different requirements.

Contrary to a large number of calculation models for
the different heat transfer mechanisms in general, there
are not many attempts in the literature to predict the gas
pressure-dependent thermal conductivity in a product-
specific way. Verma et al17 used numerical methods to
predict the effective thermal conductivity of perlite with
different product specifications. They were able to classify
the result between the two ideal cases “hexagonal pack-
ing” and “simple cubic packing.” Rottmann et al18 also
developed a model for perlite. They used several fitting
parameters to get a good agreement with measurements
between 293 and 1073 K. Bi et al19 present a model spe-
cifically for aerogels which, taking into account porosity
and particle size, provides good agreement with mea-
sured values. Generally, the research activity in the field
of aerogels is very strong. Singh et al20 describe the heat
transfer mechanisms in different fumed silica. However,
neither the density nor the particle size is taken into
account when calculating the gas contribution. In this
respect, the present paper shows clear advantages. Thus,
for the first time, the various calculation models and
input parameters can be optimally assigned to the mate-
rials mentioned to precisely investigate the influences of
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the different product specifications. For this purpose,
parameter studies are presented in which the gas
pressure-dependent thermal conductivity is calculated for
the mentioned materials as a function of particle size and
porosity. The results are evaluated according to different
criteria for the applications: VIPs for the building sector,
VIPs for transport boxes, atmospheric pressure superin-
sulations, and switchable VIPs. Finally, recommenda-
tions are made for optimal product properties for the
production of tailor-made VIPs or superinsulations.

2 | CALCULATION METHODS

First, the calculation methods for determining the indi-
vidual heat transfer components and finally the models
used for the effective thermal conductivity will be pre-
sented. The calculation procedure differs for all materials.
This will be explained in more detail below. All calcula-
tions, as well as the measurements, are performed at a
constant mean temperature of 30�C. Furthermore, dry
gases with zero humidity are used.

2.1 | Gas thermal conductivity

For the calculation of the thermal conductivity of a
Knudsen gas the common equation according to Prasolov
is used.21 It is shown in Equation (1) where λ0 is the ther-
mal conductivity of the gas at atmospheric conditions, β
is a dimensionless factor, and Kn is the Knudsen number.

λg ¼ λ0
1þβKn

ð1Þ

The Knudsen number is the ratio between the mean free
path of gas molecules L and a characteristic geometric
quantity x Kn¼ L

x

� �
. The mean free path can be calculated

using Equation (2).

L¼ k Tffiffiffi
2

p
π d2kin p

ð2Þ

The selection of the geometric size x, on the other
hand, raises some questions. Therefore, in the previous
study16 it was investigated which measured values should
be used for the individual material classes to obtain the
most realistic results. The pore size, pore size distribu-
tion, and different particle sizes are available for selec-
tion, each with and without various corrections. Another
controversial topic is the calculation of the dimensionless
factor β. Most promising calculation methods for

different material classes could be determined as favorites
in the preliminary study and can now be used
accordingly.

2.1.1 | Pore size distribution

For many materials it has proven to make sense to con-
sider the pore size distribution for the geometric parameter
x in Equation (1). For this purpose, an individual thermal
conductivity is calculated for each pore size that occurs
and summed up over its volume fraction. In parameter
studies, however, this is difficult to implement, since the
pore size distribution is inseparably related to the porosity
and the particle size. Nevertheless, to be able to work with
distributions, a method is used to determine the pore size
distribution of a certain sample with a certain particle size
as a function of the porosity. For this purpose, only one
measurement curve recorded with mercury intrusion por-
osimetry (MIP) at any porosity is required. Mechanical
compaction of the powders does not affect all pore sizes
equally. Logically, the largest pores disappear first. Investi-
gations on samples compressed to different porosities have
shown that the pores below a certain limit are not affected
at all or only very slightly by the mechanical compaction.
For clarification, the pore size distributions of the same
precipitated silica which was compressed to different
degrees are shown in Figure 1.

The threshold value up to which the pores are influ-
enced by mechanical compression is related to the smal-
lest particle unit connected by real material bridges.
Therefore, the aggregate size is a good guide value for the
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FIGURE 1 Pore size distributions measured with mercury

intrusion porosimetry of the same precipitated silica sample which

was treated with different amounts of pressure beforehand
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materials investigated here. To calculate the pore size dis-
tribution as a function of porosity, the measured relative
pore size distribution ΔV

V ϕ1ð Þ at arbitrary porosity ϕ1 is
used as a basis. Then, a pore size x0 is chosen below
which no influence of compression on the pores is
assumed. Initially, the aggregate size can be used here.
To determine the relative pore size distribution δV

V ϕ2ð Þ
Equation 3 is applied for all pore size fractions x < x0
while for all x > x0 Equation 4 can be used.

ΔV
V

x < x0,ϕ2ð Þ¼ΔV
V

ϕ1ð Þ�ϕ1

φ� ð3Þ

ΔV
V

x > x0,ϕ2ð Þ¼ ΔV
V

ϕ1ð Þ�ϕ1�Fϕ� ΔV
V

ϕ1ð Þ�ϕ1

 

� C1b
106 x�x0ð Þ

!
ð4Þ

Here, ΔV
V is the relative volume fraction of a given pore

size fraction x, ϕ1 is the original porosity of the measured
sample, ϕ2 is the porosity to be calculated, C1 is the rela-
tive volume fraction of the pore size fraction x0, and
b = 10�4. Factor F is fitted with the conditionP ΔV

V ϕ2ð Þ¼P ΔV
V ϕ1ð Þ. The ratio ϕ* can be called appar-

ent porosity and is calculated via Equation (5).

ϕ� ¼ϕ2 1�ϕ1ð Þ
1�ϕ2ð Þ ð5Þ

This method works only for
P ΔV

V x < x0,ϕ2ð Þ<P ΔV
V ϕ1ð Þ.

If this condition is only slightly missed, a smaller x0 can

possibly be chosen. In the present work, the following
values for x0 were found to be useful: fumed silica
(x0 = 70 nm), precipitated silica (x0 = 100 nm), and silica
gel (x0 = 200 nm). The pore size distributions of precipi-
tated silica with porosities between 0.8 and 0.98 result
from Equations (3) and (4) are shown as an example in
Figure 2. For glass beads, the measurement of the pore
size distribution by MIP proved to be inappropriate.
Therefore, the calculation of the characteristic geometric
size x from the particle size using Kozeny’s correction22

is used instead.

2.1.2 | Dimensionless coefficient β

The dimensionless parameter β depends primarily on the
thermal accommodation coefficient α and thus on the
temperature jump at the gas/solid boundaries in the
porous material. It can be described with different analyt-
ical equations from the literature, which can sometimes
lead to considerably different results. It has been shown
that the equations are preferred depending on the mate-
rial under investigation. The exact relationships are
described in Sonnick et al.16 In Table 1, the most promis-
ing equations for α and β for the individual materials are
listed accordingly.

2.2 | Radiation

The radiative transfer portion of the total heat conduction
can be calculated as a diffusion process if the optical thick-
ness of the porous material is large over the entire wave-
length range of interest and the mean free path of photons
is small compared to the distance over which significant
temperature changes occur.28 This can be assumed for all
technical relevant silica-based insulation materials. Thus,
it is possible to specify a radiation-induced fraction of the
total heat transfer in terms of a radiative thermal conduc-
tivity λr. It can be calculated by use of the Rosseland diffu-
sion approximation29 according to Equation 6.

λr ¼ 16σn2

3Ê T,ϕð ÞT
3
rad ð6Þ

Here, σ is the Stefan-Boltzmann constant, n is the
refractive index (which can be assumed to be one of the
materials considered in this work2). Ê is the Rosseland
average of the extinction coefficient. It is an average over-
all E(Λ) which is weighted by the blackbody spectrum of
the temperature of interest. It can be calculated according
to Siegel and Hawell30 via Equation (7).
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FIGURE 2 Relative pore size distributions of precipitated silica

calculated with Equations (3) and (4)
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1

Ê Tð Þ¼
X
ΔΛ

1
E Λð Þ f Λ Tð ÞΔΛP
ΔΛ

f Λ Tð ÞΔΛ ð7Þ

with

f Λ Tð Þ¼ πC3C4

2Λ6 � 1
σT5�

exp C4
ΛT

� �
exp C4

ΛT

� ��1
� �2 ð8Þ

where C3 ¼ 5:9544�10�17 W
m2 and C4 = 1.4388

� 10�2 mK.
The average radiation temperature Trad is defined by

the two wall temperatures T1 and T2 using Equation (9).
In this work, 45 and 15�C were used for T1 and T2,
respectively, as the thermal conductivity measurements
were carried out with these temperatures.

T3
rad ¼

T4
1�T4

2

4 T1�T2ð Þ ð9Þ

The spectral extinction coefficient E(Λ) can be obtained
by spectroscopic measurements determining the trans-
mittance as a function of the sample length.31 This proce-
dure is shown in Section 3.2.

2.3 | Solid thermal conductivity

The heat transfer across the solid backbone of a particle
bed is strongly influenced by the particle-particle contact
areas. Assuming elastic deformation of the particles in
the contact regions, the Hertz contact theory can be
applied to calculate the solid thermal conductivity λs

24

using Equation (10).

λs ¼ 3:44 1�ϕð Þ43 1�η2

Y

� �1
3

λPF
1
3 ð10Þ

Here, η is the Poisson’s ratio, Y the elastic modulus, and
F the pressure load caused by at least the weight of the
powder itself and sometimes, like in the case of vacuum
insulation panels, by an additional external pressure load.

2.4 | Effective thermal conductivity

The macroscopic proportionality factor describing the
heat flow through a dispersed medium at a certain tem-
perature difference is called effective thermal conductiv-
ity λeff. It is not a “true” material value but is composed of
the thermal conductivities of the individual components
as well as many other influencing parameters. For porous
media, there are numerous mathematical models for λeff.
In the following, they will also be referred to as ETC
models. On the one hand, they describe the interaction
between the individual conductivities, in this case λs and
λg, which is also referred to as the coupling effect or cou-
pling conductivity λc. On the other hand, the ETC models
are used to weight the individual components according
to the porosity ϕ. In the preliminary study16 mentioned
above, the most common ETC models from the literature
were investigated and classified with regard to the mate-
rials investigated. The most promising model for each
material is used for the present parameter studies as well.

2.4.1 | Precipitated silica, silica gel, and glass
spheres

For the material groups PS, SG, and GS, a model is used
which is based on a cylindrical unit cell of two touching
hemispheres with the simplifying assumption of parallel
heat flow lines. It was developed by Swimm et al32 and is
based on a parallel connection of finitely small cylindri-
cal shells of the mentioned unit cell. Each cylindrical
shell is calculated as a series connection of the solid and

TABLE 1 Recommended methods to calculate α and β for different porous media according to Sonnick et al16

Material α β

Precipitated silica α¼ 1� 144:6
MGþ12ð Þ2 β¼ 2� 2�α

α
2κ
κþ1

1
Pr

Fumed silica
α¼ 1� MS�MG

MSþMG

	 
2 β¼ 2� 2�α
α

2κ
κþ1

1
Pr

Silica gel α¼ 1� 144:6
MGþ12ð Þ2 β¼ 2�α

α
2κ
κþ1

1
Pr

Glass spheres
α¼ exp C0

T�T0
T0

	 
h i
M�

G
C1þM�

G

	 

þ 1� exp C0

T�T0
T0

	 
h in o
2:4

MG
MS

1þMG
MS

	 
2

β¼ 5π
16

9κ�5
κþ1

2�α
α

Notes: Original references PS: α23, β24; FS: α24, β24; SG: α23, β25; GS: α26, β.27
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gas fractions applicable to the corresponding radius. In
this process, a separate Knudsen number is calculated for
each cylindrical shell according to the height of the gas
fraction and thus an individual gas thermal conductivity
is obtained.

x ið Þ¼D�2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2� i

N
R

� �2
s

ð11Þ

In 11 D�x(i) is the void distance of the ith cylindrical
shell, N is the total number of cylindrical shells, and
D and R are diameter and radius. At this point, different
measurement values should be used for D and R for the
different materials. For PS, SG, and GS it has proven to
be purposeful to use the largest conglomerates percepti-
ble as individual particles accordingly. Glass beads are
not multiscale. Therefore, the simple particle size or pri-
mary particle size is used here. Silica gel consists of
aggregates which in turn are composed of small sintered
primary particles. Here, the aggregate size has to be
selected. Precipitated silica even has a three-stage struc-
ture. Here, the aggregates, driven by different adhesive
forces, form the so-called agglomerates. Consequently, in
the case of PS, the average agglomerate diameter for D in
Equation (11) should be used.

λc ¼ 2
Rπ

XN
i¼1

Ai
D�x ið Þ

λg0
þ x ið Þ

λp

� ��1

ð12Þ

The coupling thermal conductivity λc is the reciprocal
sum of the individual shells, weighted by the respective
area fraction Ai. λg

' is the gas thermal conductivity of the
individual shells. To calculate the effective thermal con-
ductivity of the porous material, the thermal conductivity
of the pure gas phase λg and that of the unit cell λc are
weighted according to a corrected porosity ϕcorr as shown
in Equation (13).

λeff ¼ λbaseþϕcorrλgþ 1�ϕcorrð Þλc ð13Þ

The corrected porosity ϕcorr results from the porosity
of the unit cell and the porosity of the investigated mate-
rial ϕ.

ϕcorr ¼
3ϕ�1

2
ð14Þ

2.4.2 | Fumed silica

For fumed silica, the ETC model of Zehner and Schlün-
der33 gives the best results. Like the sphere model of

Swimm et al it is a unit cell model with consideration of
local Knudsen numbers. The difference is that the surface
of the model particles is not described by the sphere func-
tion, but by Equation (15).

r2þ z2

B� B�1ð Þxð Þ2 ¼ 1 ð15Þ

where

B¼C
1�ϕ

ϕ

� �10
9

The local Knudsen number is given as a function of the
radius with Kn� ¼ Kn

1�x rð Þð Þ. Integration over r leads to
Equation (16) which can be used to calculate the cou-
pling conductivity.

λc ¼ λ0
2

N�M

N� 1þKnð Þλ0
λp

� �
B

N�Mð Þ2 ln
N
M

8>><
>>:

� B�1
N�M

1þKnð Þ�Bþ1
2B

λp
λ0

1� N�Mð Þ� B�1ð ÞKn½ �

9>>=
>>;

ð16Þ
with

M¼B
λ0
λp
þKn

� �

and

N ¼ 1þKn

Zehner and Schlünder proposed different correction
factors C for differently shaped particles. For example,
C = 1.25 is recommended for spheres. Since no recom-
mendation is available for irregularly shaped fumed silica
particles, C = 1.25 is assumed here. The aggregate size is
used to calculate the Knudsen number to adequately
describe the size of the gap in which the coupling ther-
mal conductivity occurs. The consideration of thermal
radiation in the original model was neglected here since
it is calculated separately. Using the corrected porosity
1� ffiffiffiffiffiffiffiffiffiffiffi

1�ϕ
pð Þ the effective thermal conductivity can be

calculated with Equation (17).

λeff ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffi
1�ϕ

p	 

λgþ

ffiffiffiffiffiffiffiffiffiffiffi
1�ϕ

p
λc ð17Þ
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3 | MEASUREMENTS

Although this work is mainly theoretical, some measure-
ments are required for the determination of input param-
eters and validations. Fourier transform infrared (FTIR)
spectroscopy was performed to determine the emission
coefficient of the materials and ultimately to determine
λr. Furthermore, measurements of thermal conductivity
at very low pressures are performed to validate the results
of the calculations of λs and λr. The gas thermal conduc-
tivity and the coupling effect have already been exten-
sively validated in the mentioned preliminary study. For
the measurements, 15 different powdery samples includ-
ing fumed and precipitated silica, silica gel, and glass
spheres were used. The specifications of the materials
including primary particle size, aggregate size, agglomer-
ate size, porosity, and pore size distribution have been
measured with small angle X-ray scattering, dynamic
light scattering, laser diffraction, and MIP, respectively
and can be taken from.16

3.1 | Solid and radiation thermal
conductivity

At very low pressures or large Knudsen numbers (Kn
> > 1), the gas thermal conductivity can be completely
neglected. Thus, there is no coupling between the gas
and solid phases and only the radiative thermal conduc-
tivity and the solid thermal conductivity remain. Conse-
quently, the sum of these two components can be
determined by thermal conductivity measurements at
very low pressures. The following equation applies:

λbase ¼ λ pminð Þ¼ λsþ λr ð18Þ

The samples to be analyzed were measured in a vac-
uum guarded hot plate apparatus. For this purpose, the
apparatus was vacuumed to the maximum possible level
overnight (approx. 0.05 mbar) and the sample was dried
completely so that no moisture was left. In this condition,
the values for λbase were recorded.

The cooling and heating plate temperatures were
15 and 45�C, respectively, resulting in a mean measure-
ment temperature of 30�C. The central measuring area
of the guarded hot plate is (8 cm)2. The entire plate
including the guard ring is (16 cm)2. The samples are
mechanically compacted directly in the measuring
chamber using a hydraulic press to a sample thickness
between 6 and 8 mm. A detailed description of the mea-
surement apparatus and error analysis can be
found in.34

3.2 | Extinction coefficient

The determination of the average extinction coefficient Ê
is fundamental for the calculation of the radiation ther-
mal conductivity λr. Thus, transmission spectroscopy
measurements have been performed using an FTIR spec-
trometer (Bruker ALPHA II). The samples were pressed
onto a thin polyethylene film using a self-developed
pressing device. This resulted in small platelike bodies
with a thickness in the order of 100 μm. The polyethylene
film was used as a support material and thus also for the
background measurement. The result of the measure-
ments is a spectrum E(Λ). Where Λ is the wavelength.
The mass of the sample and the diameter of the pressing
device can be used to determine the area density ma. To
obtain the mass-specific extinction coefficient Em, the
average extinction coefficient Ê from Equation (7), which
can be calculated from the measured E(Λ) spectra, must
be divided by ma. To get the radiation thermal conductiv-
ity λr as a function of the porosity one can extend Equa-
tions (6) to (19) as follows.

λr ¼ 16σn2

3Emρs 1�ϕð ÞT
3
rad ð19Þ

where ρs is the density of the non-porous solid skeleton.
In the case of silica-based materials ρs ¼ 2200 kg

m3.
35 The

bulk density of the porous materials is given
by ρ = ρs(1�ϕ).

4 | RESULTS AND DISCUSSION

We first discuss the results for λs and λr. Then, the param-
eter studies of the effective thermal conductivity of the
different materials are evaluated. Finally, their relevance
to the various applications of superinsulations is
discussed.

4.1 | Solid and radiation thermal
conductivity

The results for the radiation thermal conductivities
obtained with Equation (19) using the spectroscopic mea-
surement results are shown in Figure 3. The λr values are
plotted against the porosity of the measured materials.
Each circle represents a silica-based material. The density
which was used for the calculations is the same as for the
thermal conductivity measurements. Standard deviations
are plotted as error bars which are only visible as lines in
the data points. The dotted line in Figure 3 was fitted to

SONNICK ET AL. 7



the data points using the mass-specific extinction coeffi-
cient Em as a fitting parameter. The procedure leads to
Equation (20) for the porosity-dependent radiation ther-
mal conductivity of silica-based powders at wall tempera-
tures T1 = 45�C and T2 = 15�C.

λr ¼ 3:118�10�4

1�ϕð Þ ð20Þ

To calculate λbase, the solid thermal conductivity λs
has to be determined as well. It can be calculated as
already mentioned via Equation (10). One decisive factor
is the mechanical load F of the powder bulk. Three
curves for the solid thermal conductivity calculated with

F = 1 bar, F = 0.5 bar, and F = 390 Pa are shown in
Figure 4. A 390 Pa corresponds approximately to the load
to which the samples were subjected during the thermal
conductivity measurements. 1 bar, on the other hand,
corresponds to the load on a VIP by atmospheric pres-
sure. Furthermore, in Figure 4, the measured values for
λbase of all investigated materials are shown. Finally, a
calculated curve for λbase is shown, which is the sum of
λs(F = 1 bar) and λr. It is found that the measured values
of the materials with porosities greater than 0.8 agree rel-
atively well with the calculated curve (λbase(F = 1 bar)).
However, the lower the porosity, the further the mea-
sured values move away from the calculated curve. The
main reason for this is the assumed mechanical load
because to achieve a smooth surface and the desired
porosity, the samples were compacted before the thermal
conductivity measurement. For this purpose, approx.
4 bar of compression pressure was applied. During this
process, the pressed samples with higher porosities, such
as from FS, PS, and some silica gels, deform plastically.
The very small particles of these materials approach each
other during the pressing process and are then held
together for example by van der Waals forces, electro-
static interactions, or simple form closure. This attraction
affects the solid thermal conductivity like a mechanical
load from outside. Powders with higher porosities, such
as glass beads, merely deform elastically during sample
preparation. Their particles are too large to be signifi-
cantly affected by the above-mentioned attractive forces
and too spherical for form closure. During the measure-
ment, only 390 Pa weight on the samples, which then
have relatively low solid thermal conductivity if they
have low porosity at the same time. Nevertheless, for the
further calculations of all materials the curve
λbase(F = 1 bar) is used because in the scenario of a VIP,
the atmospheric pressure weights equally on all
materials.

4.2 | Effective thermal conductivity

In Sections 4.2.1 to 4.2.4, the results of the calculation of
the effective thermal conductivity for the investigated
materials are presented and discussed. Parameter studies
were performed on the particle size relevant to the corre-
sponding materials, as well as on the porosity. The cho-
sen value domains are based on measurements, so that
realistic ranges of the material data are studied in each
case. The chosen domains can be found in Table 2. The
different types of particle sizes (primary particles, aggre-
gates, and agglomerates) are specified due to the different
multiscalarities of the materials as well as the preferred
calculation methods for each material according to.16
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Porosity is used in the calculation both to determine the
pore size distribution (Section 2.1.1) and as an input
parameter for the corresponding ETC model
(Section 2.4). For all materials, it is equally true that the
lowest thermal conductivity can be achieved at the lowest
possible pressure and a porosity of 0.89. This applies to
all materials, since λbase does not depend on particle or
pore size but only on porosity, at least under the assump-
tions made. It was calculated with P = 0.01 mbar, and is
shown in Figure 5 as a function of the porosity. The
results are valid for all materials investigated.

In the following subsections, the results of the param-
eter studies for the pressure levels P = 100 and
P = 1000 mbar of the individual materials are shown in
Figures 6–9, respectively. In Section 4.2.5, the advantages
and disadvantages of the individual materials for differ-
ent applications are discussed.

4.2.1 | Precipitated silica

The thermal conductivity of precipitated silica at high gas
pressures and small porosities is characterized by a strong
coupling effect λc. As shown in Figure 6, the curves from
the direction of small porosities come from a very high
level, then drop down to the minimum value and rise

again due to increased gas thermal conductivity and a
rapidly increasing radiation fraction in the direction of
ϕ = 1. The optimum porosity, that is, the one with the
lowest thermal conductivity, increases with increasing
pressure. For the smallest investigated particle size of
5 μm, the minimum values are obtained at ϕ = 0.86 for
P = 100 mbar and ϕ = 0.92 for P = 1000 mbar. We can
also observe that the optimum porosity also increases
with increasing agglomerate size. This is due to the fact
that the coupling effect is more pronounced for larger
particles than for small ones, and the coupling contribu-
tion for precipitated silica depends approximately linearly
on the porosity.34

4.2.2 | Fumed silica

For fumed silica, a significantly reduced tendency for
coupling between λs and λg is observed compared to the
other materials investigated. Therefore, it has proven use-
ful to use aggregate size instead of agglomerate size as
the unit cell size of the ETC model, since smaller parti-
cles provide less coupling than larger ones in the pressure
range investigated. Here, again, the tendency that the
optimum porosity also increases with increasing particle
size can be observed. However, since the particles studied
are much smaller than for PS, the optimum porosities are
also much smaller. For FS, the porosity has a compara-
tively small effect on the effective thermal conductivity,
especially in the range of common aggregate sizes of
about 150 nm. Here, in the porosity area from ϕ = 0.82
to ϕ = 0.9, the decreasing coupling effect and the increas-
ing radiative and gaseous thermal conductivity fractions
seem to cancel each other out to a large extent.

4.2.3 | Silica gel

Although here the usual aggregate sizes are in the same
order of magnitude as the agglomerates of the precipi-
tated silicas, one does not achieve as low thermal conduc-
tivities for silica gels as for PS, especially in the higher
pressure ranges. At the model level, this is obviously
related to the calculation method for β. The factor of 2 in
the formula used for PS leads to significantly lower gas
thermal conductivities. In reality, this effect is probably

TABLE 2 Selected domains for the

parameter study on porosity and the

decisive particle size

PS FS SG GS

Porosity 0.80 to 0.98 0.80 to 0.98 0.80 to 0.98 0.3 to 0.7

Particle size Agglomerates Aggregates Aggregates Primary particles

5 to 40 μm 50 to 225 nm 5 to 40 μm 1 to 100 μm

0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98
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FIGURE 5 Calculated thermal conductivity values over

porosity for P = .01 mbar. Under the assumptions made, this curve

applies in principle to all materials and particle sizes investigated

SONNICK ET AL. 9



0.8 0.85 0.9 0.95 1
Porosity  [-]

0.01

0.015

0.02

0.025

0.03

0.035

T
he

rm
al

 c
on

du
ct

iv
ity

 [W
(m

K
)-1

]

p = 100 mbar

0.8 0.85 0.9 0.95 1
Porosity  [-]

0.025

0.03

0.035

0.04

0.045

0.05

T
he

rm
al

 c
on

du
ct

iv
ity

 [W
(m

K
)-1

]

p = 1000 mbar

 5 µm
10 µm
15 µm
20 µm
25 µm
30 µm
35 µm
40 µm

FIGURE 6 Calculated precipitated silica effective thermal conductivity values over porosity for different pressure stages and

agglomerate sizes

0.8 0.85 0.9 0.95 1
Porosity  [-]

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

0.022

0.024

T
he

rm
al

 c
on

du
ct

iv
ity

 [W
(m

K
)-1

]

p = 100 mbar

0.8 0.85 0.9 0.95 1
Porosity  [-]

0.01

0.015

0.02

0.025

0.03

0.035

T
he

rm
al

 c
on

du
ct

iv
ity

 [W
(m

K
)-1

]

p = 1000 mbar

 50 nm
 75 nm
100 nm
125 nm
150 nm
175 nm
200 nm
225 nm

FIGURE 7 Calculated fumed silica effective thermal conductivity values over porosity for different pressure stages and aggregate sizes

0.8 0.85 0.9 0.95 1
Porosity  [-]

0.02

0.022

0.024

0.026

0.028

0.03

0.032

0.034

0.036

0.038

0.04

T
he

rm
al

 c
on

du
ct

iv
ity

 [W
(m

K
)-1

]

p = 100 mbar

0.8 0.85 0.9 0.95 1
Porosity  [-]

0.034

0.036

0.038

0.04

0.042

0.044

0.046

0.048

0.05

0.052

0.054

T
he

rm
al

 c
on

du
ct

iv
ity

 [W
(m

K
)-1

]

p = 1000 mbar

 5 µm
10 µm
15 µm
20 µm
25 µm
30 µm
35 µm
40 µm

FIGURE 8 Calculated silica gel effective thermal conductivity values over porosity for different pressure stages and aggregate sizes

10 SONNICK ET AL.



related to the denser nature of the SG aggregates, while
the PS agglomerates do have a certain intrinsic porosity
and small contact points between the aggregates. Due to
the fact that the gas thermal conductivity increase
strongly with higher porosity, the curves are particularly
steep compared to PS for example. This leads to a very
small range of optimum porosities. As a consequence, the
optimum porosity range would have to be maintained
very precisely when using silica gel as the core material.

4.2.4 | Glass spheres

The investigated porosity range is much smaller for glass
beads than for the other materials because this material
forms a much denser bulk in reality. Therefore, the ther-
mal conductivity at low pressures is primarily

characterized by solid thermal conductivity. Here, a
reduction in porosity helps to reduce the overall thermal
conductivity in a steady manner. In the higher pressure
ranges, a very pronounced coupling effect is added which
now dominates the total thermal conductivity and thus
leads to considerable differences between minimum and
maximum pressure.

4.2.5 | Core materials for different
applications

To be able to select theoretically optimum core materials
for the various applications, the most important proper-
ties in each case must be defined. The main criteria for
selecting a suitable core material for the various applica-
tions were selected as follows:

TABLE 3 Suitability of the

different materials for the various

applications according to previously

defined criteria

Application Value PS FS SG GS

Buildings Particle size min. min. min. min.

(λ100 mbar) Porosity 0.86 0.82 0.88 max.

Thermal conductivity W
mK

� �
0.0131 0.0067 0.0207 0.0202

Transport boxes Porosity 0.89 0.89 0.89 0.89

(λbase) Thermal conductivity W
mK

� �
0.0049 0.0049 0.0049 0.0049

Atmospheric pressure Particle size min. min. min. min.

(λ1000 mbar) Porosity 0.92 0.82 0.94 max.

Thermal conductivity W
mK

� �
0.028 0.0128 0.0342 0.0442

Switchable VIPs Particle size max. max. max. max.

SW ¼ λ p¼1000mbarð Þ
λbase

Porosity min. 0.90 0.84 min.

SW 8.09 4.18 8.82 7.93
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FIGURE 9 Calculated glass spheres' effective thermal conductivity values over porosity for different pressure stages and particle sizes
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• Building sector:
Even though researchers are working intensively on
the development of new and increasingly better high-
barrier films for VIPs,36 a minimum degree of gas dif-
fusion through the envelope can never be avoided.
Therefore, in long-term applications, like the building
sector, in addition to a low initial thermal conductivity,
and the longevity of the VIP is primarily decisive. Since
gas diffusion through the barrier film is independent
of the VIP-core, the main consideration when selecting
the core material is a moderate increase in thermal
conductivity with increasing pressure. Therefore, the
thermal conductivity at 100 mbar is considered a
reference.

• Transport boxes: The packaging industry is the classi-
cal example of a VIP with a short life expectancy.
Return systems for transport boxes already exist, but
despite this, the boards, also due to damage, do not
achieve by far the service lives of the VIPs used in the
construction sector. Therefore, the decisive parameter
here is the initial thermal conductivity, that is, the
thermal conductivity at very low pressures λbase imme-
diately after production.

• Atmospheric pressure insulations: Silica-based mate-
rials are also suitable for use at atmospheric pressure.
They are petroleum-free, non-flammable, pressure-sta-
ble, and have low conductivity values. Logically, the
thermal conductivity at P = 1000 mbar is deci-
sive here.

• Switchable VIPs: In some special applications it can be
advantageous to be able to switch the insulation on
and off by gas pressure differences. In this case, it is
important to find a material with a maximum ratio
λ p¼1000mbarð Þ

λbase
. The desired absolute heat transfer can be

adjusted via the material thickness and the pressure.

Of course, in addition to the gas pressure-dependent
thermal conductivity, there are other important parame-
ters that can be decisive in the selection of core materials.
However, since such influences are difficult to quantify
within this framework, they are taken into account only
qualitatively when evaluating the results.

Such parameters are, for example, the price per vol-
ume or per thermal resistance. In addition, weight is very
important in mobile applications like transport boxes.
Furthermore, the ability to absorb water molecules and
the corresponding effect on the thermal conductivity of
the materials must be considered to calculate the service
life of the VIP.37 An equally important criterion for some
materials can be processability. For the classic production
method, it is necessary to be able to press the core mate-
rials into reasonably stable sheets to ensure further pro-
cessing. This requirement can be even more important
for atmospheric pressure applications, where the mate-
rials are not placed in a stabilizing vacuum package.
Fumed silica is particularly well suited for this purpose,
as the particles interlock well due to the hierarchical
aggregate structure. This step is usually less successful for
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materials with more spherical particles. In this case,
alternative production techniques, such as the pouring
technique, must be used. However, especially for trans-
port boxes (or also on thermal storage units), this method
can be advantageous in combination with free-flowing
materials, as it allows the VIPs to remain bendable and
thus minimizes edge effects. Moreover, dealing with
switchable VIPs it must be possible to aerate and deaerate
in as short a time as possible.38 Furthermore, alternative
gases with higher thermal conductivities can be consid-
ered for this application to further increase the SW fac-
tor.39 However, all these “soft” criteria will be considered
only marginally in this work.

The conductivity-related results of the respective cate-
gories can be found in Table 3. The first column lists the
applications and again the corresponding criteria. The
following columns show the relevant material properties
and the respective results. The indication of absolute
values for the calculated thermal conductivities must be
considered with care because the achieved extreme
values depend on the freely chosen limits of the parame-
ter studies. Furthermore, the mentioned uncertainty of
the calculation models needs to be considered. For exam-
ple, the minimum thermal conductivity of fumed silica at
atmospheric pressure of 0:0128 W

mK is, to the authors' cur-
rent knowledge, a value that has never been met by mea-
surement. It must be taken into account that in reality
additional influencing factors not considered here may
affect the ETC of the materials. For example, to compress
fumed silica to porosity of the calculated 0.84, such high
pressures would probably have to be used that the solid
heat conduction would increase strongly. It should there-
fore be mentioned at this point that this is an idealized
consideration. Nevertheless, the results give an indication
of how the perfect core material would have to be struc-
tured for the applications shown.

For the building sector, fumed silica is clearly to be
favored. The low coupling fraction caused by the small
aggregates leads to the smallest increase in thermal con-
ductivity with increasing pressure. The optimum porosity
is ϕ = 0.82, which is comparatively low. This effect can
also be explained by the low λc. With decreasing porosity,
the solid thermal conductivity and the coupling fraction
increase, while the radiative conductivity and the gas
thermal conductivity decrease. If the coupling conductiv-
ity is low due to the small aggregates, the optimum is
rather in the direction of smaller porosities. For silica-
based insulation materials at atmospheric pressure,
fumed silica is also the favorite. The reason is the same as
for the building sector.

For transport boxes, the most important factor is
the low initial thermal conductivity of the VIPs. As
already mentioned, λbase is the same for all materials

under the assumptions made. The most important thing
here is to meet the optimum porosity of ϕ = 0.89 as good
as possible. Precipitated silica is therefore proposed as the
core material to be favored at this point since it is the
comparatively cheapest material. The challenge here,
however, is the production of the cores, since the
mechanical stability of the compacts during production
can only be guaranteed to a limited extent.40 Possibly
contrary to the intuitive assumption, a particularly large
spread between minimum and maximum values is not
obtained for switchable VIPs at high porosities, but
rather at low ones. Although the switchable fraction,
namely the gas phase, is volumetrically larger at higher
porosities, the number of particles and thus the number
of contact points is smaller. Especially for materials with
spherical microstructures, the most decisive contribution
of heat transfer is the coupling between solid and gas
phases. This coupling takes place at the contact points.
As already discussed in Sonnick et al34 for precipitated
silica, the coupling increases approximately linearly with
porosity for constant particle size. This relationship only
holds for the technically relevant porosity range shown.
The highest ratio between the thermal conductivity at
atmospheric pressure and the minimum conductivity is
observed for silica gel with a porosity of ϕ = 0.84, where
the difference between PS and SG is not large. Here,
therefore, the decision is rather influenced by economic
or technical factors again.

4.2.6 | Opacified core materials

In practice, opacifiers are added to the core materials to
suppress the heat transfer by radiation in most cases. The
reduction of λr can possibly lead to a shift of the optimum
of the previously investigated parameters. This must be
taken into account in the design of core materials. In this
study, the emission coefficient of a VIP core material con-
sisting of fumed silica and magnetite as well as silicon
carbide was also determined as an example. The mass-
specific emission coefficient Em increases from an aver-
age of 12:9 m2

kg to 50:6 m2

kg compared to the pure materials
consisting of SiO2 only. This results in a reduced radia-
tion thermal conductivity and thus a different result of
the parameter study which can be seen in Figure 10. The
optimum porosity for the building application and the
application at atmospheric pressure is still ϕ = 0.82,
while the porosity to be preferred for transport boxes
increases significantly, namely to ϕ = 0.94. However, the
optimal porosity range must be observed much more pre-
cisely in this case, since λbase increases steeply both just
above and just below the optimal porosity. The depen-
dencies on particle size remain unchanged.
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5 | CONCLUSION

To calculate the gas pressure-dependent thermal conduc-
tivity of porous silica-based materials on the basis of their
so-called primary product properties, all heat transfer
mechanisms (λs, λr, λg, and λc) must be calculated individ-
ually and can then be combined with each other. The
ideal equations and input parameters vary for different
materials. In this paper, parameter studies were per-
formed to determine the influences of porosity and parti-
cle size on the gas pressure-dependent thermal
conductivity of precipitated silica, fumed silica, silica gel,
and glass spheres. The Rosseland approximation was
used to calculate the radiative thermal conductivity λr.
The emission coefficient obtained was measured by infra-
red spectroscopic methods on the silica-based materials.
To calculate the solid thermal conductivity λs, a common
model based on the Hertz contact theory was used. The
sum of the two fractions λs and λr corresponds to the ther-
mal conductivity at very low gas pressures λbase. It was
measured using a vacuum guarded hot plate apparatus
and agrees well with the calculated values. The most dif-
ficult part to predict is the combination of the thermal
conductivity of the gas λg and the coupling term λc, which
is responsible for the increase of the effective thermal
conductivity with increasing pressure. It can be calcu-
lated from a combination of models for the effective and
the gas thermal conductivity which can be taken from.16

As a result, specific recommendations could be made
regarding the type of material and the corresponding
material properties in terms of particle size and porosity.
Of course, particle size and porosity are inextricably
linked in reality. Therefore, it is only possible to a limited
extent to vary the two separately in material develop-
ment. The combinations of material values shown in the
parameter studies are therefore initially only fictitious.
Crucial findings are shown in Table 3 and are summa-
rized in the following paragraphs (important results are
in bold).

5.1 | Building sector and atmospheric
pressure application

The parameter studies show a clear advantage of fumed
silica over the other investigated materials for the con-
struction sector, where a long service life of the VIPs is in
focus, as well as for the application at atmospheric pres-
sure. In particular, long durability and low thermal con-
ductivity under atmospheric pressure are achieved when
aggregate size is chosen as small as possible and
porosity is set to ϕ = 0.82. Although the parameter study
yields noticeably small absolute values for this

combination, the results for the optimum porosity and
particle size are correct and should be considered for
future development of appropriate core materials. The
small absolute values for fumed silica result from the fact
that, in contrast to the other materials, the aggregate size
is used instead of the agglomerate size for calculating the
effective thermal conductivity. While this approach has
significant advantages over using agglomerate size, it
generally leads to a slight underestimation of thermal
conductivity. The truth probably lies somewhere between
the aggregates and the agglomerates, since the coupling
effects on both size scales overlap here. However, those
on the order of magnitude of the aggregates, that is,
roughly in the three-digit nanometer range, clearly pre-
dominate for fumed silica. Furthermore, the porosity
optimum at 0.82 requires a plausibility check. In future
work, it would be helpful to include the effect of the pres-
sure required to achieve a certain porosity and its effect
on the solid thermal conductivity to exclude misleading
conclusions. Nevertheless, low porosities or high densi-
ties can make sense for the building sector. This will
slightly increase the initial thermal conductivity, but the
increase over time caused by gas thermal conductivity
and coupling can be effectively reduced by decreasing the
porosity (and thus the average pore size). In addition, the
weight is of little importance in the construction sector.

5.2 | Transport boxes

Since λbase in this study depends only on the porosity of
the materials, the choice of material for VIPs in the trans-
port sector seems to be irrelevant. Thus, the decision
must be made primarily on the basis of economic factors,
which is why a clear recommendation is made at this
point to use precipitated silica for the transport sector.
The optimum porosity, in this case, is ϕ = 0.89. For the
same reason, precipitated silica is also the right choice for
special applications where the pressure increase due to
leakage can be compensated by means of a monitoring
system and a built-in vacuum pump.

5.3 | Switchable VIP

For switchable VIPs, the factor between fully vacuumed
and fully vented materials is most important. This is
about the same for precipitated silica, silica gel, and glass
beads, which is why economic factors should also be
included in the decision. However, there is a slight ten-
dency for silica gel to exhibit the largest switching effect
with a factor SW = 8.82 at a porosity of ϕ = 0.84 and
maximum particle size.

14 SONNICK ET AL.



5.4 | Opacified material

Furthermore, it must be taken into account that the
optima determined in this work are only valid for the cor-
responding pure substances. Since additives such as opa-
cifiers are frequently used in practice, the considerations
can be adjusted accordingly. The investigation of opaci-
fied fumed silica shows that the properties to be preferred
may well differ from those of the pure substances. Fur-
thermore, opacifier type and concentration can influence
the results significantly. However, the procedure shown
can also be applied in unchanged form to materials with
modified optical properties. The extension of the parame-
ter study with a focus on opacified materials would there-
fore be an interesting topic for follow-up research.
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