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Abstract

For many years, the technique of vacuum super insulation (VSI) with expanded perlite
has been used for cryogenic applications, especially the storage of liquid gases at temper-
atures of 20K ≤ T ≤ 90K. Expanded perlite is an amorphous, highly porous, granular
material of volcanic origin. Its two main components are SiO2 (70 %) and Al2O3 (15 %).
Due to the small pore diameters and the small distances between the grains, gas con-
duction in the pores and in the intergranular spaces is suppressed already in the regime
of fine vacuum (p ≈ 0.01mbar). As a consequence of the material structure, solid con-
duction is inhibited to a great extent. Furthermore, thermal radiation is blocked by the
opaque solid.

Due to these properties and as a consequence of the temperature dependency of the
radiative heat transport, which scales with T

4, effective thermal conductivities as low
as 3 to 5 · 10−3 W/mK have been realized at cryogenic temperatures. Compared to con-
ventional insulation materials like polyurethane or rock wool at ambient temperature,
the thermal conductivity is lowered by a factor of 6 to 10. A commercially available
type of expanded perlite is TECHNOPERL ® - C 1,5 from the Austrian manufacturer
EUROPERL, STAUSS PERLITE GMBH. This specific material is actually used in practice
for liquid gas storage tanks.

In a current federally granted research project at ZAE Bayern (grant number 0325964A,
German ministry of environment), the approach is pursued to apply perlite based VSI
also at higher temperatures. Primarily, the long-term and seasonal storage of hot wa-
ter up to T = 150 °C in solar thermal heating systems is considered. However, other
fields of application have also been identified, for example the intermediate storage
of thermal energy in industrial processes or in solar thermal power plants for electric
power generation. So far, experimental data for the effective thermal conductivity λeff

of evacuated perlite in this temperature regime has been very rare. Therefore, vari-
ous measurements have been performed within this thesis in order to determine λeff

of TECHNOPERL ® - C 1,5 at different temperatures (20 °C ≤ T ≤ 150 °C), vacuum
pressures (10−3 mbar ≤ p ≤ 103 mbar), densities (55kg/m³ ≤ ρ ≤ 95kg/m³) and grain
structures (self-compression of the bulk by space-saving arrangement in a close-packing
of spheres on the one hand versus application of external mechanical pressure, result-
ing in partial grain destruction on the other hand). Laboratory experiments have been
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done both in an existing parallel plate apparatus and in a cut-off cylinder device, which
was specially designed and set up during this thesis. In order to separately determine
the radiative heat transport, Fourier transform infrared spectroscopy (FTIR) measure-
ments have been performed and evaluated. Furthermore, a real-size cylindrical storage
prototype with a water storage volume of V = 16.4m³ has been available for experiments
under practical conditions.

In order to interpret and compare the measurement data, a theoretical understanding
of the different heat transport mechanisms contributing to the effective thermal con-
ductivity of evacuated perlite has been developed, and it has been possible to explain
the results of all four measurements in a consistent way. For this theoretical descrip-
tion, conventional approaches and models have been used, which have successfully been
applied to similar systems during the last decades, and which can be found in litera-
ture: The pressure dependency of gaseous conduction has been characterized using the
Sherman interpolation between the continuum at high pressures and the regime of free
molecular flow at low pressures. Regarding the solid thermal conductivity, a linear de-
pendency on density has been derived from the experimental data. This result is in
agreement with other empirical findings. However, the initially assumed dependency
of solid conduction on temperature has not been observable. Radiative heat transport
has been treated using the heat diffusion model, which describes absorption and scat-
tering of thermal radiation within a material and allows the introduction of a radiative
thermal conductivity. For the gas conduction in the intergranular spaces, also referred
to as coupling effect, a special new model for perlite has been developed, based on ap-
proaches, which have originally been applied to particle beds in general, and have also
been adapted to aerogels in particular.

For gaseous conduction inside the pores, the experimentally determined characteris-
tic half-value pressure for air ranges from p

g
1/2 = 1.38mbar to p

g
1/2 = 5.1mbar. These

values correspond to effective mean pore diameters of dp = 167µm and dp = 45.1µm.
Similar results have been obtained from measurements with the inert gases argon
(pg1/2 = 1.46mbar) and krypton (pg1/2 = 1.24mbar). For the coupling term, a half-value
pressure of pc1/2 = 39mbar has been derived from the measurements with air. This re-
sult is equivalent to an effective grain interspace of dg = 5.9µm. For argon and krypton,
the respective values are p

c
1/2 = 17.4mbar (argon) and p

c
1/2 = 4.5mbar (krypton). This

might indicate that the interaction of the heavy noble gases with the perlite surface is
different from the diatomic air molecules N2 and O2.

For practical purposes, simple formulas have been derived to calculate the effective
thermal conductivity λeff of TECHNOPERL ® - C 1,5 and its individual components
λr (radiative heat transport), λs (solid conduction), λg (gas conduction in pores) and λc

(coupling effect) as a function of vacuum pressure (including the filling gases air, argon
and krypton), bulk density and temperature. This knowledge is of particular interest



Abstract v

for the application of vacuum super insulation in practice. From the theoretical models
and the experimental results, it has been possible to suggest optimization approaches to
minimize λeff . Currently, a value as low as λeff = 9.2 · 10−3 W/mK has been achieved for
the real-size prototype at a mean water temperature of T = 86.4 °C, which is composed
of λr = 2.6 · 10−3 W/mK, λs = 5.1 · 10−3 W/mK and λg + λc = 1.5 · 10−3 W/mK. By using a
bulk density of around ρ = 60kg/m³ and lowering the vacuum pressure to p = 0.01mbar,
this value is expected to decrease to λeff ≈ 7.3 · 10−3 W/mK according to the theoretical
predictions. The application of inert filling gases like argon or krypton has been proven
to be disadvantageous.

A further experimental task was the determination of the moisture content within
TECHNOPERL ® - C 1,5. According to theory, moisture in its liquid or gaseous form can
dramatically increase the thermal conductivity of an insulation in some cases. However,
as a result of the experiments and due to phase diagram considerations, these effects
can be neglected for practical applications.
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Chapter 1

Introduction

1.1 Motivation and Background

During the last years, renewable energy sources have continuously gained importance
(figure 1.1). In Germany, roughly 10 % of the overall energy demand are meanwhile
supplied from renewables [1]. As one of the pioneering nations regarding the expansion
of renewable energies, the German government has declared the intent to increase this
fraction to 18 % until 2020 and to 50 % by 2050 [2]. Also in other countries, there are
initiatives to expand the usage of renewable energies. This development is mainly mo-
tivated by the ambition of climate protection. In general, an increasing awareness for
sustainability has been observed in our society during the last years [3]. Especially nu-
clear energy has dramatically lost its acceptance as a consequence of the recent series of
accidents at the Fukushima nuclear power plant [4]. The nuclear power phase-out until
2022, which was subsequently decided by the German government [5], is planned to be
realized by enhanced application of renewable energies.

Figure 1.1: Contribution of renewables to the supply of final energy in Germany [1].
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However, the change from conventional energy sources to renewables can not be accom-
plished just by political decisions and societal trends. Economic factors also play an
important role. In many cases, burning fossil fuels for heating and electric power gener-
ation is still favorable from the economic point of view, not to mention automotive and
transport applications. Nevertheless, because the availability of fossil fuels is begin-
ning to decrease [6] and prices have steadily been rising (figure 1.2) [7], the break-even
point might soon be reached. Due to the recent introduction of CO2 emissions trading
[8], renewable energy sources will be more competitive in future. In both the economic
and environmental context, also the terms of energy saving and energy efficiency have
gained a greater significance.

Even in an industrialized country like Germany, the supply of hot water for domestic use
and residential heating makes up a considerable fraction of approximately 20 % [9] of
the total energy demand (compare also figure 1.3). Most heating systems are still based
on fossil fuels like oil or gas, but there is a huge potential to provide the energy required
for this purpose from renewable sources. Modern solar thermal systems [10, 11] have
become an economically reasonable alternative, not to mention environmental factors
like reduction of CO2 emissions.

Figure 1.2: Development of the crude oil price in US Dollar per barrel [12].

Figure 1.3: Energy demand profile of Germany in 2007 [7].
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A solar thermal system for single-family houses (figure 1.4) basically consists of a collec-
tor and a storage. The essential component of any collector is the absorber, which heats
up as it absorbs the incoming solar radiation. For simple and economic collectors, the
emissivity ε (and thus also the absorptivity α, see section 2.3) of the absorber surface
is typically close to 1 in the whole spectral range. Modern absorbers in high-efficiency
collectors have a selective coating with a high emissivity only in the range of incoming
radiation and a low emissivity in the infrared regime in order to reduce losses from re-
emission [13]. The heat emerging at the absorber is led away by the heat carrier, often
a mixture of water and glycol for frost protection, which flows through the collector. The
existing types of collectors basically only differ from each other regarding the insulation
techniques that are applied in order to reduce thermal losses. Due to this, also the geo-
metrical layout varies. Free convection is usually suppressed by glass covers. Common
flat plate collectors are additionally insulated with mineral wool or similar materials on
their rear side and reach efficiencies of 50 - 60 % at typical operation temperatures be-
tween 50 and 80 °C [14, 15]. Evacuated tube collectors utilize the insulating properties
of vacuum to obtain higher efficiencies at operation temperatures up to 120 °C.

Since solar irradiation is not constantly available, thermal storages are fundamentally
important for solar thermal systems. A typical storage tank is built in a slim, cylindrical
layout. Due to the the temperature dependency of the density of water, this design
allows the development of a stable temperature gradient to maximize the storage exergy.
The water at the bottom of the tank is colder and thus heavier than the hotter water
layered further above. To charge the storage with the heat coming from the collector, a
heat exchanger is installed at the cold bottom of the tank. Hence, the temperature of
the heat carrier fluid running back into the collector circuit reaches a lower level, which
is more beneficial for the overall efficiency of the system [14]. The connections for the
extraction of hot water are located in the upper part of the tank to ensure water supply
with the hottest possible temperature.

Figure 1.4: System overview of a solar thermal heating installation [14].
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An important component of any storage is its insulation, which reduces the thermal
losses of the stored hot water to its colder surroundings. At present, storages are insu-
lated using conventional materials like mineral wool or polyurethane foam. The heat
conductivity λ of these materials (at room temperature) is typically between 0.024 and
0.05 W/mK.

Most of today’s solar thermal installations are only used to produce hot water for domes-
tic use. Only a minority of installed facilities also supports residential heating. With
a collector area of 10 - 20 m² and storage sizes between 500 and 1500 liters [16], such
systems can provide around 20 - 30 % of the total heat demand of a single-family house
(solar fraction). The remaining bigger part must still be supplied by fossil fuels. A
detailed investigation using numerical simulation methods [17] shows, that the solar
fraction can be improved not only by lowering the heat conductivity of the insulation,
but also by increasing the storage volume to 10 - 20 m³ (assuming reasonably-sized col-
lectors). In this way it is possible to transfer the thermal energy generated at days with
high solar irradiation into colder periods. Due to this long-time storage, solar fractions
of more than 50 % are possible (fossil-supported solar heating). In the extreme case, the
heat generated in summer can be carried over into the winter months. This concept
is referred to as seasonal storage and allows solar fractions of up to 100 % (complete
solar coverage). However, seasonal storage requires storage volumes of around 100 m³
and higher. So far, the number of solar thermal installations with such large storages
and solar fractions greater than 50 % has been very low (only around 100 buildings in
Germany [18]), although lately more and more manufacturers offer conventionally in-
sulated tanks with volumes of several m³ for long-time storage [19, 20].

From a general consideration of the thermal energy storage process, some important
principles for practical applications can be derived. The temperature T of the storage
medium (initial temperature T0) decreases with time t as a consequence of the thermal
losses Q̇ to the colder surroundings (ambient temperature Ta). On the one hand, Q̇ is
connected to the temperature decrease dT/dt by the integral heat capacity C = cpρV of
the storage medium (cp: specific heat capacity, ρ: density, V : storage volume). On the
other hand, Q̇ can be expressed by λA (T − Ta) /d (λ: heat conductivity of the insula-
tion, A: tank surface, d: insulation thickness). After solving the emerging differential
equation, the evolution of T (t) can be calculated:

λ
A

d
(T − Ta) = Q̇ = −C

dT

dt
= −cpρV

dT

dt

dT

T − Ta
= − Aλ

cpρV d
dt

ln

�
T − Ta

T0 − Ta

�
= − Aλ

cpρV d
t

T (t) = (T0 − Ta) exp

�
− Aλ

cpρV d
t

�
+ Ta (1.1)



1.1. Motivation and Background 5

On a sidenote, the relation Q̇ = λA (T − Ta) /d is an approximation, which is only valid if
the insulation thickness is much smaller than the radius of the cylindrical tank (d � r,
see section 2.1 for details). For practical applications, it is desired to keep the constant
Aλ/cpρV d, which determines the cooling rate, as small as possible. Because ρ and cp are
natural properties of water, this can be achieved by three different approaches:

• A first possibility is to minimize the ratio A/V , which can be done by building large
storage tanks. This result is in good agreement with the numerical simulations
mentioned above, which showed that an up-scaling of the tank dimensions yields
higher solar fractions. In addition, spherically-shaped storage tanks are most fa-
vorable regarding the ratio A/V . The cylindrical geometry is more practical in
many applications, though.

• Furthermore, the cooling rate can be lowered by increasing the insulation thick-
ness d. However, this method is limited by spatial restrictions. In practice, it is
desired to obtain a reasonable ratio of storage volume against total tank volume.

• A third method is to use insulation materials and techniques which yield low ther-
mal conductivities. This approach is pursued in this thesis.

In this context, a new super-insulated long-term hot water storage is being developed at
the Bavarian Center for Applied Energy Research (ZAE BAYERN) in cooperation with
HUMMELSBERGER GMBH, a medium-sized company in the branch of steel processing.
The project is funded by the German Federal Environment Ministry [2]. The cylindrical
tanks can be built in sizes between 5 and 100 m³. A particular feature is the application
of vacuum super insulation. This technique is known from cryogenic engineering and is
now used in solar thermal applications for the first time. By evacuating a microporous
powder, all possible heat transfer mechanisms are effectively suppressed and in princi-
pal, thermal conductivities as low as 0.005 W/mK can be reached [17, 21]. The material
used for this purpose is perlite, a porous compound of volcanic origin.

In general, the newly-developed storage tank can be applied to any kind of thermal en-
ergy storage process. From storage efficiency considerations, it is obvious though that
an improvement of the thermal insulation is especially important for long storage du-
rations and for high temperature levels (compare equation 1.1). Thus, one can identify
the following main fields of application for the new super-insulated tank:

First, the long-term storage of solar thermal energy as described above is considered.
Due to T < 100 °C, this represents an application at relatively low temperatures, but
long storage durations. With maximum possible tank volumes of 100 m³, seasonal stor-
age is also possible. For conventional solar thermal applications, the storage can be
equipped with a special stratification device, which ensures that the water coming from
the collector is inserted at the appropriate height according to its temperature. In this
way, the temperature gradient can be kept stable, and a mixing of the different temper-
atures is prevented.



6 Chapter 1. Introduction

Moreover, one can also think of the intermediate storage of industrial process heat to
improve the energy efficiency and to lower production costs. Roughly a third of the pro-
cess heat demand is in the temperature range below 250 °C [22]. Relevant branches are
for example the chemical industry, food industry and paper production. At this temper-
ature level, pressurized water is a suitable storage medium. With recently developed
collectors [23], heat at this temperature range (T ≈ 150 °C) can even be supplied by
solar thermal systems.

Higher temperatures from 300 °C of up to 1600 °C are mainly needed for mineral oil
and metal processing and for some processes in chemical industry. If it is possible to
implement intermediate storage for these processes, their energy efficiency could be
considerable increased, because vacuum super insulation is especially advantageous
at these high storage temperatures. However, as a small restriction, the maximum
temperature is limited, because the amorphous, glass-like perlite can not withstand
temperatures above 800 °C. Furthermore, alternative storage media (e.g. molten salts)
would have to be used.

As a third field of application, solar thermal power plants for electric power generation
can be mentioned [24, 25]. For large-scale applications in the range of 10 to 50 MW, two
different concepts can be distinguished. With parabolic trough collectors (figure 1.5 a),
the incident solar radiation is concentrated on a focal line. Concentration factors of
around 80 and temperatures close to 400 °C can be reached. Even higher temperatures
are possible with solar towers (figure 1.5 b), which are also called central receiver sys-
tems (CRS). Here, an arrangement of reflectors (heliostats) is used to concentrate the
solar radiation to a small volume at the central receiver, which is located on top of a sta-
tionary tower. Concentration factors of 500 to 1000 and temperatures of up to 1100 °C
can be achieved as a consequence of the two-dimensional concentration. The theoreti-
cal limit is given by T = 5777K, which is the surface temperature of the sun. In both
concepts, conventional turbines are used to generate electricity.

Figure 1.5: Parabolic trough collector at the National Solar Energy Center in Israel (a),
Gemasolar CRS power plant in Fuentes de Andalucía, Spain (b) [26, 27].



1.2. Definition of Tasks and Goals 7

Figure 1.6: System overview of a solar thermal power plant with thermal storage [25].

The implementation of intermediate thermal storage is possible for both systems and
has already been realized (figure 1.6). In this way, excess heat can be stored during the
day, and the power plant can continue to generate electricity after sunset. For example,
the operation time can be extended by an interval of up to 7 hours in some parabolic
trough plants in Spain. With a combination of collectors, storages and turbines of ap-
propriate sizes, configurations for base load, medium load and peak load supply can be
set up. In the relevant temperature regime, molten salts are often used as a storage
medium. With the application of vacuum super insulation, which is especially advanta-
geous at high temperatures, the efficiency of the storage process can be increased.

1.2 Definition of Tasks and Goals

The primary aim of this thesis is the theoretical and experimental investigation of the
heat transport in an evacuated perlite powder insulation. This includes both the quan-
tification of the overall heat conductivity and the analysis of different heat transport
mechanisms as a function of pressure, temperature and density. Based on this funda-
mental understanding, another goal is to examine how the total thermal conductivity
can be minimized under economical aspects in practice, and to formulate optimization
approaches for the application in long-term hot water storages.

1.3 Structure and Procedure

In the first part of this report, the physical and technical background of vacuum super
insulation is depicted. After a short overview about heat transport in general (chap-
ter 2) and a brief presentation of existing insulation techniques (chapter 3), the theory
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of heat transport in the special case of evacuated powders is investigated in chapter 4.
Subsequently, the material perlite and its general properties are treated (chapter 5).
Apart from the cryogenic application mentioned above, vacuum super insulations have
also been developed for civil engineering applications. Furthermore, the technology has
been considered and examined for long-distance heating pipelines. Therefore, chapter 5
also presents the state of scientific and technical knowledge for these applications and
motivates the additional research done in this thesis.

The second part is about the performed experiments. Laboratory measurements (chap-
ter 6) have been done in order to provide a general understanding of the heat transport
mechanisms of evacuated perlite. In addition, the influence of inert filling gases on the
thermal conductivity has been analyzed, and the moisture content of the material has
been determined. In order to examine whether the results from laboratory experiments
remain valid under practical conditions, heat loss measurements have been performed
on a real-size storage prototype (chapter 7). Both experimental chapters contain the
description of the respective measurement setup and procedure as well as the presen-
tation and discussion of results. Eventually, chapter 8 summarizes the experimental
results with regard to the practical application of vacuum super insulation in hot water
storages and outlines optimization approaches.



9

Chapter 2

Fundamentals of Heat Transport

Generally speaking, heat is the form of energy which can be transferred between ther-
modynamic systems as a consequence of a temperature difference [28]. Three different
mechanisms of heat transport can be distinguished: conduction, convection and radia-
tion. The following sections will briefly describe each of them and focus on equations
that will be used in the further progression of this thesis. More detailed explanations
can be found in relevant textbooks [10, 28, 30, 31, 32, 33].

2.1 Conduction

Conduction is a heat transfer mechanism that is based on the direct interaction between
particles (atoms, molecules, electrons, phonons) and can occur in any kind of matter.
Unlike radiation, conduction requires a medium, but no bulk movement of particles. In
gases and liquids, the atoms or molecules are mobile, and conduction happens due to
collisions of the particles along their random walk. In solids, by contrast, the atoms
are bound in a lattice, and conduction is a result of vibrations, physically described by
phonons. Additionally, there can be a contribution of free electrons.

Consider a homogeneous, arbitrarily-shaped, three-dimensional body composed of an
isotropic material with a temperature distribution T (�x). In the stationary case, heat
conduction can be mathematically expressed by Fourier’s law. In its differential form it
reads

−̇→
q = −λ�∇T (2.1)

where −̇→
q is the local heat flux per unit area, �∇T is the temperature gradient and the

constant of proportionality λ is the thermal conductivity of the material. This equation
shows very descriptively that a heat flux is caused by a temperature gradient and that
the flux in a certain direction is proportional to the temperature gradient in that spe-
cific direction. The negative sign expresses that heat flux is always directed towards
decreasing temperatures.
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For simple geometries, Fourier’s law can be reduced into its one-dimensional form:

Q̇ = −Aλ
dT

dr
(2.2)

Here, the gradient �∇T is replaced by the one-dimensional derivative dT/dr and the area
A is introduced, which is always aligned normally to the direction of the heat flux Q̇.
For a planar geometry (e.g. an insulator sandwiched between two parallel plates with
temperatures T1 and T2, see figure 2.1 a), one can easily solve this differential equation
by integration to obtain:

Q̇p = λ
A

d
(T1 − T2) (2.3)

In the cylindrical case (figure 2.1 b), with A = 2πrH and after separation of variables
and integration, one arrives at:

Q̇c = λ
2πH

ln (r2/r1)
(T1 − T2) (2.4)

If d = r2 − r1 � r1 one can neglect terms of quadratic and higher order in the Taylor
expansion of the logarithm and arrives at equation 2.3. This result is intuitively obvious,
because the curvature of the cylindrical surfaces becomes very small in this case and
therefore the planar geometry is a good approximation. It still has to be noted that
equations 2.3 and 2.4 are only valid for plates with infinite dimensions and cylinders
with infinite height. In the case of finite extensions, the influences of the boundaries are
generally not negligible.

A geometry of concentrical spheres (figure 2.1 c) can be treated in analogy to the cylin-
drical case. By inserting A = 4πr2 into equation 2.2, one can derive:

Q̇s = λ
4π

1
r1

− 1
r2

(T1 − T2) (2.5)

Just like above, for d = r2 − r1 � r1, the geometry can be approximated by equation 2.3.
Due to the fact that spheres are closed surfaces, there are no boundary effects.

The heat flux in a general geometry (also three-dimensional) can be calculated using

Q̇g = λS (T1 − T2) with S =
1

T1 − T2

¨

A

�∇Td �A (2.6)

where S is a shape factor in units of length that describes the respective geometry. The
shape factors for planar, cylindrical and spherical geometries can be read off by com-
paring equations 2.3, 2.4 and 2.5 with equation 2.6. Shape factors for more complicated
technical configurations like squares, ribs and pipes can be found in [34]. This standard
reference of engineering science also contains tabulated values for the heat conductivi-
ties of numerous gases, liquids and solids.
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Figure 2.1: Heat conduction between parallel plates (a), concentric cylinders (b) and
concentric spheres (c). The conducting material is depicted yellow. It has the thermal
conductivity λ and the temperatures T1 and T2 at its boundaries.

2.2 Convection

When a (solid) surface is in contact with a fluid in motion, the heat transport between
both is referred to as convection [28]. Convection includes both conduction and the
effects that are connected to a bulk movement of atoms or molecules within the gas
or liquid. The motion can be induced either by external action like fans, pumps or
wind (forced convection) or by buoyancy forces due to temperature and therefore density
differences (natural or free convection). In case of a fluid at rest, the heat transfer only
happens via conduction. For that reason, conduction can be seen as the limiting case of
convection.
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Consider the case of air flowing over the surface of a hot solid (figure 2.2). The fluid
layer at the boundary, which is at rest due to friction, heats up by conduction from the
solid. At this point, convection takes effect: On the one hand, conduction within the
fluid occurs, so that layers further above will also heat up eventually. On the other
hand, the motion of the fluid carries away hot atoms or molecules, replacing them with
colder ones. It is therefore obvious that the rate of heat exchange is enhanced compared
to pure conduction. The convective heat transfer is described by Newton’s law of cooling,
which reads:

Q̇ = HcA (Ts − T∞) (2.7)

Here, Ts is the temperature of the solid. For continuity reasons, Ts is equal to the tem-
perature of the boundary layer. T∞ is the fluid temperature at large distances from the
surface. Although convection is a rather complex phenomenon, the rate of heat exchange
is proportional to the temperature difference ∆T = Ts − T∞. The proportionality is ex-
pressed by the convection heat transfer coefficient Hc, which is not a material constant
and in fact depends on a variety of fluid parameters like dynamic viscosity µ, thermal
conductivity λ, density ρ and velocity v.

It is very common to introduce characteristic dimensionless numbers for the mathe-
matical description of fluid dynamics. A very fundamental quantity derived from the
convection heat transfer coefficient Hc is the Nusselt number Nu, which is defined as:

Nu =
Hcδ

λ
(2.8)

In this equation, δ is a characteristic length of the respective geometry. Examples for
δ are the length of a plate in the direction of the fluid flow or the diameter of a pipe or
sphere. For more complex geometries, δ can be defined as the fluid volume V divided by
the surface area A.

The Nusselt number can be interpreted in a very descriptive way if one considers the
heat transport within a fluid layer, which has a temperature T1 at its bottom boundary
surface A and temperature T2 at the top border (figure 2.3). According to the above
definition, the characteristic length δ is in this case given by the layer thickness d. The
heat transport by conduction is equal to

Q̇cond = λ
A

d
(T1 − T2)

whereas the convective heat transport is given by:

Q̇conv = HcA (T1 − T2)

Taking the ratio Q̇conv/Q̇cond one obtains:

Q̇conv

Q̇cond

=
HcA (T1 − T2)

λ
A
d (T1 − T2)

=
Hcd

λ
=

Hcδ

λ
= Nu (2.9)
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Therefore, the Nusselt number expresses the proportion between convection and con-
duction, or in other words the enhancement of the conductive heat transport caused by
fluid motion. A Nusselt number of Nu = 1 describes the case of pure conduction. From
the fact that the Nusselt number can typically reach values from 10 up to 10.000 and
even higher, it is obvious that convection is a very effective heat transport mechanism
compared to pure conduction.

For natural convection, the Nusselt number can be expressed by the Rayleigh number
Ra. The exact relation Nu = f (Ra) depends on the geometry [34]. For an arrangement
of two parallel plains with an inclination angle β towards the horizontal, Ra can be
calculated according to equation 2.10 [35]:

Ra =
gp

2
cpd

3
M

2∆T

µλR2T 3
cosβ (2.10)

Descriptively, Ra describes the ratio of weight, buoyancy and friction, which are the
three forces that are involved in the emergence of free convection [36]. If Ra > 1708,
natural convection occurs [37]. For the description of forced convection, the Reynolds
number Re is used, which expresses the ratio of inertial forces against viscous force.

Figure 2.2: Cooling of a hot solid by forced convection.

Figure 2.3: Heat transfer through a fluid layer.
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2.3 Radiation

Radiative heat transfer is based on the exchange of electromagnetic waves (or photons)
between atoms or molecules. Therefore, this mode of heat transport can also occur
in vacuum (unlike conduction and convection, which require a transfer medium) and
proceeds at the speed of light. In general, the emission of electromagnetic waves can
be connected to various reasons, for example low-frequency waves due to electric dipole
oscillations or gamma radiation as a result of radioactive decay. For heat transport,
one is particularly interested in the thermal radiation emitted by a body due to its
temperature [28]. One defines an idealized body, called blackbody, which is a perfect
emitter and absorber of radiation. The blackbody spectral irradiation power Ibλ, which
is the amount of emitted radiation energy at a given wavelength λ and temperature T

per unit time, per unit area and per unit wavelength, is given by Planck’s law [28]:

Ibλ =
2πhc2

λ5 (exp (hc/λkBT )− 1)
(2.11)

The natural constants in this equation are the Planck constant h = 6.6261 · 10−34 Js, the
Boltzmann constant kB = 1.3807 · 10−23 J/K and the speed of light c = 2.9979 · 108 m/s.
Figure 2.4 shows the blackbody spectral irradiation power for different temperatures.

Figure 2.4: Blackbody emission spectra at different temperatures [29]. The curve with
T = 5777K corresponds to the sun’s surface.
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By integration over the whole wavelength spectrum [11], one obtains the Stefan-Boltz-
mann law, which describes the total amount of eradiated power from a surface A as a
function of its temperature:

P = εσAT
4 (2.12)

Here, σ = 5.6704 · 10−8 W/m2K4 is the Stefan-Boltzmann constant and ε denotes the
emissivity, which is defined as the total amount of radiation emitted by a given surface
of temperature T divided by the radiation of a blackbody at the same temperature. As a
consequence, ε = 1 for the blackbody whereas ε < 1 for all real surfaces.

Since matter does not only emit, but also absorb radiation, another important quantity
is the absorptivity α, which is the fraction of incident radiation that is absorbed by a
surface. Both emissivity and absorptivity are temperature- and wavelength-dependent
in general. According to Kirchhoff ’s law, ε and α are equal at a given temperature and
wavelength:

ε (λ, T ) = α (λ, T ) (2.13)

Another equation that can be derived from Planck’s law is Wien’s displacement law. It
states that the wavelength λmax, at which the irradiated intensity attains its maximum
value (see figure 2.4), is inversely proportional to the temperature:

λmax =
2897.8µm K

T
(2.14)

For the sun with an effective surface temperature of 5777 K, the intensity maximum is
at λmax ≈ 500 nm, which corresponds to green visible light. Bodies at room temperature
have their maximum in the infrared regime: λmax (T = 300 K) ≈ 10 µm.

As an example, consider the general case of radiative heat transport between two opaque
surfaces with different sizes, emissivities and temperatures (figure 2.5). Both surfaces
emit radiation according to their area A, emissivity ε and temperature T as expressed
by the Stefan-Boltzmann law (equation 2.12). In addition, both surfaces absorb, trans-
mit and reflect fractions of incident radiation. These fractions are denoted with α, τ and
�. From energy conservation, one can derive α + τ + � = 1. For opaque surfaces, τ = 0

and thus ε+� = 1, where α is replaced by ε due to Kirchhoff ’s law. Furthermore, one has
to introduce a view factor F12. It describes the fraction of radiation leaving surface 1 (by
emission or reflection) which arrives directly (without intermediate reflection) at sur-
face 2 (and gets absorbed or reflected there). View factors only depend on the geometry
of the problem. The factors F12 and F21, which describe the energy flux in opposite direc-
tions are related via A1F12 = A2F21. Therefore, the radiation exchange can be calculated
from the view of either surface. If T1 > T2 without loss of generality, the net heat flow
Q̇12 has a positive value and is given by [28]:

Q̇12 = σ
�
T
4
1 − T

4
2

��1− ε1

A1ε1
+

1

A1F12
+

1− ε2

A2ε2

�−1

(2.15)
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A more specific case with large practical relevance is the radiation exchange between
parallel plates (figure 2.6) with A = A1 = A2. If A is large enough compared to the
distance d between the plates, the view factor approaches F12 = 1. The heat flux is then
given by

Q̇12 = σA
�
T
4
1 − T

4
2

�� 1

ε1
+

1

ε2
− 1

�−1

= εeffσA
�
T
4
1 − T

4
2

�
(2.16)

with εeff denoting the effective emissivity defined as:

εeff =

�
1

ε1
+

1

ε2
− 1

�−1

(2.17)

Figure 2.5: Radiative heat transport between arbitrary surfaces.

Figure 2.6: Radiative heat transport between parallel plates.
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Chapter 3

Overview: Insulation Techniques

Thermal insulations have numerous fields of application in technology and in everyday
life. The reduction of a heat flux is often required to slow down the temperature change
of a system, to reduce the heating or cooling power that is needed to keep it at a certain
temperature or to decouple it from its surroundings. In general, three major insulation
techniques can be distinguished, which differ regarding their functionality, effort and
insulation performance. A brief introduction of each of them is given in this chapter.

3.1 Conventional Insulation Materials

The insulating properties of conventional insulation materials are based on the confine-
ment of air by a porous solid, which can be a granular, fibrous or foamed material. The
heat transport within these materials is a combination of solid and gaseous conduction.
Convection is suppressed inside the small pores, as the emerging buoyancy forces do
not exceed friction (Ra � 1 for typical values, compare equation 2.10), and radiation
is blocked by the opaque solid. The heat conductivities of commonly used materials
are listed in table 3.1, some of these materials are shown in figure 3.1. A remarkable
class of materials are aerogels [38, 39, 40, 41, 42], which can reach thermal conductiv-
ities around λ = 0.02 W/mK as a result of their high porosity and small pore size (see
section 4.1).

In practice, one defines the heat transfer coefficient (also called k-value) for a given insu-
lation, which includes both the thermal conductivity of the material and the insulation
thickness d:

Hi =
λ

d
=

Q̇

A (T1 − T2)
=

q̇

∆T
(3.1)

A lower value indicates a better suppression of the heat flux by the insulation. When
materials with a lower thermal conductivity are used, the insulation thickness can be
reduced to obtain the same heat transfer coefficient, which is often desired in practice
due to space-saving.
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material λ [W/mK]

perlite 0.05...0.07

foam glass 0.04...0.05

rock wool 0.032...0.045

polystyrene 0.03...0.05

polyurethane 0.024...0.035

aerogels 0.013...0.02

Table 3.1: Thermal conductivities of selected insulation materials at ambient pressure.
The values are taken from [43, 44].

Figure 3.1: Conventional insulation materials: rock wool (a), polyurethane (b), poly-
styrene (c) and foam glass (d) [45, 46, 47, 48].

3.2 Vacuum Insulation

A vacuum insulation is realized by evacuating the empty space between two walls. As
mentioned in chapter 2, the only heat transfer mechanism that can occur in vacuum is
radiation. In practice, gas conduction will also happen to a very small amount, because
a perfect vacuum cannot be generated. However, this effect can be neglected if the
pressure is sufficiently low (see section 4.1 for details).
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Therefore, the rate of heat exchange is in general given by equation 2.15. Consider now
the special case of a cylindrical vacuum flask (also called Dewar flask, see figure 3.2),
which is a very common application for vacuum insulation. Because the inner vessel
is convex and completely surrounded by the outer surface, the view factor is equal to
F12 = 1. As a consequence, the heat transport is given by:

Q̇12 = σA1
�
T
4
1 − T

4
2

� � 1

ε1
+

1− ε2

ε2

�
A1

A2

��−1

(3.2)

If the content of the vessel is colder than its surroundings, Q̇12 has a negative value,
because the direction of the heat flux is in fact reversed. Equation 3.2 is also valid for
the case of concentrical spheres with surfaces A1 and A2. A planar geometry is covered
by equation 2.16.

To reduce the amount of exchanged heat, one would ideally use surfaces with low emis-
sivities. Some materials fulfill this requirement innately, for example aluminum with
εAl = 0.04 [31]. For the rest, a low ε can be achieved by surface coating. Additional
heat loss mechanisms in practice are solid conduction in the upper part of the flaks,
where the closure is located (figure 3.2 b), or direct thermal contact of the liquid gas
with environmental air (figure 3.2 c).

Because radiation is not attenuated in vacuum, a special property of vacuum insulation
is the fact that the radiative heat transfer is independent of the thickness d of the spac-
ing. Thus, the gap size can be only a few millimeters (see figure 3.2 b), which comes
to advantage in applications where space-saving is an issue. On the contrary, vacuum
insulation can be unfavorable in the case of high temperatures, since the radiative heat
transfer increases with the fourth power of temperature.

Figure 3.2: Vacuum insulation: sketch of a vacuum flask (a), sliced vacuum flask for
domestic use, e.g. storage of beverages (b), Dewar flask for cryogenic applications, e.g.
liquid gases (c) [49].
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3.3 Vacuum Super Insulation

As mentioned in the previous section, radiation is the only significant heat transport
mechanism that occurs in vacuum. To a certain extent, it can be reduced by surfaces
with low emissivities. However, the radiative heat transfer can be significantly sup-
pressed further by introducing opaque materials into the evacuated spacing of a vacu-
um insulation, in order to block radiation. Although solid conduction appears as an
additional mode of heat transfer, the total rate of heat exchange can effectively be re-
duced using proper techniques. This type of insulation is called vacuum super insulation
[50]. There are two types with practical relevance: foil insulation and powder insula-
tion. Both shall briefly be described in this section. A detailed investigation of the heat
transport in evacuated powder insulations will be made in chapter 4.

3.3.1 Foil Insulation

Beginning from the heat transfer between two parallel plates (figure 3.3 a), which is
described by equation 2.16, consider the case where a single foil is introduced into the
evacuated gap (figure 3.3 b). For the sake of simplicity, let the surface areas A of both
plates and all foils be equal and let A be large enough to neglect boundary effects, so that
all view factors are equal to Fij = 1. In addition, let all surfaces initially be blackbodies:
ε1 = ε2 = ... = εN = 1. The following considerations are equally valid for the radiation
heat flux Q̇1, which is directed from the hotter towards the colder plate, for Q̇2, which
has opposite direction, and thus also for the net heat flux Q̇12, which is the difference of
both.

The radiation power Q̇1 being directed from left to right is absorbed by the foil, which
heats up until equilibrium is reached, i.e. the emitted and the absorbed radiation power
are equal. However, the irradiation of the foil happens homogeneously into both direc-
tions. Therefore, only half of the incoming heat flux arrives at the cold plate, whereas
the other half is radiated back towards the hot plate. The effective heat flux from left
to right Q̇1 eff (indicated by the green arrows in figure 3.3) is thus reduced by a factor
of 2. If additional foils are introduced, the radiation power that reaches the cold plate
is further decreased. By inserting 2 foils (figure 3.3 c), Q̇1 eff is reduced by a factor of 3
in thermal equilibrium. For the general case of N foils, the reduction factor is given by
N + 1 (see figure 3.3 d).

The above arguments remain valid for real surfaces with emissivities ε < 1. In typical
applications, all surfaces are identical: ε1 = ε2 = ... = εN = ε < 1. The net heat flux Q̇12

is then given by:

Q̇12 =
σA

�
T
4
1 − T

4
2

�
�
2
ε − 1

�
(N + 1)

(3.3)

Comparison with equation 2.16 shows again that introducing N foils suppresses the
radiative heat flux by a factor of N + 1.
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Figure 3.3: Principle of foil insulation: Due to the fact that the eradiation from the foils
is always homogeneously emitted into both directions, the effective heat flux is reduced
with increasing number of foils. Image d) only shows the heat flux between the last foil
and the cold plate, which is always equal to Q̇1 eff . To avoid confusion, only the arrows
connected to the heat flux Q̇1, which emerges at the hot plate, are drawn. However, the
situation is exactly analog for Q̇2, which is eradiated from the cold plate, and as well for
the net heat flux Q̇12 = Q̇1 eff − Q̇2 eff .

The most important application of foil insulation is in spacecraft engineering, because
thermal losses of satellites and space vehicles in the orbit are almost only due to radia-
tion. The technique is also often called multilayer insulation in this context [51, 52] and
is mainly necessary to keep on-board electronic devices at an operating temperature of
around 20 °C. For this purpose, plastic foils with a thickness of only a few micrometers
are coated with a thin metal layer (silver, aluminum or gold). The layers are separated
by a mesh made of cloth or synthetic materials (figure 3.4 a). Despite of the resulting
solid conduction, the effective total heat flux can be reduced by a factor of around 300
using 30 to 40 layers with surface emissivities below ε = 0.05 [52].

Figure 3.4: Foil insulation: Closeup view (a), Mars Reconnaissance Orbiter covered
with multilayer insulation (b) [51, 52].
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3.3.2 Powder Insulation

In a very similar way to the multilayer insulation described above, also a powder can
reduce the radiative heat transfer between two surfaces. The powder grains absorb and
re-emit radiation just like foils. The only major difference is, that due to the spherical
shape of the grains, the emitted radiation will be homogeneously distributed into all
spatial directions. In contrast, flat foils only emit into the two directions perpendicular
to their surface.

It still has to be mentioned that a vacuum super insulation could in principal be realized
by evacuating any conventional insulation material. Experiments with rockwool [21]
have shown that the results differ only slightly from powders due to different pore sizes
and porosities. However, using powders is often less complicated in practice, also com-
pared to multilayer insulations. Whereas spacecraft applications naturally take place
in evacuated space, the vacuum inside a gap-shaped leakproof enclosure has to be gen-
erated artificially for applications on earth. Filling a powder or a similar bulk material
into this gap prior to evacuating is often easier than installing plates of conventional
insulation materials or a multilayer insulation there. For this reason, also the vacuum
super insulation of the long-term hot water storage, which is newly developed in the
context of this thesis, is realized using a perlite powder. Due to its granular structure,
the material is self-adapting to any arbitrary geometry.
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Chapter 4

Heat Transport in Evacuated
Powder Insulations

As the previous chapters contained a general overview about heat transfer and the
presentation of different insulation techniques, now the physics of heat transport in a
powder-based vacuum super insulation is treated. In the framework of this thesis, this
technique is applied to hot water storages. There are four mechanisms which contribute
to the heat transfer inside the evacuated powder: gaseous conduction, solid conduction,
radiation and the coupling effect. Each of them will be described below. Additionally,
the utilization of insulating inert gases (section 4.1) and the influence of moisture within
the material (section 4.6) will be addressed from a theoretical point of view.

4.1 Gas Heat Conduction and Smoluchowski Effect

Consider a gas enclosed between two walls of different temperatures and an imaginary
plane at position x0 (figure 4.1). The number of gas molecules per unit time per unit area
that cross the plane in one direction is given by nv/6, where n is the particle density and
v is their average velocity according to the Maxwell-Boltzmann distribution. The factor
1/6 is due to the fact that particle motion is possible in all three dimensions of space
with a positive and a negative direction for every dimension. The mean distance which
the molecules can travel freely between collisions with other particles is called mean free
path lf . Since both the distance between the walls and the gas density are assumed to be
very large, collisions with the boundary walls can be neglected compared to the number
of gas-gas-collisions. The thermal energy E = kBT/2 of the particles is a function of
their temperature, and as temperature varies along the x-direction, also E depends on
x. Molecules crossing the plane from the left have the mean energy Ēlr = E(x0 − lf ),
because their last collision was at an average distance lf from the plain. In analogy,
particles from the right carry the average thermal energy Ērl = E(x0 + lf ).



24 Chapter 4. Heat Transport in Evacuated Powder Insulations

Figure 4.1: Heat conduction according to the kinetic theory of gases.

The net heat transport across the plain can be expressed as

q̇net = q̇lr − q̇rl

=
1

6
nv̄E(x0 − lf )−

1

6
nv̄E(x0 + lf )

=
1

6
nv̄

�
E(x0)− lf

∂E

∂x
− E(x0)− lf

∂E

∂x

�

= −1

3
nv̄lf

∂E

∂T

∂T

∂x
= −1

3
ρcV v̄lf

∂T

∂x
(4.1)

with ρ denoting the mass density and cV the specific heat capacity of the gas. By com-
parison with the Fourier law of heat conduction (equation 2.1), one obtains the following
relation for the thermal conductivity of gases [21, 53]:

λg =
1

3
nv̄lf

∂E

∂T
=

1

3
ρcV v̄lf (4.2)

In the idealized case, where the distance d between the boundary walls is very large, the
mean free path lf is only related to the frequency of collisions between gas molecules.
However, in reality the influence of the walls may become noticeable. One introduces a
characteristic length dc, which is given by the distance of the system boundaries. For
example, the characteristic length of a gas inside a porous material is related to the
average pore diameter. For the above geometry of two parallel plates, dc is simply the
distance between the plates. As an additional quantity, one defines the dimensionless
Knudsen number Kn as the ratio between mean free path and characteristic length:

Kn =
lf

dc
(4.3)
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Expressed by the Knudsen number, three different regimes of gas heat conduction can
be distinguished:

A) Continuum (Kn � 1): Collisions with the boundary walls become negligible if
dc � lf , which corresponds to Kn � 1. This is exactly the previously described case,
where the heat conductivity is given by equation 4.2. From the kinetic theory of gases
[53], it is known that the mean free path is inversely proportional to the particle (and
mass) density: lf ∼ n

−1 ∼ ρ
−1. The expression for λg contains the product ρlf and

the quantities cV and v̄, which do not depend on pressure for an ideal gas. As a first
important result, it follows that the thermal conductivity is independent of gas pressure.
The heat transport for Kn � 1 is also referred to as heat diffusion, because it is only
related to collisions of gas molecules along their random walk.

B) Free Molecular Flow / Knudsen Flow (Kn � 1): In the opposite case with dc � lf ,
which for example occurs at low gas pressures or small pore diameters, the collisions be-
tween the molecules can be neglected. Thus, thermal energy is directly transferred be-
tween the boundary walls. This situation is also called ballistic transport. Equation 4.2
is still valid, but lf has to be replaced by dc, which is the new effective distance that
particles can travel before they hit the walls. Because dc is a constant, but the term for
λg still includes the density ρ, which is proportional to the gas pressure, the thermal
conductivity becomes a linear function of pressure. In a perfect vacuum, λg approaches
zero, and gaseous conduction is suppressed.

C) Transition Regime (Kn ≈ 1): Whereas the limiting cases above could be treated
straight-foreward, the discussion of gas heat conduction in the transition range between
continuum and free molecular flow becomes rather complicated. In a detailed investi-
gation of gas conduction in evacuated solar thermal collectors, different calculation ap-
proaches have been collected and discussed [35]. The most general method is solving
the Boltzmann transport equation [54], which is connected to a considerable calcula-
tory effort. Analytical solutions are only known for simple geometries and within nar-
row pressure and temperature intervals. Another possibility is the temperature-jump
method, which assumes Fourier’s law to be valid also in the transition regime, but at
the same time uses different boundary conditions at the walls. In its original form, this
method was applicable only in the region of Kn < 0.1 [55]. A modified version of the
temperature-jump method has been developed, which is valid for a significantly larger
range of Knudsen numbers, but requires the solution of the heat equation with mixed
boundary conditions [35]. Finally, a simple and heuristic equation derived from exper-
imental data is known, which interpolates the thermal conductivity in the transition
regime [34, 56]:

λg =
λ0

1 + 2βSKn
=

λ0

1 +
p1/2
p

(4.4)

Here, λ0 is the heat conductivity in the continuum, and p1/2 is the characteristic pres-
sure at which λg reaches half of the continuum value. βS is an experimentally deter-
mined constant. For air, the values are p1/2 = 230mbar/ (dc [µm]) and βS = 1.6 [57].



26 Chapter 4. Heat Transport in Evacuated Powder Insulations

Equation 4.4 is known as Sherman interpolation. It is equal to the temperature-jump
method and exact only for one-dimensional geometries [35]. For other geometries, it
is a practical approximation, whereas the temperature-jump method recently could be
expanded also to arbitrary geometries [35].

The gas heat conductivity of air as a function of pressure is shown in figure 4.2. For
high pressures, one can identify the continuum where λg becomes constant. In the op-
posite case of Knudsen flow, the heat conductivity is proportional to the pressure, which
is equivalent to an exponential curve in the logarithmic plot. The position of the tran-
sition regime is determined by the Knudsen number, which includes both the charac-
teristic length and the mean free path that is connected to gas pressure. Therefore, one
obtains different curves for different values of dc, and the choice of dc determines the gas
heat conductivity at a given pressure. As an example, four values for the characteristic
length are shown in the diagram. In general, the reduced heat conductivity of gases un-
der the influence of boundary walls is referred to as Smoluchowski effect, named after
Marian Smoluchowski, who was the first to study the phenomenon experimentally and
theoretically [58, 59].

The temperature dependency of the continuum thermal conductivity λ0 can also be de-
rived from equation 4.2. Again, ρ and lf cancel due to their inverse proportionality,
and the specific heat cV is constant for an ideal gas. An expression for the average ve-
locity v̄ is obtained [53] by integrating over the Maxwell-Boltzmann distribution F (v).
Consequently, one arrives at:

λ0 =
1

3
ρcV v̄lf ∼ v̄ ∼

√
T with v̄ =

1

n

∞̂

0

F (v)vdv =

�
8kBT

πm
(4.5)

Figure 4.2: Pressure dependency of the thermal conductivity of air enclosed in cavities
with different dimensions dc, normalized to the continuum value λ0 = 0.026W/mK.
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One could have also obtained the relation v̄ ∼
√
T from Ē = 1

2kBT = 1
2mv̄2. However,

this derivation is somewhat sloppy, because the mean square speed v̄2 has to be distin-
guished from the squared average speed v̄

2 is ignored. Actually, v̄2 and v̄
2 differ from

each other only by a constant factor of 8/3π, which does not matter for the temperature-
dependency. But this fact can only be derived from integrating both v and v

2 over the
Maxwell-Boltzmann distribution. Therefore, the integral has to be calculated anyway.

Up to now, general properties of the thermal conductivity of gases and their dependen-
cies on pressure and temperature have been discussed. In the following, some more
specific aspects are presented, which may become relevant under practical conditions.
First of all, an important relation is obtained from a closer look at the different quanti-
ties that determine the heat conductivity of a gas according to equation 4.2:

λg =
1

3
ρcV v̄lf ∼ f

ς
√
M

(4.6)

with ρ ∼ M cV ∼ f

M
v̄ ∼ 1√

M
lf ∼ 1

ς

As a consequence, gases with a high cross section ς for collisions, a high molar mass M

and few degrees of freedom f have lower thermal conductivities. All three requirements
are fulfilled for the inert gases argon, krypton and xenon. These gases consist of only
one atom. Therefore, degrees of freedom due to rotation and oscillation are not existent,
and only the three degrees of freedom connected to translational motion are available.
In addition, the atoms are relatively heavy and have a large effective diameter, which
is especially valid for krypton and even more for xenon. The resulting low continuum
heat conductivities and other relevant properties of these gases are listed in table 4.1.
For comparison, the values for air have also been included.

Air Argon Krypton Xenon

M [g/mol] 14.007 39.948 83.798 131.293

rW [pm] 155 188 202 216

f [1] 6 3 3 3

λ0 [10−3 W/mK] at T = 25 °C 26.1 17.7 9.5 5.6

αHGS 0.83 1 0.5 0.55

αAl 0.95 0.34 0.5 0.4

Table 4.1: Selected properties of argon, krypton and xenon compared to air: molar
mass M , van der Waals radius rW , number of degrees of freedom f , continuum heat
conductivity λ0 and accommodation coefficients α for high-grade steel and aluminum.
For air, the values of M , rW and f refer to pure nitrogen [34, 35, 44, 66, 67, 68, 69].
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From a more detailed investigation [35] based on the temperature-jump method accord-
ing to [55] and [58], one can derive equation 4.7, which describes the gas heat conductiv-
ity in a very explicit way. It contains the pressure dependency according to equation 4.4,
the temperature dependency from equation 4.5 and also includes the parameters f , ς
and M from equation 4.6:

λg (p, T ) =

�
RT
8πM

16
√
2ς

5πkB(2f+9) +
T

pdcαred(f+1)

(4.7)

In addition to the already defined quantities, the gas constant R = 8.31J/K mol and
the reduced accommodation coefficient αred, which shall be explained later, occur in this
term. For the limiting case of p → ∞, which corresponds to the continuum, one can
neglect the second summand in the denominator to obtain equation 4.8, which is a more
precise version of equation 4.6:

λg ∼ (2f + 9)
√
T

ς
√
M

(4.8)

In the opposite situation where p → 0, the first addend can be ignored, which yields:

λg ∼ pαred (f + 1)√
MT

(4.9)

In this case of ballistic heat transport, the interactions between molecules can be ne-
glected compared to collisions with the boundary walls (see page 25). It is therefore
comprehensible that the cross section ς for intermolecular collisions does no longer mat-
ter. Instead, an accommodation coefficient α occurs, which describes the interaction
with the walls. It is defined as:

α =
Tout − Tin

Twall − Tin
(4.10)

If the incoming particles with temperature Tin adopt the wall temperature completely,
which means Tout = Twall after the collision, the accommodation coefficient is α = 1. The
situation where there is no temperature exchange at all (Tout = Tin) is described by an
accommodation coefficient of α = 0. The intermediate cases are expressed by 0 < α < 1,
according to how big the temperature change is. The coefficients for a specific gas vary
for different wall materials. As an example, the values for nitrogen, argon, krypton and
xenon in combination with high-grade steel and aluminum are listen in table 4.1.

For the usual case where a gas is enclosed between two parallel plates with accommo-
dation coefficients α1 and α2, the reduced accommodation coefficient has to be used to
include the interaction with both walls:

αred =
α1α2

α1 + α2 − α1α2
(4.11)
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If the surface areas of the boundary walls are not equal, for example in cylindrical ge-
ometries, the reduced accommodation coefficient in equation 4.9 has to be replaced by
the area-asymmetric accommodation factor f̂ (αi, Ai) to correct the errors of the stan-
dard temperature-jump method at low gas pressures. An expression for f̂ (αi, Ai) was
first derived by [70]:

f̂ (αi, Ai) =

�
1

A1α1
+

1

A2

�
1

α2
− 1

��−1

(4.12)

Putting everything together, the thermal conductivity of the inert gases argon, krypton
and xenon is lower compared to nitrogen not only in the continuum, but also in the
regime of free molecular flow due to beneficial accommodation coefficients, a high mo-
lar mass and a low number of degrees of freedom. This fact has also been confirmed
experimentally [35]. On a sidenote, this does not automatically have to be true. For ex-
ample, sulfur hexafluoride SF6 has a lower heat conductivity than nitrogen in the con-
tinuum because of its high mass and large diameter. However, in the Knudsen regime,
its thermal conductivity is higher. This is a result of disadvantageous accommodation
coefficients and the high number of degrees of freedom (fSF6 = 19), which are weighted
differently in the regime of free molecular flow (factor 2f + 9 versus f + 1, see equa-
tions 4.8 and 4.9).

In practical applications with evacuated powder insulations, it may be reasonable to
replace air with an inert gas, for example if the vacuum pressure that is necessary for
a complete suppression of gaseous conduction cannot be maintained because of tech-
nically unavoidable leakages. In this case, the insulating properties of inert gases de-
scribed above can be utilized. In real applications, due to the entrance of air through the
leakage, a gas mixture will be present though, and the fraction of air will increase with
time. It is known [71] that the thermal conductivity of gas mixtures can be expressed
by the following formula if the pressure is in the continuum regime for both gases:

λtot =
λ1p1 + λ2p2

p1 + p2
=

λ1
p1
P2

+ λ2
p1
p2

+ 1
(4.13)

λi and pi are the continuum heat conductivities and the partial pressures of the single
components. The combined thermal conductivity λtot only depends on the ratio of partial
pressures. In a logarithmic plot, one obtains an S-shaped curve, which is shown in
fig. 4.3 for a mixture of air and krypton.

Although the thermal conductivity of inert gases is well-known, the effective heat con-
ductivity of an evacuated perlite powder insulation under the influence of argon and
krypton has been measured in the experimental part of this thesis (section 6.3). The
main motivation of these measurements was to verify the demonstrated effects for per-
lite and to investigate the coupling effect for inert gases.
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Figure 4.3: Total thermal conductivity of a gas mixture of air and krypton in the con-
tinuum at T = 25 °C as a function of partial pressure ratio [71].

4.2 Solid Heat Conduction

As mentioned in section 2.1, conductive heat transfer in solids can be due to phonons or
electrons. However, the electronic heat transport requires mobility of electrons, which
is only given in metals and, to a lower extent, in semiconductors. Heat insulation mate-
rials are usually not electrically conducting, since the electrons are bound to the lattice
atoms. Therefore, only the phononic heat transport occurs. For porous materials, two
relevant solid heat conductivities can be distinguished. On the one hand, there is the
heat conductivity λ

∗
s, which describes the massive part of the solid without any effects

that are related to the material structure. On the other hand, there is the effective solid
heat conductivity λs, which takes into account the morphology of the material.

For the theoretical characterization of λ∗
s, the phononic heat transport has to be consid-

ered. From a physical point of view, one can treat phonons like an ideal gas of particles
confined in the volume of the solid. As a consequence, the results from kinetic theory
of gases can be transferred, and equation 4.2 is still valid if the values v̄ and lf are
adjusted for phonons. The quantity v̄, which previously was the mean velocity of gas
molecules according to the Maxwell-Boltzmann distribution, has to be replaced by the
group velocity of phonons, which is obtained from the dispersion relation. Regarding the
mean free path lf , one has to consider both phonon-phonon-scattering and scattering on
defects and impurities.

In order to describe the temperature dependency of the solid heat conductivity in detail,
it has to be taken into account that both the specific heat cV of the solid and the mean
free path lf of phonons can vary with temperature [60]. For the description of cV at
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low temperatures, a quantum mechanical treatment is necessary. However, at high
temperatures (room temperature), the specific heat capacity approaches the classically
obtained Dulong-Petit value of cV = 3NkB/m = const. where N is the total number of
atoms and m is the mass of the solid. Therefore, only the mean free path lf determines
the temperature dependency of the solid heat conductivity λ

∗
s. At high temperatures,

scattering on defects can be neglected, and only phonon-phonon scattering is relevant.
As a consequence, lf becomes inversely proportional to T [60]:

λ
∗
s ∼

1

T
(4.14)

The effective solid heat conductivity λs of a porous insulation material is usually much
smaller than λ

∗
s [10], because the morphology of these materials influences the heat

transport (see figure 4.4). The heat flux (red arrow) can not always be aligned parallel
to the temperature gradient and has to follow an indirect route, because the direct path-
way is obstructed by the presence of pores. As an additional effect in the case of powders,
the transition to an adjacent grain can only happen at the small contact area, which is
pointlike in an idealized view . The combination of both effects results in small effective
solid heat conductivities. In other words, there are additional thermal resistances aris-
ing from the structure of the material. A very demonstrative example for these effects
is the highly-porous perlite: The two major components of this material are SiO2 (65
to 75 %) and Al2O3 (10 to 15 %) with thermal conductivities of λ∗

SiO2
≈ 1.2 W/mK and

λ
∗
Al2O3

≈ 28 W/mK [44]. Therefore, λ∗
perlite is supposed to be in the order of 1 W/mK.

Typical values for λs are 2 to 3 orders of magnitude lower.

It is obvious that the effective solid heat conductivity λs rises with higher bulk densities,
because the volume ratio between massive solid and pores increases. From empirical
findings, the following relation between λs and the bulk density ρ of the material is
known:

λs ∼ ρ
γ (4.15)

The scaling parameter γ can vary between 1 ≤ γ ≤ 2 depending on the type of material
[41, 57, 61, 62].

Figure 4.4: Illustration of solid conduction in a porous powder.
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4.3 Radiative Heat Transfer

In section 2.3, the heat exchange between two gray surfaces due to radiation was treated,
where the intermediate space between the surfaces was supposed to be evacuated. As
a consequence, there was no attenuation of radiation by absorption or scattering, and
thermal energy was directly transferred from one surface to the other (comparable to
ballistic heat transport for gases in section 4.1).

The situation changes if the radiative heat transfer in an evacuated powder is consid-
ered, because a certain amount of radiation will be absorbed by the material. As a first
assumption, one could think that the intensity I of radiation at the position x inside the
medium follows the Lambert-Beer law, which describes the attenuation of (especially
high-energetic) radiation as a result of absorption:

Ix = I0 exp (−κx) (4.16)

In this equation, the coefficient κ expresses the ability of the material to absorb radi-
ation. However, it has to be said that thermal radiation is not only absorbed by the
powder, but also constantly emitted due to its temperature. Therefore, equation 4.16
becomes invalid. As already mentioned in section 3.3.2, the emission is distributed ho-
mogeneously into all spatial directions. Furthermore, scattering of radiation occurs.
It is therefore necessary to apply the heat diffusion model to infrared-photons. Once
again, one can proceed like in section 4.1 to obtain an expression for the radiative heat
transport (compare to equation 4.1):

q̇net = −1

3
nv̄lf

∂E

∂T

∂T

∂x
(4.17)

Now some specifications have to be made to represent a gas of photons, which are the
particles related to the exchange of electromagnetic radiation. At first, the product
n (∂E/∂T ) is equivalent to the temperature derivative of the energy density u which can
be obtained from Planck’s law:

u(T ) =

∞̂

0

u(ν, T )dν =

∞̂

0

8πhν3

c̃3

1

exp
�

hν
kBT

�
− 1

dν

=
8πñ3

k
4
BT

4

h3c3

∞̂

0

x
3

exp(x)− 1
dx

=
8πñ3

k
4
BT

4

h3c3

π
4

15
=

4σñ3
T
4

c

n
∂E

∂T
=

∂u

∂T
=

16σñ3
T
3

c
(4.18)
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For this derivation, the spectral energy density u(ν, T ) as a function of frequency ν has
been used. The refractive index ñ = c/c̃ has been introduced, where c̃ is the propa-
gation velocity of radiation inside the medium. For the evaluation of the integral, the
substitution x = hν/kBT has been applied. The occurring constants have been com-
bined using the Stefan-Boltzmann constant σ. The result for ∂u/∂T can be inserted into
equation 4.17. With v̄ = c̃ and by expressing the mean free path lf of phonons as the
reciprocal of an extinction coefficient Eex(T ) (see equations 4.22 to 4.28), one arrives at
[10]:

q̇net = −1

3

c

ñ

1

Eex(T )

16σñ3
T
3

c

∂T

∂x
=

16σñ2
T
3

3Eex(T )

∂T

∂x
(4.19)

In the case of diffusive radiation propagation, it is now reasonable to introduce a radia-
tive heat conductivity λr by comparing equation 4.19 with Fourier’s law (equation 2.1)
to obtain [57]:

λr =
16σñ2

T
3
r

3Eex(Tr)
(4.20)

Here, Tr denotes the so-called radiation temperature, which is a mean value of the
boundary temperatures T1 and T2 defined as:

T
4
1 − T

4
2 = 4T 3

r (T1 − T2) ⇒ Tr =
3

�
1

4

�
T
2
1 + T

2
2

�
(T1 + T2) (4.21)

For small temperature differences and planar geometries, Tr approaches the arithmetic
mean temperature T̄r =

1
2 (T1 + T2).

In the following, the extinction coefficient Eex(Tr) is described more explicitly. First,
a spectral mass-specific extinction coefficient e

∗
λ(λ) is defined. As already mentioned

above, both scattering and absorption contribute to the extinction of thermal radiation
in a given material. Both mechanisms are wavelength-dependent in general. The spec-
tral mass-specific extinction coefficient e

∗
λ(λ) is then obtained by adding the spectral

mass-specific scattering coefficient s∗λ(λ) and the spectral mass-specific absorption coef-
ficient a∗λ(λ) [63]:

e
∗
λ(λ) = s

∗
λ(λ) + a

∗
λ(λ) (4.22)

The quantity e
∗
λ(λ) can be interpreted as the fraction Ie(x, λ)/I0 of radiation that is

scattered or absorbed on its way through a thin layer of matter, divided by the mass
density ρ and the layer thickness x:

e
∗
λ(λ) =

Ie(x, λ)

I0ρx
(4.23)
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The normalization is reasonable, since the extinction will generally increase for higher
values of ρ and x. Therefore, e∗λ(λ) is a material constant. The ratio Ie(x, λ)/I0 can be
expressed by the layer thickness x and the mean free path lf (λ) of photons:

Ie(x, λ)

I0
=

x

lf (λ)
(4.24)

This becomes obvious by considering some special cases: If x = 0, which is equivalent
to the absence of a medium, radiation will not be extinguished at all, thus Ie(0, λ) = 0.
For increasing values of x, the absorbed or scattered fraction will rise proportionally. If
x = lf (λ), every incoming photon gets scattered or absorbed exactly once, and therefore
the relation Ie(lf , λ)/I0 = 1 is valid. For x > lf (λ), multiple scattering or absorption
and re-emission occurs, which is expressed by Ie(lf , λ)/I0 > 1. By inserting the relation
Ie(lf , λ)/I0 = 1 into equation 4.23, one obtains an important correlation between the
mass-specific extinction coefficient and the mean free path:

e
∗
λ(λ) =

1

ρlf (λ)
⇔ lf (λ) =

1

ρe
∗
λ(λ)

(4.25)

Up to now, all quantities have been functions of wavelength. In order to eliminate this
dependency and to obtain average values, one has to integrate over the whole wave-
length spectrum [63]:

1

e∗(T )
=

´∞
0

1
e∗λ(λ)

fR(λ, T )dλ´∞
0 fR(λ, T )dλ

(4.26)

with fR(λ, T ) =
∂IB(λ, T )

∂IB(T )
(4.27)

Different wavelengths are weighted using the Rosseland function fR(λ, T ), which is de-
fined as the partial derivative of the spectral blackbody intensity IB(λ, T ) at a given
temperature with respect to the total intensity IB(T ) irradiated at the same temper-
ature. Therefore, the Rosseland weighting function favors wavelengths according to
their fraction of occurrence within the blackbody spectrum. As a consequence, the to-
tal mass-specific extinction coefficient e

∗(Tr) receives a weak temperature-dependence.
This is related to the wavelength shift of the Planck spectrum with varying temperature
(compare to Wien’s displacement law, equation 2.14).

Finally, by multiplying the total mass-specific extinction coefficient e∗(Tr) with the den-
sity ρ, one arrives at the initially introduced extinction coefficient Eex(Tr). It is the
reciprocal of the effective mean free path lf,eff , which is averaged over all wavelengths
[57]:

Eex(Tr) = ρe
∗(Tr) =

1

lf,eff
(4.28)
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The extinction coefficient Eex(Tr) is needed to calculate the radiative heat conductivity
λr (see equation 4.20). Eex(Tr) is no longer a material constant, but a characteristic
property of a given material sample with density ρ. In this context, it has to be noted
that the bulk density of powders can vary considerably between different samples. Fur-
thermore, the material can be compressed by external forces, by its own weight or by
vibrations which cause the grains to align in a more compact packing of spheres.

By means of the previous result, one can deduce a criterion that indicates whether the
heat diffusion model is suitable for a given case or not. From the requirement that
the mean free path lf,eff has to be much smaller than the thickness d of the material
sample, one obtains with equation 4.28:

lf,eff � d ⇒ 1

ρe∗(Tr)
� d ⇒ dρe

∗(Tr) � 1 (4.29)

A given sample between two surfaces at temperatures T1 and T2 is called optically thick
if dρe

∗(Tr) � 1. In this case, the heat diffusion model can be applied, and the total
heat exchange no longer depends on surface emissivities [10]. To reduce the heat flux,
one has to maximize the optical thickness τ0 = dρe

∗(Tr). The extinction e
∗(Tr) depends

mainly on optical properties of the material, especially on the effective cross section for
scattering and absorption. For example, a practical method to increase e

∗(Tr) is the
introduction of highly absorbing soot particles.

As a final note, it is remarkable from a physical point of view that all three mechanisms
of gas heat conduction, solid heat conduction and radiative heat transfer can be de-
scribed in an analog way by assuming a gas of particles (accordingly molecules, phonons
or photons) and using the kinetic theory of gases. This procedure is very fundamental
for the physical description of heat transport. For example, it is also possible to derive
an expression for the heat conductivity of metals if one considers a free electron gas and
adjusts equation 4.2 respectively [60].
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4.4 Coupling Effect

As pointed out in section 4.2, powders have small effective solid thermal conductivities,
which is mainly due to thermal resistances as a consequence of pointlike contacts be-
tween the grains. However, when the intermediate space between the grains is filled by
a gas, the thermal resistances are shorted by gaseous conduction [41, 42, 57, 61]. There-
fore, an additional mode of heat transfer occurs, which is referred to as coupling effect
and quantitatively expressed by the coupling heat conductivity λc. Conduction via the
gas inside the pores remains unaffected. The coupling effect can be significant at moder-
ate vacuum pressures (p > 10mbar) and at ambient pressure. Values of λc = 0.02W/mK
up to λc = 0.03W/mK are possible for powders [41, 57], which is in the range of the
continuum heat conductivity of air. In order to suppress the coupling, the material has
to be sufficiently far evacuated, typically below 1 mbar.

In this thesis, a special model has been developed with the aim to quantify the coupling
effect for perlite. It starts out from an existing model for particle beds in general [64],
which has been adapted also for aerogels [42]. Although some simplifications are in-
troduced, the measured data for perlite can successfully be described (see sections 6.2.2
and 6.3.2).

For an illustration of the model, the heat transport between two perlite grains is shown
in figure 4.5, both with and without coupling. The particles are supposed to be spher-
ical, which is an appropriate assumption for perlite [65]. If the material is completely
evacuated (image a), the situation is exactly like in section 4.2, where the heat flow is
restricted by the pointlike contact between the grains. A possible pathway is indicated
by the red arrow. In the presence of a gas (image b), there are additional routes which
involve heat transport along the solid backbone (red arrows) and via the gas (blue ar-
rows). At the grain border, a transition between solid and gaseous conduction occurs.
As a consequence, the coupling thermal conductivity can be calculated from a serial con-
nection of thermal resistances, which are defined in analogy to electrical resistances and
follow the same rules for serial and parallel connection:

Rel =
d

Aσel
⇒ Rth =

d

Aλ

Rtot =
N�

i=1

Ri for serial connection

1

Rtot
=

N�

i=1

1

Ri
for parallel connection (4.30)

In the above definition, σel is the electrical conductivity, d is the length of the conductor
and A is the reference area.
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Applying these relations to the serial connection of solid and gaseous conduction de-
scribed above, one arrives at:

λc = (1−Π)



1− Γ

λ∗
s

+ Γ



 λ0

1 +
pc1/2
p




−1



−1

(4.31)

It is assumed that the thermal conductivity for the heat transport along the massive
solid backbone is equal to λ

∗
s (see section 4.2). For the gas heat conduction, the ex-

pression from equation 4.4 is inserted. λ0 is the continuum thermal conductivity of the
gas, and p

c
1/2 is the characteristic pressure. Because the effective gap size between the

grains is different from the average pore diameter, the characteristic pressures p
c
1/2 for

coupling and p
g
1/2 for gaseous conduction inside the pores are expected to vary from each

other. The solid and gaseous contributions to the coupling effect are weighted by the
factor Γ, which is related to the relevant pathlengths of the solid and gaseous phase and
will be explained below. The overall term is weighted by 1 − Π, where Π is a modified
porosity which only takes into account the volume of the pores [42]. It differs from the
conventional porosity Ψ which also includes the volume of the empty space between the
grains. As a consequence, the weighting factor 1 − Π is equal to the volume fraction in
which coupling occurs.

Due to the fact that the heat conductivity λ
∗
s along the solid is in the order of 1 W/mK

(see section 4.2) and thus much larger than the maximum heat conductivity of the gas
(λ0 = 0.026W/mK for air at T = 25 °C), the first addend in equation 4.31 is expected to
become negligible in practice. As an approximation, the coupling thermal conductivity
can consequently also be written as:

λc =
1−Π

Γ

λ0

1 +
pc1/2
p

= Φ
λ0

1 +
pc1/2
p

(4.32)

Here, the factors 1−Π and 1/Γ have been summarized to a general weighting factor Φ.

Figure 4.5: Coupling effect for a powder consisting of spherical particles. Gas heat
conduction inside the pores is not depicted.
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In the following, the weighting factor Γ is described in more detail: Consider the heat
flux due to the coupling effect Q̇c, which flows from the warm end of a perlite sample
(thickness Dtot) to the cold end (temperatures T1 and T2). The pathway is composed of
small distances di, which are located either in the solid phase (ds,i, depicted red) or in the
gas phase (dg,i, depicted blue). On the one hand, the total effective thermal resistance
of the sample due to coupling is given by:

Rth =
Dtot

Aλc
(4.33)

On the other hand, from the law of serial connections of resistances (equation 4.30), a
second equation for Rth is obtained:

Rth =
N�

i=1

Ri =
N�

i=1

di

Aλi
=

Ds

Aλ∗
s
+

Dg

Aλg
(4.34)

Here, Ds =
�

ds,i and Dg =
�

dg,i are the total distances which the heat flux travels in
either the solid or the gas phase on its way through the perlite sample. λ∗

s and λg are the
respective thermal conductivities. By comparing equations 4.33 and 4.34, one arrives
at:

λc =

�
Ds

Dtotλ
∗
s
+

Dg

Dtotλg

�−1

(4.35)

Because Ds +Dg = Dtot, the weighting factor Γ is defined according to:

Dg

Dtot
= Γ ⇔ Ds

Dtot
= 1− Γ (4.36)

As a consequence, Γ is always smaller than 1. In the simplified coupling model (equa-
tion 4.32), the prefactor (1−Π) is also in the range 0 < (1−Π) < 1. Hence, the weight-
ing factor Φ = (1−Π) /Γ, which is determined by fitting of experimental data in this
thesis, can theoretically have values between zero and infinity.

Figure 4.6: Thermal resistance model for the coupling effect.



4.5. Effective Thermal Conductivity 39

4.5 Effective Thermal Conductivity

As described in the previous sections, there are four mechanisms of heat transport which
contribute to the overall thermal conductivity of an evacuated powder insulation. As-
suming that the individual modes proceed independent of each other, the respective heat
conductivities can simply be added. This approach corresponds to a parallel connection
of thermal resistances and is commonly used in present literature [21, 41, 42, 57, 61, 62].
The interdependency between gaseous and solid conduction is contained in λc. The sum-
mation yields the so-called effective thermal conductivity λeff :

λeff = λg + λs + λr + λc (4.37)

An overview about the single contributions including their dependencies on pressure,
temperature and bulk density is shown in table 4.2. As an important restriction, equa-
tion 4.37 is only valid under the requirement that the material is completely dry. The
influence of moisture is presented in the following section.

Mode of heat transport Parameters Dependencies

λg = λ0

�
1 +

pg1/2
p

�−1

gaseous conduction inside pores p, T
λg ∼

√
T

λs ∼ ρ
γ

solid conduction ρ, T
λs ∼ T

−1

λr ∼ T 3
r

e∗(Tr)

radiation ρ, T
λr ∼ ρ

−1

λc = Φλ0

�
1 +

pc1/2
p

�−1

coupling effect p, T
λc ∼

√
T

Table 4.2: Heat transport mechanisms in evacuated powder insulations and their most
important dependencies on p, ρ and T for practical purposes.
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4.6 Influences of Moisture

The considerations of the previous sections were based on the condition of dry insulation
materials. When moisture is present, additional effects can occur. First of all, it has to
be mentioned that moisture can exist in a gaseous phase in the form of water vapor
and in a liquid phase as water. It is obvious that water vapor increases both gaseous
conduction and the coupling effect. The thermal conductivity in the continuum regime
given by is λwv = 0.025W/mK at T = 100 °C [34] and has almost the same value as air.
Moreover, the characteristic pressure for gas heat conduction according to equation 4.4
can be specified for water vapor: p

g
1/2 = 120mbar/(dc [µm]) [57]. In the simultaneous

presence of air or other gases, equation 4.13 for gas mixtures can be used. As another
obvious effect of moisture, conduction inside a porous structure can be enhanced by
liquid water. Due to its high thermal conductivity (λw = 0.6W/mK at T = 25 °C [34, 72]),
this can have a significant negative impact. However, this effect requires high moisture
levels and therefore only has a minor relevance in practice.

An additional mode of heat transfer occurring in moistened pores is the so-called pore
diffusion. This term refers to the transport of latent heat as a result of evaporation
and subsequent condensation of water molecules. It requires the pore surface to be
completely covered with a thin layer of water [73]. Consider a moistened pore with a
temperature gradient (figure 4.7). In equilibrium, evaporation and condensation happen
at equal rates over the whole surface. However, the water molecules will preferably
evaporate in the hot domain and, after a diffusion process, condensate in the cold region.
Because the molecules can move back to the hot region via the water layer on the pore
surface, the latent heat ∆hv connected to the phase change is transported from one end
of the pore to the other. To quantify this effect, the pore diffusion thermal conductivity
λdiff is introduced.

Figure 4.7: Pore diffusion: Transport of latent heat inside a pore due to moisture under
the effect of a temperature gradient.
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In general, λdiff depends on the vapor diffusion coefficient Dv, the specific heat of evap-
oration ∆hv and the saturation vapor pressure psat. The exact dependency on these
quantities is not completely consistent, and there are several formulas in literature to
express λdiff , which differ slightly from each other [74]. For a bulk material, λdiff is
also correlated to the ratio of open and closed pores, because only open pores are well-
accessible for moisture. It is also comprehensible that λdiff increases with temperature,
since as it is easier to supply the energy needed for the evaporation at higher temper-
atures. If T approaches the evaporation temperature of water at atmospheric pressure
(Tev = 100 °C), the pore diffusion heat conductivity of a moistened material can be up to
10 times larger than the overall effective heat conductivity of the dry material [74, 75].
This is connected to the fact that the transport of latent heat is a very effective mode
of heat transfer. Under vacuum, lower temperatures are sufficient to cause the pore
diffusion effect, because the evaporation temperature decreases with lower pressures.

A general model that can be used to describe the heat transport within moistened insu-
lation materials was first developed by Krischer [73]. It has been extended to include
materials with both open and closed pores [74]. The model is based on the following
steps and assumptions:

• Heat transport within the moistened material can occur via the solid backbone,
condensed liquid water, water vapor, other gases (e.g. air) and pore diffusion. The
five different modes have to be weighted differently according to their occurrence
within the material.

• Solid conduction is described by λs. It has to be weighted by a factor of 1 − Ψ,
where Ψ = 1 − ρ/ρs is the porosity of the material. For this definition, the bulk
density ρ and the solid density ρs were used. Pores can be either open or closed,
thus Ψ = Ψop +Ψcl.

• The heat conductivity for closed pores is denoted with λcl. As closed pores are
inaccessible for liquid water by definition, λcl only includes conduction via gases
(e.g. air, water vapor) and radiation: λcl = λg + λr. The weighting factor is Ψcl.

• A fraction of open pores described by the factor Ψw is completely flooded with liquid
water. The thermal conductivity inside these pores is given by λw = 0.6 W

mK .

• From the remaining part Ψop − Ψw, the percentage 1 − b is dry, which means that
there is no pore diffusion. It can be treated in analogy to closed pores with the
only difference being the fact that the gas mixture inside these pores also contains
water vapor. Therefore, the thermal conductivity is equal to λop = λg+wv + λr.

• The last fraction of open pores is moistened, and therefore pore diffusion occurs.
The heat conductivity in these pores is given by λop + λdiff . The weighting factor
is b (Ψop −Ψw).
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• To obtain an overall thermal conductivity, the thermal resistances connected to
these five modes can be aligned either serial or parallel, depending on the geom-
etry and structure of the material. For a parallel connection, the five thermal
conductivities add up, which corresponds to the maximum total heat conductivity
(compare equation 4.30). By using the weighting factors, one obtains:

λparallel = (1−Ψ)λs +Ψwλw + b (Ψop −Ψw) (λop + λdiff ) +

+ (1− b) (Ψop −Ψw)λop +Ψclλcl (4.38)

For a serial connection, which is equivalent to the lowest possible total heat con-
ductivity, the reciprocal values of the heat conductivities add up (equation 4.30),
and one arrives at:

λserial =

�
1−Ψ

λs
+

Ψw

λw
+

b (Ψop −Ψw)

λop + λdiff
+

(1− b) (Ψop −Ψw)

λop
+

Ψcl

λcl

�−1

(4.39)

• In the general case, one combines a serial and a parallel connection and introduces
another weighting factor a, so that the overall effective heat conductivity is given
by:

λeff =

�
a

λparallel
+

1− a

λserial

�−1

(4.40)

It is obvious that λeff (a = 0) = λserial and λeff (a = 1) = λparallel. The weighting
factor a can be determined experimentally.

An illustrative sketch of the combination of serial and parallel connection including the
different weighting factors is shown in figure 4.8.

Figure 4.8: Extended Krischer model for the calculation of the effective heat conductiv-
ity of moistened materials [73, 74].
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For various insulation materials like mineral wool, foam glass, polystyrene, polyurethane
and also perlite, the extended Krischer model has successfully been used to describe the
temperature dependency of the effective thermal conductivity under the effect of mois-
ture [74, 75]. However, as a restriction, the measurements have only been performed at
ambient pressure.

From a look at the phase diagram of water (figure 4.9), one can deduce some important
facts for the practical relevance of the possible moisture-related effects described above:
The triple point of water is at p = 6.1mbar and T = 0.01 °C [72]. At lower pressures,
water can only exist in the solid or in the gaseous phase. In vacuum super insulations,
the pressure is typically at 0.001mbar ≤ p ≤ 1mbar. As a consequence, pore diffusion
cannot occur, because it requires a liquid phase. Above T = 0 °C, the only disadvanta-
geous effect that can play a role in practice is the additional gas conduction due to water
vapor. In order to reduce the moisture content and to minimize this effect, the insulat-
ing material can be baked out. The decrease of the water content with time during a
baking-out process is examined experimentally in section 6.4.

Figure 4.9: Phase diagram of water [76].
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Chapter 5

Perlite and Vacuum Super
Insulation: State of the Art

As already mentioned in section 3.3.2, a vacuum super insulation can be realized with
any kind of porous insulation material. For large storage tanks and applications under
vacuum, powders and granules have a practical advantage, as they can be installed by
pouring or air-injection. In contrast, the mounting of plates made of e.g. polyurethane
or foam glass is rather complicated. Especially perlite is a commonly used material for
vacuum super insulations. Other granular materials like diatomaceous earth (kiesel-
guhr), expanded clay or expanded glass granules are also possible, but their practical
relevance is not as high. In this chapter, the special properties of perlite which have led
to this fact are described, and the most important applications of vacuum super insula-
tion are presented. Furthermore, the results of former research on perlite are outlined,
and the motivation for the additional experiments performed in this work is motivated.

5.1 General Properties of Perlite

Perlite [77, 78, 79] is a naturally occurring mineral of volcanic origin. The source mate-
rial is obsidian (volcanic glass), which is transformed into perlite by hydration. There-
fore, perlite has an amorphous structure and a relatively high water content of up to
2 %. The raw material is mainly composed of SiO2 (65 - 75 %) and Al2O3 (10 - 15 %) with
small amounts of K2O, Na2O, Fe2O3, CaO and MgO. It has a mass density of around
ρ = 900...1000 kg/m³. Due to on-going volcanic activity, the worldwide perlite resources
are constantly regenerated.
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In a technical expansion process, raw perlite (figure 5.1 a) is heated to temperatures of
850 °C up to 1000 °C, which is close to the glass transition temperature of the amorphous
material. As a consequence, the material softens, and enclosed water vaporizes creating
a large number of microscopically small pores. After the water has escaped, the porous
structure is cooled under well-defined conditions and regains its mechanical stability.
As a result of the whole process, the volume can be increased by a factor of 7 up to 20
compared to the raw material, and the bulk density can be tuned between ρ = 30kg/m³
and ρ = 240kg/m³. The low density and the correspondingly high porosity (0.75 ≤ Ψ ≤
0.97) are two very characteristic properties of expanded perlite (figure 5.1 b), which also
make the material suitable for vacuum super insulation. As explained in section 4.1
(compare equation 4.4), the effective pore size has a large influence on the pressure
dependence of the gaseous heat conductivity.

In practice, other beneficial properties of expanded perlite are the low price (around
50 C/m³), the high temperature stability (up to 800 °C) and the fact that it is nonburn-
able and therefore meets fire protection regulations. Furthermore, the material is only
weakly hygroscopic, as the fraction of open pores is relatively low [79]. This is an impor-
tant factor, because moisture can dramatically increase the thermal conductivity (see
section 4.6). Apart from the applications for vacuum super insulation, which will be
treated in the following sections, there are numerous other fields of application. For
instance, the material is used in building technology for thermal insulation at ambient
pressure, for acoustic insulation and for lightweight plasters and mortars. In horticul-
ture, soil can be mixed with expanded perlite to reduce compaction and to improve the
permeability to air. As a last example, the beverage industry uses expanded perlite for
filtering purposes in many production processes [77, 78].

Figure 5.1: Raw (a) and technically expanded (b) perlite [80].
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5.2 Vacuum Super Insulation in Cryogenic Engineering

Vacuum super insulation with perlite has established itself as a practical and cost-
effective method for the storage of liquid gases. A storage tank (figure 5.2) consists
of an inner vessel with a volume of typically a few m³. By a suspension device, it is fixed
in the outer container. The annular gap between both vessels is filled with perlite and
evacuated into the range of fine vacuum (p ≈ 0.01mbar). At this pressure, the effective
thermal conductivity of the insulation is sufficiently low, because gas heat conduction
is suppressed and only solid conduction and radiative heat transport remain. Never-
theless, a small heat flux occurs, which causes a fraction of the liquid gas to heat up
and evaporate. This has a cooling effect, because the heat of evaporation is withdrawn
from the liquid. As a consequence of these two antagonizing effects, the temperature
of the liquid stays constant. However, the tank pressure increases. As the inner vessel
can only withstand pressures of a few bar, the excessive pressure has to be exhausted
through a safety valve if the gas is not extracted for its intended use over a longer time
interval [81].

In general, this application of an evacuated perlite insulation is very similar to the
intended long-term storage of hot water. However, liquid gases are typically stored be-
tween 20 K (hydrogen) and 90 K (oxygen), whereas the storage temperature for hot
water can be up to 373 K (100 °C) and higher if the water is pressurized. This makes a
considerable difference, as the thermal conductivity of evacuated perlite is temperature-
dependent (see chapter 4), especially the radiation part which scales with T

3 (see equa-
tion 4.20).

Figure 5.2: Schematical design of a cryogenic storage tank.
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5.3 Vacuum Super Insulation of District Heating Pipelines

The concept of long-distance district heating is, to use medium-temperature waste heat
(80 °C ≤ T ≤ 130 °C) from industrial processes or power plants for residential heating.
The heat transfer medium is water. Because the distance between industrial and resi-
dential areas is usually a few kilometers, well-insulated pipelines are important for the
overall system efficiency. Furthermore, the maximum economically reasonable distance
between heat producers and consumers can be increased by a better insulation. For this
reason, vacuum super insulation of district heating pipelines has been considered at the
beginning of the 1980s, and selected materials including perlite have been examined for
this application by Deimling [21, 82]. The measurements of the effective thermal con-
ductivities have been performed in a parallel plate setup and in a real-size pipeline test
station with cylindrical geometry. Three perlite samples with the following densities
and grain sizes have been investigated:

density ρ [kg/m³] grain size dg [mm]

sample 1 40 0.7...0.8

sample 2 61 0.4

sample 3 88 < 0.1

Table 5.1: Perlite samples examined by Deimling [21, 82].

The most important results of Deimling’s measurements are:

• In accordance with the Smoluchowski effect (section 4.1), the effective thermal con-
ductivity decreases at lower pressures following the characteristic S-curve. The
characteristic half-value pressure is in the order of p1/2 = 10mbar, which corre-
sponds to an effective pore diameter of around 20 µm (compare equation 4.4)

• In good approximation, the effective thermal conductivity increases linearly with
temperature between T = 50 °C and T = 130 °C.

• At higher bulk densities, the decrease of the gaseous heat conductivity starts al-
ready at higher pressures. This is in good accordance with equation 4.4 and fig-
ure 4.2, because the effective distance between the powder grains and therefore
the characteristic length dc is smaller at higher densities.

• The effective heat conductivity in the fully evacuated state (p < 0.01mbar) is
around λeff ≈ 0.01W/mK for samples 1 and 2. The third sample with the highest
density showed the lowest value with λeff ≈ 0.005W/mK. All measurements refer
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to a mean sample temperature of T = 75 °C. As a possible explanation, one could
state that there is a considerable amount of radiative heat exchange, which gets
reduced at higher density (compare section 4.3). Obviously, the contribution of
solid conduction, which increases with density, has only a minor impact. This was
also a result of the computational evaluation method used by Deimling, where the
obtained values of λs were close to zero. Solid conduction was therefore ignored in
his model.

• In general, sample 3 yields the best results regarding the decrease of λeff with
pressure (p1/2 ≈ 20mbar) and regarding the value of λeff in the fully evacuated
state. The sample was prepared by sifting out a very fine fraction with a grain
diameter of d < 0.1mm from the original perlite material. The resulting high
density and the small distance between the powder grains has a beneficial effect
on the suppression of radiation and gas heat conduction.

5.4 Vacuum-Super-Insulated Panels in Civil Engineering

As the most recent important application of the vacuum super insulation technology,
the so-called vacuum insulation panels (VIP) can be mentioned [83, 84, 85]. This term
refers to insulating plates which have originally been developed for refrigerators. By
intense research and development at ZAE BAYERN during the last decade [57, 61], VIPs
have been adapted for the thermal insulation of buildings and are now available on the
market as commercial products. Essentially, a VIP consists of a compressed, evacuated
kernel material, which has to withstand the mechanical load caused by the atmospheric
pressure (10 t/m²), and a vacuum-tight laminate (figure 5.3). In the evacuated state, the
panels have an effective thermal conductivity of around λ = 0.007W/mK.

Figure 5.3: Sliced vacuum insulation panel [86].
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The sealing foil consists of several resilient polymer layers. Since polymers are rather
permeable for water vapor, nitrogen and oxygen, the foils are coated with a thin alu-
minum layer (d = 100nm). The kernel material is usually not perlite, and fumed silica
is used instead. This material has a notably finer pore structure with average pore diam-
eters of only 200 nm. Therefore, gas heat conduction is already suppressed at relatively
high vacuum pressures of 20 to 50 mbar. This is important for the long-term stability of
VIPs. At the beginning of their life cycle, the panels are evacuated to p = 0.1mbar. With
a pressure increase of 1 to 2 mbar per year due to leakages, they maintain their insulat-
ing properties over a few decades, and the effective thermal conductivity is expected to
remain below λ = 0.008W/mK even after a duration of 50 years [57]. As another benefi-
cial consequence of the small pore diameter, the thermal conductivity of fumed silica at
ambient pressure is only λ = 0.018W/mK [83]. Hence, even when the sealing laminate
is damaged and the vacuum inside the panel is destroyed, an effective thermal insula-
tion is still existent. To suppress radiative heat transport inside the kernel material,
infrared opacifiers like SiC can be introduced.

Compared to conventional insulation materials, the advantage of VIPs is that they reach
the same heat transfer coefficient (k-value) at a much smaller insulation thickness. To
obtain the same k-value as a VIP with a thickness of 5 cm, one would have to use
30 cm of conventional insulation. Due to this, VIPs are especially used for insulation
applications under spatial constraints (e.g. due to urban heritage conservation), where
they are also economically reasonable. The average price of VIPs with a thickness of
2 cm is between 50 and 100 C/m².

Apart from building applications, VIPs are also used for cooling of food or pharmaceuti-
cals, especially in refrigerated vehicles. Also here, the increase of usable volume pays off
the higher costs of VIPs. To withstand the mechanical stress which occurs for instance
at the bottom of a cooling chamber, the aluminum-polymer laminate can be replaced by
thin sheets of high-grade steel.

5.5 Material Selection and Motivation for Additional Re-
search

For the vacuum super insulation of the first hot water storage tank prototype (see chap-
ter 7), the perlite TECHNOPERL ® - C 1,5 from the Austrian manufacturer EUROPERL,
STAUSS PERLITE GMBH is used [79, 87]. This material has already been applied suc-
cessfully to liquid gas storage tanks (compare section 5.2). According to the specification
of the manufacturer, the density of an uncompressed bulk is ρ ≈ 53kg/m³, and the grain
size varies between 0 and 1.5 mm. However, it shows in practice that the material can
be compressed up to ρ ≈ 100kg/m³ by vibration or by applying mechanical pressure.
Although measurement data for perlite is already known from the work of Deimling
(section 5.3), there is still motivation for further investigation of perlite in general and
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TECHNOPERL ® - C 1,5 in particular:

• The perlite used by Deimling differs from TECHNOPERL ® - C 1,5 regarding grain
size and density, especially sample 3 (see table 5.1), which showed the best results.

• In general, perlite may not always have exactly identical properties, since it is a
natural product.

• TECHNOPERL ® - C 1,5 is optimized for cryogenic application and performs well
within this temperature range. However, in the temperature regime of hot water
storage, radiation may have a significantly higher impact. Therefore, it is not clear
whether the existing technology for liquid gas storage can easily be transferred
towards higher temperatures, and whether TECHNOPERL ® - C 1,5 is also the
optimum material for vacuum super insulation of hot water storages.

• The coupling effect in perlite has not been investigated separately by Deimling and
is still unclear. Also for other vacuum super insulation materials like aerogels,
a fully satisfying agreement between the developed theoretical models and the
measured data has not yet been achieved [42].

• In practice, the utilization of inert gases may help to keep the thermal conductivity
constant for a longer time interval in spite of technically unavoidable leakages of
the storage tank (see section 4.1). However, the thermal conductivity of perlite
under the influence of these gases has not yet been investigated experimentally.

• Although TECHNOPERL ® - C 1,5 is described to be non-hygroscopic by the manu-
facturer [79], it is not known how much moisture (in percent of weight) is actually
contained.

Because additional research on the material was necessary due to the above reasons,
several experiments were performed at ZAE BAYERN (chapter 6). The fundamental
tasks were to quantify the contributions of the different heat transport mechanisms de-
scribed in chapter 4 and to investigate the open questions mentioned above. Besides the
laboratory experiments, heat loss measurements on a real-size storage tank prototype
were done in order to study whether the results are also valid under practical conditions
(chapter 7).
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Chapter 6

Laboratory Measurements
Regarding the Heat Conductivity
of Evacuated Perlite

The following chapter describes the laboratory experiments which were performed at
the ZAE BAYERN departments in Würzburg and Garching in order to determine the
thermal conductivity of TECHNOPERL ® - C 1,5 under various conditions. As a prelimi-
nary examination, spectroscopical measurements were done to obtain the radiative heat
conductivity (section 6.1). Subsequently, the effective thermal conductivity as a function
of air pressure, bulk density and temperature was measured in a parallel plate setup
(section 6.2) for a general understanding of solid and gaseous conduction and the cou-
pling effect. Apart from that, effective thermal conductivity measurements were also
performed in a cut-off cylinder apparatus (section 6.3) to examine the effects that occur,
when argon and krypton are used as filling gases instead of air. This device also served
for a cross-check of the results from the parallel plate apparatus. Finally, the moisture
content of TECHNOPERL ® - C 1,5 was determined (section 6.4).

6.1 Spectroscopic Determination of The Radiative Ther-
mal Conductivity

If an insulation material is sufficiently far evacuated (p ≤ 10−3 mbar for perlite), gas
conduction and coupling are suppressed (λg = λc = 0, see sections 4.1 and 4.4). In
this state, the total effective thermal conductivity is the sum of radiative and solid heat
conductivity:

λeff (p → 0) = λr + λs (6.1)

Because both contributions depend on density and temperature (see sections 4.2 and 4.3),
they are difficult to separate by pure thermal conductivity measurements. However,
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there is a different approach to determine the radiative thermal conductivity experi-
mentally. As explained in section 4.3, λr is related to the extinction of thermal radiation,
which is the combination of scattering and absorption within a material. This property
can be determined by infrared spectroscopy measurements. The special technique of
Fourier transform infrared spectroscopy (FTIR) [88, 89, 90] was used for this purpose.

6.1.1 Principles of FTIR Spectroscopy

The most essential part of an FTIR spectrometer is a Michelson interferometer (fig-
ure 6.1). The beam emitted by the IR-radiation source (ideally a blackbody) is collimated
and directed on a semi-transparent mirror, where it is divided into two partial beams.
From this point, there are two relevant pathways. The first partial beam is reflected at
the semi-transparent mirror, reflected at the fixed mirror and transmitted on the semi-
transparent mirror. The second beam first passes the semi-transparent mirror and is
then reflected both at the moving mirror and at the semi-transparent mirror. At this
point, the two partial beams are merged, interfere with each other and result in the out-
going beam. The outcome of the interference depends on the path difference x, which
can be calculated from the distances between the mirrors:

x = 2 (dm − df ) (6.2)

For a given wavelength λ, the maximum positive interference occurs if x is an integer
multiple of λ. By contrast, if x is an odd-numbered multiple of λ/2, both beams annihi-
late each other. Assuming that the intensity of both partial beams is equal (Im = If = I),
the intensity Iλ of the outgoing beam due to interference at a single wavelength λ is
given by:

Iλ = I

�
1 + cos

�
2π

λ
x

��
= I (1 + cos (2πν̃x)) (6.3)

Here, the wave number ν̃ = 1/λ = ν/c is introduced, which is defined as the reciprocal
of the wavelength. The wave number is proportional to the freqency ν, and the factor of
proportionality is the inverse of the speed of light c. The total intensity of the outgoing
beam as a function of the path difference Itot(x) is then obtained by integrating over
all wave numbers in the interval B = [ν̃1, ν̃2], which is the so-called bandwidth of the
spectrometer:

Itot(x) =

ν̃2ˆ

ν̃1

(I(ν̃) + I(ν̃) cos (2πν̃x)) dν̃ (6.4)

The first addend yields a constant which does not contain any relevant information and
can thus be subtracted. This step is usually performed electronically by the spectrome-
ter device. Below, only the second addend I(x) is considered:
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I(x) =

ν̃2ˆ

ν̃1

I(ν̃) cos (2πν̃x) dν̃ =

∞̂

−∞

I(ν̃) cos (2πν̃x)D(ν̃)dν̃ (6.5)

By introducing a window function D(ν̃) which is equal to one for ν̃ ∈ [ν̃1, ν̃2] and zero
otherwise, the integration boundaries can be extended to plus and minus infinity.

Equation 6.5 already looks similar to a Fourier transform, but the sine term of the trans-
formation factor exp(2πiν̃x) = cos (2πν̃x) + i sin (2πν̃x) is missing. However, I(x) is an
even function since I(−x) = I(x), and thus one can replace cos (2πν̃x) by exp(2πiν̃x). The
integral over the sine term must be zero due to the fact that the Fourier representation
of an even function may only contain cosine functions which are also even. Therefore,
one finally arrives at equation 6.6, which is the definition of the Fourier transform:

I(x) =

∞̂

−∞

I(ν̃) exp (2πiν̃x)D(ν̃)dν̃ (6.6)

For spectroscopy measurements, one is typically interested in the spectral intensity I(ν̃).
It can be obtained by measuring I(x) and applying the inverse Fourier transform:

I(ν̃) =

∞̂

−∞

I(x) exp (−2πiν̃x)D(ν̃)dx (6.7)

I (ν̃) only contains contributions which depend on the path difference x. Constant ad-
dends like like thermal irradiation of the investigated sample are filtered out by the
Fourier transform.

Figure 6.1: Setup of a Michelson interferometer.
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6.1.2 Measurement Procedure

To determine the extinction of thermal radiation, usually three measurements are per-
formed:

• A reference measurement (figure 6.2 a), where the outgoing beam of the Michelson
interferometer is directly detected. An integrating sphere (Ulbricht sphere) is used
to diffuse the beam and to reach a spatially homogeneous intensity.

• A transmission measurement (figure 6.2 b), where the sample is placed in the
beamline, and the transmitted radiation is detected with the aid of the integrating
sphere.

• A reflection measurement (figure 6.2 c), where the radiation reflected by the sam-
ple is detected.

For all three measurements, the position of the moving mirror is varied, and the result-
ing intensities I(x), which are measured at the detector, are recorded. Subsequently,
the respective spectral intensities I(ν̃) are calculated from the inverse Fourier trans-
form. The extinction of the sample as a function of the wave number is then given by:

e(ν̃) =
Ireference(ν̃)− Itransmission(ν̃)− Ireflection(ν̃)

Ireference(ν̃)
(6.8)

Figure 6.2: FTIR spectroscopy: Positioning of sample, integrating sphere and detector
for the reference (a), transmission (b) and reflection (c) measurement.

6.1.3 Experimental Results

For the FTIR spectroscopy measurements of TECHNOPERL ® - C 1,5, thin homogeneous
layers of the perlite powder were prepared on an IR-transparent polymer foil. The mea-
sured data for the extinction e(ν̃) was converted back into units of wavelength. For each
sample, the areal mass density (mass of the sample divided by the area which is cov-
ered by the sample) was determined to calculate the mass-specific extinction coefficient
e
∗
λ(λ) (equation 4.23). In figure 6.3, e∗λ(λ) is shown as a function of wavelength. The
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data of several samples was averaged. The bandwidth of the spectrometer ranged from
1.4 to 18 µm and covers the whole wavelength interval which is relevant for thermal
radiation at temperatures between approximately 300 and 500 K (compare figure 2.4
and equation 2.14).

The remaining procedure to obtain the radiative thermal conductivity is described in
section 4.3. First, the total mass-specific extinction coefficient e∗(T ) has to be calculated
using equation 4.25. As already mentioned, e∗(Tr) has a weak temperature-dependence.
A plot of e∗(Tr) versus temperature is shown in figure 6.4 for temperatures between 300
and 450 K. In this temperature interval, the total mass-specific extinction coefficient
can be approximated with sufficient accuracy using a second order polynomial (equa-
tion 6.9). The error of e∗(Tr) is given by ∆e

∗ = 4m²/kg [63].

e
∗(Tr) =

�
5.32 · 10−4 ·Tr[K]2 − 0.4503 ·Tr[K] + 130.31

� m2

kg
± 4

m
2

kg
(6.9)

Eventually, for a given bulk density ρ and radiation temperature Tr (see equation 4.21),
the radiative heat conductivity of TECHNOPERL ® - C 1,5 can be calculated from equa-
tion 6.10, which follows from equations 4.20 and 4.28:

λr =
16σñ2

T
3
r

3ρe∗(Tr)
=

16σT 3
r

3ρe∗(Tr)
(6.10)

For e∗(Tr), the expression from equation 6.9 can be used. The refractive index can be ap-
proximated by ñ = 1. At the temperature regime which is relevant for the conventional
storage of hot water (T1 = 373 K or lower, T2 = 273 K) and for bulk densities between
ρ = 53kg/m³ and ρ ≈ 100kg/m³ (see section 5.5), one obtains radiative thermal conduc-
tivities between λr = 2 · 10−3 W/mK and λr = 5 · 10−3 W/mK (see table 6.1). Compared
to the cryogenic application (T1 = 90 K, T2 = 293 K), the radiative heat conductivity is
increased by a factor of 4 to 5. However, the absolute value of λr still looks promisingly
low, especially at higher densities.

T1 [K] T2 [K] Tr [K] e
∗ [m²/kg] ρ [kg/m³] λr [10−3 W/mK]

cryogenic 90 293 208 59.7 53 0.9

application 100 0.5

hot water storage 323 273 299 43.3 53 3.5

low temperature 100 1.9

hot water storage 373 273 326 40.1 53 4.9

high temperature 100 2.6

Table 6.1: Radiative thermal conductivity of TECHNOPERL ® - C 1,5 at different appli-
cation temperatures and bulk densities.
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Figure 6.3: Spectral mass-specific extinction coefficient of TECHNOPERL ® - C 1,5 as a
function of wavelength between 1.4 and 18 µm [63].

Figure 6.4: Total mass-specific extinction coefficient of TECHNOPERL ® - C 1,5 as
a function of temperature between 300 and 450 K. The error of the measurement is
∆e

∗ = 0.004m²/g [63].
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6.2 Effective Thermal Conductivity Measurements in a Par-
allel Plate Setup

After the radiative part of the heat transport had been investigated, the effective ther-
mal conductivity of TECHNOPERL ® - C 1,5 was determined experimentally in a parallel
plate apparatus at the ZAE BAYERN division in Würzburg. The device [91, 92] has been
especially developed for thermal conductivity measurements of evacuated super insula-
tions and allows the adjustment of vacuum pressure, temperature and bulk density of
the investigated samples. The variation of these parameters is necessary to examine
the validity of theoretical models and to separate gaseous conduction and the coupling
effect from solid conduction and radiative heat transport.

6.2.1 Measurement Setup and Experimental Procedure

The layout of the parallel plate apparatus is shown in figure 6.5. The central components
of the device are an electrically heated circular hot plate (2) and two cold plates (3,4)
inside a vacuum chamber (1). Two identical samples (5) are placed symmetrically in
the gaps between the metal plates. The inner hot plate has a diameter of dh = 200mm
and is surrounded by two guard rings, which are kept at the same temperature Th to
prevent radial heat flux. A heat sink (6), which is needed to control the temperature Tc

of the cold plates (dc = 280mm), is realized by circulating a fluid. All temperatures are
measured using Pt-100 resistances.

Figure 6.5: Layout of the parallel plate apparatus for thermal conductivity measure-
ments [91, 92].
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By applying a mechanical force via a piston (9), the density of the investigated samples
can be varied. The sample thickness ds may range from 1 to 28 mm and can be measured
with an appropriate sensor (10). The heating power Pel, which is needed to keep the tem-
perature of the hot plate constant, is regulated by a proportional-integral controller. It
is calculated according to Pel = RelI

2
el where Rel is the (temperature-dependent) resis-

tance of the electrical heater and Iel is the current which is measured as the voltage
drop across a 1 Ω precision shunt. In the stationary case, the heating power is equal
to the one-dimensional heat flux which flows symmetrically from the hot plate through
both samples to the cold plates. The assumption of stationary conditions is assumed
to be valid when all temperatures and the heating power have remained constant for
at least 1.5 hours. The data of the last hour is then averaged to calculate the thermal
conductivity of the sample material according to equation 6.11:

λ =
Pelds

2A∆T
=

2Pelds

πd
2
h (Th − Tc)

(6.11)

For the evaluation of the measurements, the following systematic errors have to be
taken into account [92]:

Temperature: Due to the tolerances of the Pt-100 sensors, the measured temperature
difference ∆T between hot and cold plates is only accurate within 0.5 K.

Electrical power: Because of the high precision shunt resistance, the relative error
of the heating current is only 0.1 %. However, the resistance of the heater is much less
accurate. In total, an error of 1 % for the electrical heating power is estimated.

Sample thickness: The absolute error of the thickness sensor is given by 0.2 mm.

Measuring area: The area A = πd
2
h has a relative error of 0.5 %, which corresponds to

an absolute value of 1.57 · 10−4 m².

Radial heat losses: If the central hot plate and the guard rings are not exactly at the
same temperature, a radial heat flux occurs, which leads to a systematic error. From test
measurements it is known that the radial heat loss is limited by 0.15 W in the worst case
that can occur in practice. For samples with thermal conductivities above 0.1 W/mK, the
heat flux through the sample is typically around 10 W, and thus the relative error due
to radial heat losses is less than 2 %.

For specimens with thermal conductivities smaller than 0.1 W/mK (which is always
valid for super-insulating materials), the heat flux through the sample can become as
low as 0.3 W and is thus in the range of the maximum possible radial heat loss. For
this case, a special correction method [92] has been developed to avoid high relative
errors: Based on the assumption that radial heat losses and errors in measured tem-
peratures are independent of the temperature difference ∆T between both plates, two
measurements at different values of ∆T are performed. By taking the difference of both
experiments, the errors are eliminated:
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Pel,1 = λ
2A

ds
∆T1 Pel,2 = λ

2A

ds
∆T2

Pel,1 − Pel,2 = λ
2A

ds
(∆T1 −∆T2)

λ =
(Pel,1 − Pel,2) ds
2A (∆T1 −∆T2)

(6.12)

In other words, the measurement values are extrapolated to ∆T = ∞, where both the
relative error caused by radial heat losses and the relative error of the temperature mea-
surement are zero. As a result of the correction method, the remaining error ∆λT+rhl

(not including errors of measuring area, electrical power and sample thickness) is typi-
cally around 2 %. According to the law of propagation of uncertainty (equation 6.13), the
total error of the measurement was calculated according to equation 6.14:

y = y(x1, x2, ..., xn) =⇒ ∆y =
n�

i=1

����
∂y

∂xi
∆xi

���� (6.13)

∆λ = ∆λT+rhl +
Pelds

2A2∆T
∆A+

ds

2A∆T
∆Pel +

Pel

2A∆T
∆ds =

= λ

�
2% + 0.5% + 1%+

∆ds

ds

�
= λ

�
3.5% +

0.2mm
ds

�
(6.14)

For the specific task of measuring the effective thermal conductivity of perlite, two sam-
ples of the powder with masses m1 = 76.55 g and m2 = 76.07 g were filled in special cloth
bags. Before the measurements were started, the samples were baked out at T = 150 °C
and p < 10−3 mbar for a duration of 28 h. When the samples were removed after the
measurements were finished, the masses were m1 = 75.31 g and m2 = 74.69 g. Assuming
that the mass decrease is only due to the evaporation of water which is contained in
the sample, one obtains a moisture content of 1.7 % weight (see section 6.4 for further
investigation regarding moisture content). For the evaluation of the measurements, it
is supposed that the samples were completely dry. The temperature differences between
hot and cold plates for the correction method were ∆T1 = 10K and ∆T2 = 20K.

6.2.2 Presentation and Evaluation of Measurement Results

Because the radiative thermal conductivity has already been determined from the FTIR
spectroscopy measurement (see section 6.1.2), the next mode of heat transfer to be in-
vestigated is solid conduction. According to equation 6.1, if gaseous conduction and
coupling are suppressed (p < 10−3 mbar), the solid heat conductivity λs at a certain tem-
perature T and density ρ can be determined by measuring the total effective thermal



62 Chapter 6. Laboratory Measurements

conductivity and subtracting the radiative thermal conductivity λr, which is calculated
from equation 6.10. For this purpose, different measurements were performed in the
fully evacuated vacuum chamber at different mean temperatures between 20 °C and
150 °C. The sample density was varied by applying an external loading pressure via the
piston. The obtained experimental values for the solid thermal conductivity at different
densities are depicted in figure 6.6. A linear correlation is observed. From empirical
findings, λs is expected to scale with ρ

γ (see section 4.2), where γ can have values be-
tween 1 and 2. In this case, the linearity corresponds to γ = 1 and is therefore in good
accordance with theory. In literature, a value close to 1 (1.1 ≤ γ ≤ 1.3) can be found for
fumed silica, a material which is quite comparable to perlite [93]. Furthermore, γ ≈ 1

was also determined for polyimide foams [94].

The height of the error bars in figure 6.6 was computed by adding the errors of the effec-
tive thermal conductivity measurement (equation 6.14) and the errors of the calculated
values for λr, which are mostly caused by the error of the extinction (see equation 6.9).

Different values of λs were measured at equal densities, but different mean tempera-
tures. However, no explicit temperature dependency could be observed, although λs ∼
T
−1 is predicted from theory. A possible explanation is, that this relation is only valid

for crystalline solids. For amorphous materials like SiO2, it has even been observed that
λs slightly rises with temperature [73]. Therefore, the temperature-dependence of λs for
perlite, if existing, is assumed to be smaller than the indicated error and neglected from
now on.

From the linear fit (black line), one obtains the following relation between solid thermal
conductivity and density, including standard deviations of the fit parameters:

λs =

�
(0.326± 0.010) · ρ

�
kg

m³

�
− (15.4± 0.7)

�
· 10−3 W

mK
(6.15)

In the next step, effective thermal conductivity measurements at gas pressures between
0.1mbar ≤ p ≤ 1000mbar were done in order to examine conduction via the pore gas on
the one hand and the coupling effect on the other hand. A first series of measurements
was recorded at a temperature of T = 20 °C and a bulk density of ρ = 76.3kg/m³. For the
evaluation, the pure contribution of gaseous conduction and coupling was determined.
For this purpose, the radiation and solid thermal conductivities at the given tempera-
ture and density of the sample were calculated according to equations 6.10 and 6.15.
Subsequently, the values for λr and λs were subtracted from the measured effective
thermal conductivity λeff to obtain the sum of λg + λc. The result of this procedure
is shown in figure 6.7 (blue points), where λg + λc is plotted as a function of pressure.
The length of the error bars was calculated by adding the measurement error of λeff

(equation 6.14), the systematic error of λr, which is mainly caused by the extinction e
∗,

(equation 6.9) and the statistical error from the linear fit for λs (equation 6.15).
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Figure 6.6: Solid Thermal Conductivity λs as a function of bulk density, measured in a
parallel plate setup.

Figure 6.7: Sum of Gaseous Conduction λs and Coupling Effect λc as a function of
pressure, measured in a parallel plate setup.
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For the interpretation of the experimental data, the well-known relation for gas heat
conduction (equation 4.4) and the model for coupling developed in section 4.4 was used.
Initially, the more precise version of the coupling model (equation 4.31) was applied:

λg + λc =
λ0

1 +
pg1/2
p

+ (1−Π)



1− Γ

λ∗
s

+ Γ



 λ0

1 +
pc1/2
p




−1



−1

(6.16)

The measurement values from figure 6.7 at T = 20 °C were used to fit the parameters
p
g
1/2, Π, Γ λ

∗
s and p

c
1/2 in equation 6.16 using the software ORIGIN PRO 8.5.1 G. Table 6.2

shows the obtained results and their statistical errors. The quantity λ0 was defined as
a constant with λ0 = 25.7 · 10−3 W/mK, which is the continuum thermal conductivity
of air at T = 20 °C [34]. It was observed that the outcome of the fitting procedure de-
pended on the settings of the initial values. Especially the results for λ

∗
s, Π and Γ varied

dramatically, and their errors were unreasonably high in most cases. After testing dif-
ferent combinations, a setting of initial values was chosen that resulted in relatively low
errors. They are also included in table 6.2.

λ0 p
g
1/2 Π Γ λ

∗
s p

c
1/2

[10−3 W/mK] [mbar] [1] [1] [10−3 W/mK] [mbar]

value 25.7 5.1 0.87 0.28 35157 39.3

error 0 0.7 1.2 · 106 2.6 · 106 4.5 · 1011 11 · 103

initial value 25.7 5 0.9 0.4 2000 40

Table 6.2: Parameters for gaseous conduction and coupling according to equation 6.16,
obtained by fitting the experimental data from figure 6.7 at T = 20 °C.

Still, it has to be said that these results are not very expressive due to the high errors,
which are in some cases seven orders of magnitude larger than the indicated values.
This is also due to the fact that many parameters were fitted simultaneously, and there-
fore the calculation has many degrees of freedom. Especially the value for λ

∗
s has a very

large error margin.

Nevertheless, the results from table 6.2 support the assumption from section 4.4 and
show that the term in equation 6.16, which describes the solid contribution to the cou-
pling effect, can be neglected. The widely varying value of λ∗

s only proofs that the fitting
results are independent of the choice of λ

∗
s. Therefore, the simplified coupling model

according to equation 4.32 was applied:

λg + λc =
λ0

1 +
pg1/2
p

+Φ
λ0

1 +
pc1/2
p

(6.17)
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This time, the parameters p
g
1/2, Φ and p

c
1/2 were fitted according to equation 6.17. The

results are shown in table 6.3.

λ0 [10−3 W/mK] p
g
1/2 [mbar] Φ [1] p

c
1/2 [mbar]

value 25.7 5.1 0.46 39.3

error 0 0.3 0.02 8.7

initial value 25.7 5 0.4 50

Table 6.3: Parameters for gaseous conduction and coupling according to equation 6.17,
obtained by fitting the experimental data from figure 6.7 at T = 20 °C.

It showed that the results of the fitting procedure were largely independent of the se-
lection of initial values, and any reasonable combination yielded the same outcome with
relatively small errors. The results for p

g
1/2 and p

c
1/2 are identical to the values from

table 6.2, and Φ = (1−Π) /Γ = 0.46 from table 6.3 agrees with Π = 0.87 and Γ = 0.28

from table 6.2 (see section 4.4 for the definition of Φ). These facts are considered as
further indications that the simplified coupling model (equation 4.32) is appropriate to
describe the coupling effect in perlite with sufficient accuracy. As a consequence, the
values from table 6.3 were used to draw the fitting curve (blue) in figure 6.7 according
to equation 6.17. The agreement with the measured data is striking.

Considering the results from table 6.3, the following findings can be stated:

• The coupling thermal conductivity in the continuum is λc = (11.8± 0.5) · 10−3 W/mK,
which can be calculated from Φ = 0.46± 0.02 and λ0 = 25.7 · 10−3 W/mK.

• With the relation p1/2 = 230mbar/ (dc [µm]), which is valid for air (section 4.1), the
fitted values for p

g
1/2 and p

c
1/2 can be converted to effective characteristic lengths.

From p
g
1/2 = (5.1± 0.3) mbar for gas heat conduction inside the pores, one obtains

an effective pore diameter of dp = (45.1± 2.7) µm.

• The characteristic pressure p
c
1/2 = (39.3± 8.7) mbar for the coupling effect corre-

sponds to dg = (5.9± 1.3) µm, which is the effective distance between the grains.
Hence, dg would be smaller than the effective pore diameter by a factor of roughly
8. In order to proof, whether this result for dg is realistic, the mean distance be-
tween two equally-sized grains is calculated (figure 6.8 a) according to:

d̄g = 2l̄ = 2 (rg − ȳ) = 2

´ π/2
0 (rg − rg cosϕ) dϕ´ π/2

0 dϕ

= 2rg

�
1− 2

π

�
(6.18)

Although TECHNOPERL ® - C 1,5 has grain diameters up to 1.5 mm, the ma-
jority of particles is much smaller. From a sieve analysis of the similar material
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TECHNOPERL ® - K 2 [95], it is known that most grains (46 % by volume) have
diameters between 0.125 mm and 0.5 mm, and only a small fraction of grains is
larger. Therefore, the average radius of large particles is assumed to be around
rg = 0.1mm. With this input, one obtains d̄g = 73µm from equation 6.18, which
is one order of magnitude larger than the experimental result dg = (5.9± 1.3) µm.
However, some additional assumptions can be made. Initially, the intermediate
space can be filled with an additional grain of equal diameter (figure 6.8 b). This
case can be approximated by changing the lower limit of the integration in equa-
tion 6.18 from zero to π/4 to obtain d̄g = 2rg

�
1−

√
8/π

�
= 20µm. By introducing

another grain with smaller diameter (figure 6.8 c) and integrating only from zero
to π/8, the result changes to d̄g = 2rg

�
1− 4

π

�
2−

√
2
�

= 5.1µm, which is in the
correct order of magnitude. Indeed, many assumptions and estimations have been
made to arrive at this value for the mean distance between the grains, but eventu-
ally, the characteristic pressure p

c
1/2 = (39.3± 8.7) mbar seems reasonable.

Figure 6.8: Estimation of the mean distance between perlite grains, which is relevant
for the characteristic pressure p

c
1/2 of the coupling effect.

Some additional measurements on gaseous conduction and coupling were performed at
T = 50 °C (red points in figure 6.7). However, no additional results could be derived
from these experiments, because too few measurements were done in the transition
regime between 1mbar ≤ p ≤ 100mbar and, as a consequence, the previously described
fitting procedure with ORIGIN PRO 8.5.1 G did not converge. Therefore, the red line
in figure 6.7 was drawn with the parameters p

g
1/2, Φ and p

c
1/2 from table 6.3, which are

supposed to be constant within the small temperature difference between T = 20 °C
and T = 50 °C. Only the continuum thermal conductivity of air was adjusted to λ0 =

27.9 · 10−3 W/mK, which is the correct value at T = 50 °C [34]. It can be observed that
the experimental values for T = 50 °C are slightly larger than those for T = 20 °C and
that the measurement points agree with the calculated curve within the error interval.
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In general, it has to be mentioned that the measurements in the parallel plate setup are
possibly not fully representative for the thermal conductivity of TECHNOPERL ® - C 1,5
under practical conditions. The reason therefore is, that the compression of the material
to high densities was not done by vibrations, which would cause the grains to arrange
naturally in a compact way, but rather by applying an external mechanical force via the
piston (see figure 6.5). For example, at ρ = 76.3kg/m³, the loading pressure was equal
to pext = 1.05bar. With the sample area of A ≈ 0.03m², this corresponds to a force of
more than 3.2 kN, which was generated by lead blocks with a total weight of around
330 kg. As a result of this high mechanical load, the material structure may have been
damaged. On the one hand, this could have a significant impact on solid conduction
due to the shorting of thermal resistances. On the other hand, there might also be a
minor effect on the characteristic pressures p

g
1/2 and p

c
1/2 due to a decrease of the pore

diameters and the gap distances between the grains. In the following section and in
chapter 7, an attempt will be made to clarify how large the mismatch is.

6.3 Measurements in a Cut-Off Cylinder Apparatus

From the experiments in the parallel plate setup, first important results for the thermal
conductivity of TECHNOPERL ® - C 1,5 were known. However, there were still various
questions to be investigated. Therefore, a separate apparatus in cylindrical geometry
was set up at the division of ZAE BAYERN in Garching. The main goals, which were
pursued with this device, were:

• Confirmation or, if necessary, correction of the measurements in the parallel plate
setup.

• Analysis of gas heat conduction in pores and coupling effect using inert gases in-
stead of air.

6.3.1 Conception, Setup and Procedure of the Experiment

Like in the parallel plate apparatus, electrical heatings were used to generate a temper-
ature difference, which is the origin of a heat flux through the perlite sample. Again,
the measurements were performed under stationary conditions, which means that all
temperatures and heat flow rates are constant with time. In this case, the heat flux
through the specimen is equal to the electrical heating power, a quantity that is rela-
tively easy to measure. The main difference to the parallel plate setup is the geometry
of the experiment, which is now cylindrical.
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Experimental Setup

The layout of the cut-off cylinder apparatus is shown in figure 6.9. The central com-
ponent is a copper tube (length l = 27 cm, inner diameter di = 0.8 cm, wall thickness
dw = 0.1 cm), in which three separate heating cartridges (lengths l1 = 5 cm, l2 = 16 cm,
l3 = 5 cm, outer diameter do = 0.8 cm) were inserted (8). Because the cartridges could
be heated independently of each other and due to the high thermal conductivity of cop-
per, a homogeneous temperature of the tube could be reached. Using special mount-
ings (10) made of a thick wire (diameter d = 0.1 cm), the heating element was fixed
in the center of the outer tube (length l = 41.4 cm, inner diameter di = 10.2 cm, wall
thickness dw = 0.3 cm), which was made of high-grade steel and covered by vacuum
flanges on its edges (11). The hollow space was filled with perlite (9). A rotary vane
pump [96] (1), which could reach a minimum pressure of p = 0.02mbar in the perlite
sample, was used to evacuate the apparatus. Using an arrangement of valves (2,3,5)
including a high-precision needle valve (3), the vacuum pressure could be adjusted,
and the gases air (from the laboratory room) or argon and krypton (from gas bottles)
could be inflated (4). Two capacitive pressure transducers [96] (6,7) with complement-
ing measurement ranges were used to determine the vacuum pressure in the interval
0.01mbar ≤ p ≤ 100mbar. A special property of capacitive sensors is, that the principle
of measurement does not depend on the gas species.

Temperatures were measured with Pt-100 resistances, their locations are shown in fig-
ure 6.9. A multimeter was used to measure the voltage signals of the pressure trans-
ducers, the Pt-100 resistances and the electrical heating power. It was connected to a
computer to visualize and archive the experimental data. The temperature of the copper
tube with its three individual heating zones was regulated with PID controllers and was
set to Tin = 150 °C during all measurements. For the middle zone, a hardware controller
was used, and for the two marginal zones, two software controllers were implemented
on the measurement computer. Because the electrical power of the controllers’ voltage
output was not sufficient, an amplifier (13) was used. For the determination of the elec-
trical heating power P2 of the middle zone, the output voltage V2 of the amplifier and
the heating current Iel,2 as the voltage drop over a high-precision shunt (Rs = 0.500mΩ)
were measured with the multimeter and multiplied according to P2 = U2 · Iel,2. The elec-
trical heating powers P1 and P3 of the marginal zones were calculated from Pi = U

2
i /Ri,

where Ui are the respective measured output voltages of the amplifier and Ri are the
resistances of the heating cartridges. This method is slightly less accurate than the
determination of P2, because the resistances Ri are temperature-dependent and cannot
be measured during operation. However, the values of Ri were determined regularly
between different series of thermal conductivity measurements. The individual contri-
butions P1, P2 and P3 were added to obtain the total electrical heating power Pel. For the
feed-through of cables (13) to the inner Pt-100 resistances and to the heating cartridges,
a special vacuum-tight flange with pin contacts on its inner and outer side was used.
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To control the temperature of the outer high-grade steel pipe (Tout = 50 °C), electrical
heatings were applied as well, because a cooling system would have been connected with
considerable additional amounts of effort and expenses. Just like for the inner copper
tube, three individual heating zones were installed. For the pipe itself, a heating tape
and another hardware PID controller were used. On the flanges, two selfmade wire
heatings, which were controlled manually, were assembled. The electrical power of the
outer heatings was not measured, because it is irrelevant for the thermal conductivity
of the investigated samples, as long as the temperature Tout is constant. In order to
thermally decouple the apparatus from its surroundings, it was coated with a heat in-
sulation (12). A selection of photographs of the device and its components is shown in
figure 6.10.

Measurement Procedure

For the preparation of the experiments, the heatable copper tube was mounted inside
the pipe (figure 6.10 e). Subsequently, the cables of the temperature sensors and heating
cartridges were connected, and the electrical feed-through flange was attached. The pipe
was filled with perlite (figure 6.10 f) and sealed with the second flange afterwards. At
the end, the vacuum connections to the pump were established, and remaining cables
were plugged in. The exact amount of perlite was weighed with a high precision balance.
From m = 229.03 g and the void volume of the outer pipe (V = 3.358 · 10−3 m³), a bulk
density of ρ = 68.2kg/m³ was calculated. After the perlite filling, the material was baked
out at Tin = 150 °C, Tout = 50 °C and p < 0.1mbar for approximately 96 hours.

Figure 6.9: Schematic layout of the cut-off cylinder apparatus.
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Figure 6.10: Photographs of the cut-off cylinder apparatus: Overview of the device with
vacuum pump, valves, tube with thermal insulation and pressure sensors (a), three-zone
heatable copper tube with mountings, Pt-100 sensors and cables (b), gas inflation with
argon bottle and pressure reducing valve (c), measurement and control technology with
PID-controllers, multimeter, amplifier, power supplies and measurement computer (d),
mounting of the heating element (e), perlite filling (f).
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For every measurement point, the respective pressure was set using the vacuum pump
and the high-precision needle valve. The adjustment of temperatures was slightly more
challenging, because the three control circuits influenced each other when running si-
multaneously with a nominal value of Tin = 150 °C. This was a result of errors in tem-
perature measurement and a disadvantageous effect of the high thermal conductivity of
copper. However, the problem could be solved with the following procedure: Initially, the
middle zone was set to T = 148 °C. Afterwards, the marginal zones were activated with
a nominal value of T = 150 °C. As soon as the control variables and the temperatures
at the borders had become stationary, the output value was set manually, and the auto-
matic control was switched off again. Because the middle zone was still slightly below
T = 150 °C, the set point was increased until the average temperature of the sensors
T1 to T5 was as close as possible to the nominal temperature of Tin = 150 °C. The ad-
justment of the outside temperatures was less critical, because the two flange heatings
could be regulated manually. When stationary conditions were reached, all relevant
data was recorded for a total duration of 9 hours. For the evaluation, the measured
values of all temperatures, pressures and electrical heating powers were averaged over
the whole time interval. Subsequently, the mean value of the temperatures T1 to T5

was calculated to obtain the average inner temperature Tin. In analogy, the data from
T6 to T10 was used to determine the average outer temperature Tout. At the end, the
temperature difference was calculated according to ∆T = Tin − Tout.

Measurement Errors

For the analysis of the experimental data, the following systematic errors have to be
considered:

Pressure measurement: According to the operating manuals of the capacitive pres-
sure transmitters (PFEIFFER CMR 364 [97] and LEYBOLD CERAVAC CTR 100 [98]), the
relative measurement error is given by 0.2%. Due to temperature-related effects, an-
other contribution of up to 0.7% has to be added, yielding a systematic error of around
1% in total.

Temperature measurement: The Pt-100 temperature sensors are specified according
to IEC 60751 class A, which means that they have an absolute error of 0.15 °C plus
a relative error which is given by 0.2% of the measurement value (in °C). For T =

150 °C, this corresponds to a total error of 0.5 °C. However, deviations between the single
sensors of around ±1 °C were observed in situations where the temperature should have
been perfectly homogeneous. As a consequence, this value is assumed to be the total
absolute error.

For the conversion of the measured resistances into temperatures, a quadratic correla-
tion was implemented in the measurement software:

R = R0

�
1 +AT [°C] +B (T [°C])2

�
(6.19)
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The parameters are R0 = 100Ω, A = 3, 9083 · 10−3 and B = −5.775 · 10−7. This method is
specified in the German industry standard DIN EN 60751 and suitable for temperatures
between T = 0 °C and T = 850 °C [99, 100]. Although the quadratic relation is only an
approximation, and terms of higher order are also existing, this conversion method is
supposed to be sufficiently accurate, so that no additional errors are considered.

Electrical heating power: The accuracy of the multimeter for DC voltage measure-
ments is in the range of 0.01%, and the error of the shunt resistance, which was used to
measure the current in the middle zone of the heating element, is given by 0.1%. The
voltage drop across the shunt resistance is irrelevant, because the heating voltage was
measured directly at the heating cartridge. However, as an additional error source, volt-
age and current were not measured exactly simultaneously, but with a delay of around
t = 1 s. In the stationary case, the correlated error should become zero though, be-
cause both voltage and current are constant. Altogether, a systematic error of 0.2% is
estimated for the electrical heating power P2 in the middle zone of the heating element.

As already mentioned, the measurement of the electrical heating power of the marginal
zones was less accurate, because the resistances R1 and R3 of the heating cartridges
varied between the measurement series. Whereas a relatively high relative error of
4.6% was obtained for the experiments with air, the deviations were much smaller for
the measurements with argon (0.2%) and krypton (1%).

The propagation of systematic errors follows equation 6.20:

y = y(x1, x2, ..., xn) =⇒ ∆ysys =
n�

i=1

����
∂y

∂xi
∆x

sys
i

���� (6.20)

In addition, there are also statistical errors, because all quantities were measured
over an interval of 9 hours. They are equal to the standard deviations of the measure-
ment data from the mean values. The statistical errors were below 0.1% for the inner
temperatures T1 to T5 and below 1% for the outer temperatures T6 to T10, which is an
indication that the condition of stationarity was well-fulfilled. Due to leakages of the
apparatus, a constant pressure increase with time was noticeable, which resulted in
statistical errors from 0.1% up to 3%. The oscillations of the electrical heating power
were below 1%.

According to the laws of error propagation, equation 6.21 has to be used for statistical
errors:

y = y(x1, x2, ..., xn) =⇒ ∆ystat =

����
n�

i=1

�
∂y

∂xi
∆x

stat
i

�2

(6.21)

For every quantity, the total error is calculated by adding the systematic and the sta-
tistical error:

∆ytot = ∆ysys +∆ystat (6.22)
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6.3.2 Presentation and Discussion of Measurement Results

Calibration of the Apparatus

Because of the truncated cylindrical geometry of the device, equation 2.4 is not applica-
ble, since it is only valid for cylinders with infinite length. As the length of the outer tube
is relatively small compared to its diameter, the additional heat flux at the boundaries
can not be neglected. The heat transport in this specific geometry can only be treated
by introducing a shape factor S (equation 2.6). In addition, a heat flux Q̇cab due to the
electric supply cables for Pt-100 sensors and heating cartridges occurs, which is inde-
pendent of the heat flux through the perlite sample. It may not be taken into account
for the calculation of the thermal conductivity. In order to quantify these two effects,
the apparatus had to be calibrated first, which was done by a first measurement series
of the electrical heating power at different air pressures (0.02mbar ≤ p ≤ 1000mbar).
Due to the above considerations, the following equation was used:

Pel = Sλeff∆T + Q̇cab = S (λg + λc)∆T + S (λs + λr)∆T + Q̇cab

= S (λg + λc)∆T + Q̇0 (6.23)

Hence, the electrical heating power consists of two components:

• The first contribution is a pressure-independent part Q0, which includes the radia-
tive heat transport and solid conduction within the sample and the heat flux Q̇cab

due to the supply cables. Q̇0 is a constant, because the shape factor and all tem-
peratures are the same for all experiments. Therefore, also λs and λr are constant.
The value of Q̇0 can be obtained from the calibration measurement by extrapolat-
ing the measured values to p = 0. An experimental determination could not be
realized, because the lowest achievable pressure in the apparatus as a result of
vacuum pump limitations and leakages was only p = 0.02mbar. At this value, gas
heat conduction is still present to a small extent.

• The second part of the electrical heating power involves gaseous conduction in the
pores and the coupling effect. It is therefore pressure-dependent. The shape factor
S is the second important quantity that has to be determined from the calibration.

Furthermore, a third addend has to be considered, because there is an additional kind
of heat flux that initially flows through the cables up to a certain transition point and
then takes its path through the perlite. In the general case, this heat flux is neither in-
cluded in Q̇cab, nor exactly proportional to λeff . For a precise treatment of this situation,
one would have to consider a series connection of thermal resistances and calculate the
heat flux according to the temperature distribution. However, the maximum possible
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rate of heat transfer from the heating element to the transition point is supposed to
be much larger than the heat flux from the cable through the perlite sample. This as-
sumption is mainly supported by the fact that the thermal conductivity of the sample is
between 0.005W/mK and 0.05W/mK and thus much smaller than the heat conductivity
of the metal cables, which is in the order of 100W/mK. As a consequence, this effect is
in first order linear to λeff . Its solid and radiative part is contained in Q̇0, whereas the
contributions of gas conduction and coupling effect increase the shape factor S. These
assumptions are to be verified by the results of the calibration measurement (see equa-
tion 6.28).

The shape factor can roughly be estimated, if the geometry of the cut-off cylinder ap-
paratus is approximated by a purely cylindrical geometry. From comparison of equa-
tion 2.6 with equation 2.4 and with the relevant dimensions of the device (H = 0.27m,
rin = 5mm, rout = 51mm), one obtains:

Sapp =
2πH

ln (rout/rin)
= 0.73m (6.24)

Furthermore, the mean temperature T̄ of the sample, which is necessary for the de-
termination of the continuum thermal conductivity λ0 of the filling gases and of the
radiative thermal conductivity λr, can be calculated from the above approximation. The
temperature distribution T (r) in a cylindrical geometry as a function of the radius r is
given by [10]:

T (r) = Tout + (Tin − Tout)
ln
�
rout
r

�

ln
�
rout
rin

� (6.25)

The average temperature can be calculated via integration and by inserting Tin = 150 °C,
Tout = 50 °C, rin = 5mm and rout = 51mm:

T̄app =
1

2π
�
r
2
out − r

2
in

�
r2ˆ
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T (r)2πrdr

= Tout + (Tin − Tout)
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− r
2
in

r
2
out − r

2
in

�
= 70.6 °C (6.26)

For more precise values of S and T̄ , the cut-off cylinder apparatus was reproduced in a
CFD simulation with the CAD software SOLIDWORKS 2008 and the add-on
COSMOSFLOWORKS 2008. The CFD model consisted of 403,016 cubic cells, which
were used for the numerical solution of Fourier’s Law in three dimensions (equation 2.1).
All geometric dimensions were chosen exactly according to the specifications from sec-
tion 6.3.1. However, the supply cables for Pt-100 sensors and heating cartridges were
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not included in the model. The temperatures Tin = 150 °C of the heating element
and Tout = 50 °C of the outer pipe were set as boundary conditions. The interspace
was filled with a solid (to exclude convection) with an effective thermal conductivity of
λCFD = 0.01W/mK, which is a realistic value for perlite. Figure 6.11 shows the resulting
temperature distribution in the stationary case. The calculated mean temperature was
T̄CFD = 64 °C.

It is reasonable that T̄CFD is smaller than T̄app, because the distance between the heat-
ing element and the flanges is larger than rout − rin, and therefore the temperature in
a large part of the boundary regions is relatively close to Tout (see figure 6.11). The sta-
tionary rate of heat transfer, which was calculated in the CFD simulation, was Q̇CFD =

0.78W. With λCFD = 0.01W/mK and ∆T = 100K, this corresponds to SCFD = 0.78m
(equation 2.6). Due to the additional heat flux at the boundaries, it makes sense that
SCFD is larger than Sapp.

With this preliminary knowledge, the cut-off cylinder device was calibrated from a mea-
surement series. The electrical heating power was measured as a function of air pres-
sure, as described in section 6.3.1. The results are shown in figure 6.12. Due to the
comparatively high leakage rate χ of the apparatus caused by the relatively large num-
ber of vacuum connections, a pressure increase of ṗ ≈ 0.04mbar/h was notable. With
V = 3.358 l, this corresponds to χ ≈ 3.7 · 10−5 mbar l/s. Therefore, the vacuum pump
was constantly operating during the measurements at p = 0.02mbar, p = 0.1mbar and
p = 1mbar, and its delivery rate was reduced respectively with the high-precision needle
valve. With this procedure, the leakage rate was compensated for.

For the measurement at ambient pressure (p ≈ 1000mbar), the valve was completely
opened, so that the pressure inside the apparatus was equal to the air pressure in the
laboratory. The exact value p = (960± 10) mbar was read off from a local meteorolog-
ical station [101]. Because the actually measured temperature difference ∆Texp varied
between 99.9K and 100.4K, the experimental values of Pel were divided by ∆Texp and
then multiplied by 100K. As a result of this correction, the normalized electrical heating
power P̂el always refers to ∆T = 100K.

Figure 6.11: Temperature distribution in the cut-off cylinder device, modelled in a CFD
simulation.
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Figure 6.12: Calibration of the cut-off cylinder apparatus. The error of the pressure
measurement is covered by the width of the data points.

According to equation 6.23, the experimental data from figure 6.12 can be described
with the following relation:

P̂el = S (λg + λc)∆T + Q̇0 (6.27)

Therefore, the parameters S and Q̇0 were fitted with ORIGIN PRO 8.5.1 G. For the fit-
ting procedure, the temperature difference was set to ∆T = 100K according to the above
normalization of the electrical heating power. The term λg + λc was represented by a
function, which describes the experimental pressure dependency of these two parame-
ters (figure 6.12) as well as possible. The obtained calibration constants are:

S = (0.9319± 0.0089) m

Q̇0 = (1.2216± 0.0124) W (6.28)

The determination of S and Q̇0 by fitting was the only reasonable method to calibrate
the cut-off cylinder device. Looking at figure 6.10 b, it is clear that the geometry of the
apparatus is considerably modified by the supply cables, compared to the CFD model
(figure 6.11). The cables were intentionally kept at their original length in order to
minimize the pressure-independent heat flux Q̇0. If they had been cut to the minimum
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distance which had been necessary to connect the Pt-100 sensors and heating cartridges
to the electrical feed-through flange, the heat losses Q̇cab would have been significantly
increased, and Q̇0 would have come close to the heat flux through the perlite sample due
to gaseous conduction and coupling. This situation is not favorable either, because the
measured variable should always be distinctly larger than any constant offset signal.

In this context, a typical experimental difficulty becomes notable. Because the sup-
ply cables were not shortened in order to keep Q̇0 small, a different kind of additional
heat flux is now included in the shape factor: Comparing the experimentally determined
shape factor S = 0.93m with the value SCFD = 0.78m, which was obtained from the CFD
simulation, it shows that S is almost 20 % larger than SCFD. This fact is interpreted as
the verification of the assumption at the beginning of this section about the heat flux
that initially flows through the supply cables and then takes its path through the per-
lite insulation. This effect was assumed to be proportional to the thermal conductivity of
the perlite sample, and therefore the pressure-dependent part has to be included in the
shape factor. Because the cables were not taken into account in the CFD model, the ad-
ditional heat flux was not regarded in the simulation, and the experimental shape factor
has to be larger than SCFD. Due to the high thermal conductivity of the metal cables,
the high temperature of the heating cartridges (Tin = 150 °C) can easily be transported
into exterior regions, where the remaining insulation thickness of the perlite sample is
comparatively small. Therefore, a relatively large heat flux emerges. With this consid-
eration, the difference of 20 % between S and SCFD can be explained. Consequently,
it can be said that the three different shape factors for the cut-off cylinder apparatus
(Sapp, which was obtained from a cylindrical approximation of geometry, SCFD from the
simulation and S from the calibration measurement) are in good agreement with each
other.

In principle, it would have been possible to include all supply cables in the CFD model.
However, due to the high number and the complicated geometrical arrangement of the
cables (figure 6.10 b), this approach would have involved an intense effort. Further-
more, it is not guaranteed, that a CFD model including all cables really describes the
actual geometry of the apparatus with sufficient accuracy. For example, the cables can
slip out of their positions during the perlite filling process (figure 6.10 f). Due to these
reasons, the fitting method for the determination of S and Q̇0 was chosen, because it
better represents the experiments.

As a result of the calibration, the measured electrical heating power can now be con-
verted into the sum of λg and λc, which is the pressure-dependent part of the effective
thermal conductivity:

λg + λc =
P̂el − Q̇0

S∆T
(6.29)
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Equation 6.29 implies a linear correlation, which is shown in figure 6.13. Again, the
electrical heating power has to be normalized to ∆T = 100K, because Q̇0 refers to this
temperature difference. However, this correction is very small and in the order of 0.1 %.
The data points in figure 6.13 indicate the values of the calibration measurement. The
error bars for the pressure measurement are covered by the width of the squares.

Figure 6.13: Conversion of the normalized electrical heating power into the sum of
gas and coupling heat conductivity according to the calibration of the cut-off cylinder
apparatus.

Evaluation of the Measurements with Air

With the previously determined calibration constants, it is possible to convert the exper-
imental data of the electrical heating power for the measurement series with air into the
sum of λg + λc. The obtained values are shown in figure 6.14 as a function of pressure.
For the evaluation of the measurements, the relevant parameters for gas conduction
and coupling were fitted using the same procedure as in section 6.2.2. Due to the results
of the parallel plate setup, the simplified coupling model (equation 4.32) was applied.
Correspondingly, the relation from equation 6.17 was used:

λg + λc =
λ0

1 +
pg1/2
p

+Φ
λ0

1 +
pc1/2
p

(6.30)
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The parameter λ0 = 28.9 · 10−3 W/mK [34] was defined as a constant according to the
continuum thermal conductivity of air at the mean temperature of the perlite sample
(T̄CFD = 64 °C). Table 6.4 shows the obtained results of the fitting procedure.

In comparison with the results from the parallel plate setup (table 6.3), a good agree-
ment can be found. All parameters are within the same order of magnitude. However,
the values obtained from the parallel plate measurements for p

g
1/2 and p

c
1/2 are higher

than those from the cut-off cylinder apparatus. These observations can be explained
with the higher density (ρ = 76.3kg/m³) of the measurements in the parallel plate setup
(compared to ρ = 68.2kg/m³ in the cut-off cylinder apparatus) and the fact that the ma-
terial was compressed by external pressure. Consequently, the effective pore diameters
and also the intermediate distances between the grains were smaller, which results in
higher half-value pressures (see section 4.1).

Figure 6.14: Sum of Gaseous Conduction λs and Coupling Effect λc as a function of air
pressure, measured in the cut-off cylinder apparatus.

λ0 [10−3 W/mK] p
g
1/2 [mbar] Φ [1] p

c
1/2 [mbar]

value 28.9 1.38 0.54 38.6

error 0 0.07 0.03 8.1

Table 6.4: Parameters for gaseous conduction and coupling according to equation 6.30,
obtained by fitting the experimental data from figure 6.14.
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Estimation of the Solid Thermal Conductivity

As shown at the beginning of this section, the calibration constant Q̇0 includes the ther-
mal losses due to supply cables and the heat flux through the perlite sample as a con-
sequence of solid conduction and radiative heat transfer. These single contributions
cannot be separated from each other experimentally. However, the solid thermal con-
ductivity λs can be estimated, which is the aim of this paragraph.

Initially, the rate of heat transfer through the supply cables is calculated (table 6.5).
The following contributions have to be taken into account:

• On the heatable copper tube at the center of the apparatus, 6 Pt-100 tempera-
ture sensors (5 measurement points, 1 sensor for the PID controller) with 2 cables
each were attached. For the conductor material copper, a thermal conductivity of
λcopper = 350W/mK is assumed [44].

• The cables for the heating cartridges (6 in total) were made out of nickel with
λnickel = 85W/mK [44]. For one of the marginal heating cartridges, the cables had
to be extended (see figure 6.10 c), but the extension was relatively short (l ≈ 10 cm)
and made out of copper. Its thermal resistance is therefore neglected against the
nickel cable.

• The centering facilities (see figure 6.10 b and e) also have to be considered. They
were made from welding wire with a diameter of d = 1 mm. Consequently, the
cross section is equal to d

2
π/4 = 0.785mm². The material was W19123 Nb, a high-

grade steel with a thermal conductivity of λHGS = 15W/mK [102].

Adding up the single contributions (table 6.5), one obtains Q̇cab = 0.305W for the overall
thermal losses due to supply cables. Because the above considerations include several
estimations, a general error of 10 % is assumed: ∆Q̇cab = 0.031W.

Pt-100 cables cables for heating cartridges centering facilities

length l 60 cm 30 cm 4.5 cm

cross section A 0.09 mm² 0.5 mm² 0.785 mm²

material copper nickel W19123 Nb

th. conductivity λ 350 W/mK 85 W/mK 15 W/mK

number N 12 6 6

Q̇ = Nλ∆T
A
l 0.063 W 0.085 W 0.157

Table 6.5: Estimation of thermal losses by supply cables and the centering facilities in
the cut-off cylinder apparatus.
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In the next step, the rate of heat transfer through the perlite sample due to radiation
and solid conduction Q̇r+s can be calculated by subtracting Q̇cab from Q̇0:

Q̇r+s = Q̇0 − Q̇cab = (0.917± 0.043) W (6.31)

With the shape factor from the calibration and the temperature difference ∆T = 100K,
this heat flux can be converted into a thermal conductivity:

λr + λs =
Q̇r+s

S∆T
= (9.84± 0.56) · 10−3 W

mK
(6.32)

The radiative thermal conductivity can be calculated from equation 6.10 with the bulk
density ρ = 68.2kg/m³ and the radiation temperature Tr = 375K (see equation 4.21):

λr =
16σT 3

r

3ρe∗(Tr)
= (6.45± 0.83) · 10−3 W

mK
(6.33)

Finally, by comparing equations 6.32 and 6.33, one arrives at:

λs = (3.39± 1.39) · 10−3 W
mK

(6.34)

According to the results of the measurements in the parallel plate setup (equation 6.15),
the solid thermal conductivity at ρ = 68.2kg/m³ should be equal to:

λs = (6.83± 1.38) · 10−3 W
mK

(6.35)

Hence, a considerable deviation of 100 % is noticeable, which can be explained by the
fact that the perlite sample was compressed by external pressure in the parallel plate
device (see page 67). Therefore, the thermal resistances arising from the material struc-
ture were shorted. As a consequence, the result from equation 6.34 is very impor-
tant, because it describes a material with an undamaged solid structure at a density
of ρ = 68.2kg/m³. This topic is investigated further in chapter 7, where an even higher
density was reached without applying external pressure.

Evaluation of the Measurements with Argon and Krypton

In order to examine the thermal conductivity of perlite under the influence of inert
gases, two measurement series were performed where the filling gas air was replaced
with argon and krypton at vacuum pressures between 1mbar and 1000mbar. The indi-
vidual pressures had to be adjusted using different procedures:

• Just like for the experiments with air, no suitable pressure sensor was available
for p = 1000mbar. Therefore, the cut-off cylinder apparatus was completely evac-
uated and then filled with argon or krypton from the gas bottles until p ≈ 1.5bar.
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Subsequently, the needle valve was opened for a short amount of time, so that
the gas decompressed until it reached the ambient pressure in the laboratory
p = (960± 10) mbar, which was again obtained from the local meteorological sta-
tion [101].

• For p = 100mbar and p = 10mbar, the conventional procedure described in sec-
tion 6.3.1 was applied, where the vacuum pump and the arrangement of valves
was used to adjust the necessary pressure of argon or krypton, which was mea-
sured with the capacitive sensor. Just like before, the perlite sample was evacuated
until the minimum pressure of the vacuum pump (p = 0.02mbar) was reached, be-
fore the inert gas was inflated. As already mentioned earlier, the leakage rate
of the apparatus was χ ≈ 3.7 · 10−5 mbar l/s, and therefore a pressure increase of
ṗ ≈ 0.04mbar/h was notable. With the measurement interval of t = 9h for ev-
ery data point, the partial pressure of air at the end of every measurement was
pair = 0.36mbar. As a consequence, the requirement pair � pinert gas is well full-
filled and the total effective thermal conductivity of the gas mixture inside the
apparatus is sufficiently close to the thermal conductivity of the pure inert gas
(compare equations 4.13 and 8.12 to 8.16).

• For p = 1mbar, the partial pressure of air reached the same order of magnitude
as the partial pressure of the inert gas. Therefore, a different method had to be
applied: After the apparatus was filled with the inert gas at the time tfill, an im-
mediate change of the inner temperatures T1 to T5 was notable due to the sudden
variation of the thermal conductivity of the sample. After a few hours, at time
t0, all temperatures had become stationary again and the measurement interval
of t = 9h (t = 14h for the krypton measurement) was started. At that time, the
pressure in the apparatus had already increased by more than 0.2mbar. During
the measurement interval, a linear increase of the vacuum pressure and the nor-
malized heating power was observed (figure 6.15). From a linear fit, the values
were extrapolated back to the time tfill, at which the partial pressure of air in the
sample was still zero. Apart from the systematic errors due to the measurement
equipment, a statistical error had to be considered as well for this method, which
was given by the errors of the regression line as a result of the fitting procedure.

The values for the normalized heating power at different pressures, which were obtained
from the measurements described above, were converted into the sum of gaseous and
coupling thermal conductivity using the calibration constants S and Q̇0. Hence, the
sum λg + λc can be plotted as a function of pressure, which is shown in figure 6.16. For
comparison, the values for air are also included.
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Figure 6.15: Pressures and normalized electrical heating powers during the measure-
ments with argon and krypton with p = 1mbar.

Figure 6.16: Sum of Gaseous Conduction λs and Coupling Effect λc as a function of
pressure for argon, krypton and air, measured in the cut-off cylinder apparatus.
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λ0 [10−3 W/mK] p
g
1/2 [mbar] Φ [1] p

c
1/2 [mbar]

air value 28.9 1.38 0.54 38.6

error 0 0.07 0.03 8.1

argon value 19.4 1.46 0.73 17.4

error 0 0.01 0.01 0.4

krypton value 10.6 1.24 0.93 4.5

error 0 0.47 0.06 2.6

Table 6.6: Parameters for gaseous conduction and coupling according to equation 6.30,
obtained by fitting the experimental data from figure 6.16.

Like for the previous measurements, the experimental values were fitted to obtain the
characteristic pressures p

g
1/2 and p

c
1/2 as well as the weighting factor Φ. Once again, the

continuum thermal conductivities λ0 were defined as constants. Because λ0,argon and
λ0,krypton were only available for T = 25 °C and T = 100 °C [34], an interpolation to the
mean temperature T̄CFD = 64 °C of the perlite sample was performed. Table 6.6 shows
an overview of all parameters for the measurements with air, argon and krypton. Due to
the lower thermal conductivity of the inert gases (compare section 4.1), the argon curve
(blue) is below the curve for air (black), and the values of λg + λc for krypton (red) are
even smaller than those for argon (figure 6.16).

It is notable that the characteristic pressure p
g
1/2 for gas conduction inside the pores

stays almost constant, whereas p
c
1/2 decreases and Φ increases for argon and krypton.

In general, it can be theoretically justified that p1/2 varies for different kinds of gases:
Comparing equations 4.4 and 4.7, one obtains the following relation for the characteris-
tic pressure:

p1/2 =
5πkBT (2f + 9)

16
√
2dcαred (f + 1) ς

∼ 2f + 9

f + 1
α
−1
redς

−1 (6.36)

Therefore, p1/2 is determined by the number of degrees of freedom f , the reduced ac-
commodation factor αred and the cross section ς for intermolecular collisions. Because
the gas is enclosed in pores or intergranular gaps of perlite, αred refers to the energy
exchange between the gas molecules and the perlite surface in this case. It is obvious
that the three indicated parameters are different for air, argon and krypton and that
the characteristic pressure can not be the same for all three gases. However, because
(2f + 9) / (f + 1) and ς do not differ greatly (table 6.7), the variation of pc1/2 would have
to be caused mainly by the reduced accommodation coefficient. In literature, no values
for perlite could be found [103]. Therefore, αred is calculated from equation 6.36.
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2f+9
f+1 [1] ς [10−19

m
2] αred [1] α [1]

air 3.17 5.33 0.84±0.35 0.91±0.19

argon 3.75 5.29 2.21±0.51 1.38±0.10

krypton 3.75 5.91 7.66±6.03 1.77±0.16

Table 6.7: Determination of the accommodation coefficient α of air, argon and krypton
with perlite according to equations 6.36 and 4.11. The values for f and ς can be found
in [35].

The effective characteristic distance between the grains dc = (5.96± 1.25) µm is com-
puted according to dc [µm] = 230mbar /pc1/2 (see section 4.1), where the characteristic
pressure p

c
1/2 = (38.6± 8.1) mbar is known from the experiment with air. The temper-

ature TCFD = 64 °C = 337K is inserted, which is the mean temperature of the perlite
sample. Luckily, the cross sections for air, argon and krypton ς are known at exactly
this temperature [35]. With the values of pc1/2 from table 6.6 and the parameters f and
ς from [35], the reduced accommodation coefficients for perlite can be calculated (ta-
ble 6.7). Using equation 4.11, αred is converted into the conventional accommodation
coefficient α. Due to the application of equation 4.11, the geometry of the intergranular
gaps is approximated by parallel plates.

The calculated values of α in table 6.7 are larger than unity for argon and krypton.
From a physical point of view, this result is not reasonable (equation 4.10). However,
it is common practice to specify accommodation coefficients greater than one, because
α is an experimentally determined quantity [103]. This approach does not indicate a
violation of the first law of thermodynamics, it rather shows that the kinetic theory of
gases is no longer sufficient to describe all occurring phenomena. Instead, the effects
which are related to the interaction of the gas molecules with the perlite surface also
have to be included.

As a counter-argument of the whole above reflection about accommodation factors, it is
inconsistent though that only the value of p

c
1/2 varies in table 6.6, while p

g
1/2 remains

almost unchanged. Theoretically, a correlation between both characteristic pressures
should be observable. Furthermore, the increase of the weighting factor Φ for the cou-
pling effect is incomprehensible. In section 4.4, it was defined as Φ = (1−Π) /Γ, where
both Π and Γ are only related to the structure and geometry of the porous material.
Because the same perlite sample was used for all thermal conductivity measurements,
one would expect Φ to stay constant for the experiments with air, argon and krypton.

These inconsistencies can be explained with the assumption that there is a certain frac-
tion of closed pores, which are inaccessible for the inert gases and consequently contain
air. Therefore, the characteristic pressure referring to these pores stays constant, which
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matches the observation for p
g
1/2. In addition, the overall thermal conductivity λg + λc

is increased due to the higher continuum thermal conductivity of air compared to argon
and krypton. The only possibility of the fitting procedure to account for this increase
is to raise the weighting factor Φ. Thus, the observed effects would become reasonable.
However, this assumption of closed pores containing air is not further justified. For clar-
ification, microscopic examinations or similar investigations of the material structure
would be necessary.

Nevertheless, it has to be appreciated that the model for the pressure-dependent part of
the effective thermal conductivity, which was used in this thesis, is able to represent the
measured values of both the parallel plate setup and the cut-off cylinder apparatus. It
has to be kept in mind that other models, which are more sophisticated and precise from
a theoretical point of view, could not achieve a complete agreement with experimental
data [42]. Obviously, there is still a discrepancy between theory and experiments, espe-
cially regarding the coupling effect in porous materials. Therefore, it is a great success
to obtain an excellent agreement between the measurement values and the fitting model
with only three parameters, although the physical interpretation of these parameters is
not fully reasonable.

6.4 Determination of the Moisture Content

As a last important experiment, the moisture content w of TECHNOPERL ® - C 1,5 was
measured, which is defined as:

w =
mwater

msample
(6.37)

For this purpose, the METTLER TOLEDO HR 83 halogen moisture analyzer was used,
which is a special measuring instrument for the experimental determination of w. Its
main component is a high precision balance, on which the sample is placed (figure 6.17).
The investigated perlite sample had been exposed to the humidity of ambient air for a
duration of several days. During the measurement in the moisture analyzer, the spec-
imen is heated up by the radiation emitted from a halogen lamp. As a consequence,
moisture which is contained in the material, evaporates and escapes. The temperature
of the baking-out process can be adjusted by varying the radiation intensity and was
set to T = 200 °C. The time evolution of the sample weight is recorded by the device
(figure 6.18). According to the operation manual, it can be measured with an accuracy
of ∆m = 1mg [104]. A total duration of t = 2h was chosen for the experiment.
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The following results can be derived from the measurement:

• From the initial mass mi = 1 g and the final mass mf = 0.986 g, the moisture
content can be calculated:

w =
mwater

msample
=

mi −mf

mi
= (1.4± 0.2) % (6.38)

This result is in good agreement with w = 1.7%, which was obtained in section 6.2.
At such low values of w, the only possible heat transfer mechanism connected to
moisture, which can have an effect in practice, is gaseous conduction due to water
vapor. This impact is relatively harmless, because the thermal conductivities of
water vapor and air are almost identical (λwv = 0.025 W/mK [34]). The two detri-
mental effects of moisture were already excluded in section 4.6: Pore diffusion can
not happen as a consequence of the phase diagram of water, and flooding of pores
with liquid water requires the perlite insulation to be completely wet.

• According to figure 6.18, the sample is already completely dry after a duration
of 20 minutes, because its weight is equal to the final value and does not change
significantly anymore. This result is important for the thermal conductivity mea-
surements in the parallel plate setup and in the cut-off cylinder apparatus, where
the samples were baked out prior to the experiments. Although the ratio of sample
surface against volume was worse and the temperature was only T = 150 °C, the
samples can be assumed to be completely dry, because the baking-out process was
performed in vacuum and the duration was several hours.

Figure 6.17: Measurement principle for the experimental determination of the mois-
ture content.
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Figure 6.18: Weight of a perlite sample as a function of time for the determination of
the moisture content.
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Chapter 7

Heat Loss Measurements on a
Real-Size Storage Prototype

In the framework of the research project at ZAE BAYERN about super-insulated long-
term hot water storages, a real-size prototype tank was constructed by the project part-
ner HUMMELSBERGER GMBH in Mühldorf in order to perform a variety of experiments
under real conditions. During this thesis, heat loss measurements at the storage have
been accomplished to determine the thermal conductivity of the vacuum super insula-
tion in a real application.

7.1 Tank Layout and Measurement Setup

With respect to its schematic layout, the prototype is similar to the liquid gas storage
tank described in section 5.2: The hot water is stored in the inner cylindrical container,
which is fixed in the outer tank by a special suspension device (figure 5.2). Both contain-
ers are made of steel. The annular gap is filled with perlite (TECHNOPERL ® - C 1,5)
and evacuated. In addition, the prototype tank is also equipped with several high-grade
steel pipeline connections to load and discharge the water container. Furthermore, a
stratification device, which was mentioned in chapter 1, is installed. Figure 7.1 shows a
photograph and a sketch of the storage tank.

For the construction, large steel plates were bent to cylinders and subsequently cov-
ered with torispherical heads on their top and bottom. The different components were
merged by welding. The heights of the tanks are Htot,in = 5.58m and Htot,out = 5.98m,
and the respective diameters are Din = 2m and Dout = 2.4m. Thus, the annular gap
between inner and outer container, which is equal to the insulation thickness, has a
constant value of dgap ≈ 0.2m, also in the region of the torispherical heads. In fact,
dgap is slightly smaller, because the wall thickness of the containers has to be taken into
account. All relevant dimensions of the prototype including the lengths of the supply
pipelines are listed in table 7.1.
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inner container (figure 7.1 b)
outer diameter Din [m] 2
wall thickness dwall,in [mm] 8
inner diameter din = Din − 2dwall,in [m] 1.984
height of the cylindrical part Hcyl,in [m] 4.73
height of torispherical head HTH,in [m] 0.425
total height Htot,in = Hcyl,in + 2HTH,in [m] 5.58
total volume (refers to outer diameter Din) Vtot,in [m³] 16.71
steel volume Vsteel,in = Vtot,in − Vvoid,in [m³] 0.32
void volume (refers to inner diameter din) Vvoid,in [m³] 16.39
outer container (figure 7.1 a)
outer diameter Dout [m] 2.4
wall thickness dwall,out [mm] 8
inner diameter dout = Dout − 2dwall,out [m] 2.384
height of the cylindrical part Hcyl,out [m] 5
height of torispherical head HTH,out [m] 0.49
total height (without pedestals) Htot,out = Hcyl,out + 2HTH,out [m] 5.98
total volume (refers to outer diameter Dout) Vtot,out [m³] 25.49
steel volume Vsteel,out = Vtot,out − Vvoid,out [m³] 0.35
void volume (refers to inner diameter dout) Vvoid,out [m³] 25.14
suspension
length lsus [m] 4
width dsus [m] 0.1
height Hsus [mm] 10
supply pipelines (figure 7.1 b)
outer diameter DSP [mm] 26.9
wall thickness dwall,SP [mm] 2
inner diameter dSP = DSP − 2dwall,SP [mm] 22.9
length 1 (return line from the solar thermal collector, red) lSP,1 [m] 5.73
length 2 (feed line to the solar thermal collector, yellow) lSP,2 [m] 1.26
length 3 (feed line for the heating system, green) lSP,3 [m] 5.84
length 4 (return line from the heating system, blue) lSP,4 [m] 1.2
length 5 (pipeline for temperature sensors, pink) lSP,5 [m] 2.39
length 6 (air inlet and exhaust, brown) lSP,6 [m] 6.67
general
annular gap dgap =

1
2 (dout −Din) [m] 0.192

insulation volume Vgap = Vvoid,out − Vtot,in [m³] 8.43

Table 7.1: Dimensions of the storage tank prototype. For the supply pipelines, only the
approximated lengths which are relevant for thermal losses are indicated [105, 106].
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Figure 7.1: Layout of the real-size storage tank prototype: Photograph of the tank (a),
sketch of the inner container with supply pipelines and stratification device (b).

Temperature Measurement

14 Pt-1000 sensors are installed at different positions in the inner and outer container.
6 sensors for measuring the water temperature (T1 to T6) are attached to the inner
surface of a special supply pipeline, which is depicted pink in figure 7.1 b. The sensors
are positioned equally-spaced over the whole height of the prototype (table 7.2). Another
6 sensors (T9 to T14) are located at the exterior surface of the outer container at the same
heights, so that each of the inner sensors has its respective counterpart. Further sensors
are mounted in the supply pipeline at a position near the bottom of the inner container
within the perlite insulation (T7) and on top of the outer container (T8). However, these
temperatures are not relevant for the determination of the thermal conductivity from
the heat loss measurement.

sensors T1 and T9 T2 and T10 T3 and T11 T4 and T12 T5 and T13 T6 and T14

height [m] 0.815 1.685 2.555 3.425 4.295 5.165

Table 7.2: positions of Pt-1000 temperature sensors, measured from the bottom of the
outer container.
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Because the electrical resistance of the Pt-1000 sensors is much larger than the re-
sistance of the cables, temperatures are measured using the two-wire technique. The
associated error is around ∆T = 1K. However, this error can be neglected for the de-
termination of the thermal conductivity of the vacuum super insulation, because it is
identical for all sensors (the lengths of the electrical supply cables are virtually equal)
and only temperature differences are needed for the calculation (see section 7.2). An ad-
ditional error for the temperature measurement arises from the fact that the pipeline, in
which the sensors T1 to T7 are attached, is filled with air. As a consequence of convection
inside the pipe, the temperature of the sensors T1 to T6 may differ from the real wa-
ter temperature at the respective height. This error is also irrelevant though, because
the water inside the tank was heated up to a homogeneous temperature of T = 90 °C
for the heat loss measurement. Convection inside the pipe can only occur if there is a
sufficiently pronounced temperature difference along its height.

Pressure Measurement

Two vacuum flange connections are available, one at the bottom and one at the top
torispherical head of the outer container. Initially, four pressure sensors were connected,
both a capacitive sensor and a Pirani gauge [96] at both the upper and the lower position.
From comparing the two capacitive sensors at a vacuum pressure of p ≈ 0.01mbar, it
showed that there were no pressure differences between the top and the bottom region
of the insulation. Therefore, the lower capacitive sensor was dismounted again. Because
Pirani gauges are much less accurate, the capacitive sensor at the top of the prototype
tank is used for the pressure measurement. As indicated in section 6.3, this type of
sensor has a typical error of around 1 %.

Perlite Filling

During the process of filling the annular gap of the storage prototype with perlite, the
compressibility of the material, which was already mentioned in the sections 4.3 and 5.5,
became notable to a great extent: In total, 779kg of TECHNOPERL ® - C 1,5 were filled
into the annular gap with a total void volume of Vgap = 8.43m³ (table 7.1). The resulting
bulk density is:

ρ =
m

Vgap
= 92.4

kg
m³

(7.1)

7.2 Presentation and Evaluation of Measurement Results

Heat Loss Measurement with Air at p = 0.08 mbar

The first important experiment, which was performed at the storage tank prototype, was
the determination of the thermal conductivity λeff of the vacuum super insulation. The
concept of the experiment was to measure the rate of temperature decrease dTwater/dt of
the stored water and the ambient temperature Ta. If the total integral heat capacity Ctot
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of the inner container and the shape factor Stot of the overall tank geometry are known,
λeff can be calculated according to:

Ctot
dTwater

dt
= Q̇ = λeffStot (Twater − Ta) (7.2)

Theoretically, this method is only correct if Twater and dTwater/dt are determined at a
single point in time, because Twater decreases exponentially (equation 1.1). In practice
however, the derivative can be replaced by ∆Twater/∆t, where ∆t is an extended time
interval with a constant temperature decrease (linear approximation). The calculation
procedure is described in detail below, because equation 7.2 includes some simplifica-
tions and is only suitable to illustrate the measurement principle.

The temperature decrease was measured over a period of 240 hours starting on Decem-
ber 10, 2010 at 12:00 a.m. (midnight). A few days prior to the measurement, the water
inside the storage tank was heated up to T = 90 °C using a specially designed heating
station, which was connected to the supply pipelines for the solar collector. At the end of
this process, a homogeneous temperature of T1 = T2 = ... = T6 = 90 °C was reached. For
the evaluation of the heat loss measurement, the average temperature of the sensors T1

to T6 was calculated and is shown in figure 7.2 as a function of time. During the mea-
surement interval, the mean vacuum pressure in the insulation was p̄ = 0.0833mbar.
The rate of temperature decrease is obtained from the linear fit (red line):

∆Twater

∆t
= 2.69 · 10−6 K

s
(7.3)

The statistical error of the fit is more than three orders of magnitude smaller and there-
fore neglected.

Figure 7.2: Decrease of the average water temperature for the heat loss measurement.
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In the next step, the total integral heat capacity Ctot is determined. For its calculation,
three contributions have to be taken into account:

• The largest fraction of Ctot is the heat capacity Cwater = cwatermwater of the stored
water. During the filling process of the inner container, a water mass of mwater =

15, 537kg was measured. With the specific heat capacity cwater = 4, 187J/kgK [72],
one arrives at Cwater = 65.05 · 106 J/K. However, this quantity contains an error: At
T = 90 °C, the density of water is given by ρwater = 965.3kg/m³ [107]. Therefore,
the measured value for mwater corresponds to a volume of Vwater = 16.1m³, which
is less than the void volume of the inner tank Vvoid,in = 16.4m³ (table 7.1). This
means, that either the container has not been completely filled with water, or the
measurement of the water mass has been inaccurate. The systematic error is as-
sumed to be equal to the difference of Vvoid,in−Vwater = 0.3m³. Converted into heat
capacity, one arrives at ∆Cwater = 1.21 · 106 J/K.

• The temperature of the steel container is practically identical to the water tem-
perature, which causes another considerable contribution of Ctot. From Csteel =

csteelρsteelVsteel,in and the values csteel = 477J/kgK [108], ρsteel = 8, 000kg/m³ [108]
and Vsteel,in = 0.32m³ (table 7.1), one obtains Csteel = 1.22 · 106 J/K.

• Finally, also the heat capacity of the perlite inside the annular gap has to be con-
sidered. However, this contribution has to be weighted by a factor of 1/2, be-
cause the average temperature T̄perlite = (Twater + Ta) /2 only decreases by 0.5K
if the water temperature Twater drops by 1K and the ambient temperature Ta

stays constant. With cperlite = 900J/kgK [109], ρperlite = 92.4kg/m³ (equation 7.1)
and Vgap = 8.43m³ (table 7.1), the contribution of perlite is equal to Cperlite =

cperliteρperliteVgap/2 = 0.35 · 106 J/K. On a sidenote, the linear approximation T̄perlite =

(Twater + Ta) /2 is valid, because the gap size dgap (table 7.1) is much smaller than
the diameter Din of the inner tank and therefore the geometry can be approxi-
mated by parallel plates (see section 2.1).

Summing up the three fractions, one arrives at:

Ctot = Cwater + Csteel + Cperlite = (66.6± 1.2) · 106
J
K

(7.4)

With this result, the heat loss of the stored water can be calculated according to:

Q̇tot = Ctot
∆Twater

∆t
= (179.1± 3.2) W (7.5)

For the further evaluation, it has to be taken into account that the total rate of heat
loss Q̇tot is not equal to the heat flux Q̇perlite through the evacuated perlite insulation,
because it also includes thermal losses Q̇loss via the supply pipelines and the suspension
device. In a separate investigation [105], the thermal losses were calculated from the
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relevant dimensions (table 7.1) using numerical methods. The result of this examination
is Q̇loss = 2.4W. It is in good agreement with the following approximation:

Q̇loss,approx = Q̇suspension + Q̇pipelines

= 2λsteel
dsusHsus

lsus
∆T +

6�

i=1

λHGS

�
D

2
SP − d

2
SP

�
π

4lSP,i
∆T

= 2.3W + 0.5W = 2.8W (7.6)

For this calculation, the values λsteel = 50W/mK [110], λHGS = 15W/mK [102] and
∆T = 90K were used.

As a consequence of the determination of Q̇loss, the heat flux through the insulation is
given by:

Q̇perlite = Q̇tot − Q̇loss = (176.7± 3.2) W (7.7)

Now, equation 7.2 suggests to determine the total shape factor of the storage prototype
and to calculate λeff from the measured temperature difference ∆T = Twater −Ta. How-
ever, ∆T is not constant everywhere. During the heat loss measurement, the water in
the top region of the inner container was around 3K hotter than the water at the bottom.
Therefore, the heat flux Q̇perlite is divided into three parts, which is more precise:

Q̇perlite = Q̇top + Q̇cyl + Q̇bottom

= λeff

�
STH∆Ttop +

2πHcyl,in

ln (dout/Din)
∆Tcyl + STH∆Tbottom

�
(7.8)

The major fraction of Q̇perlite flows through the cylindrical part of the storage tank.
It is denoted with Q̇cyl and can be calculated according to equation 2.4. The relevant
dimensions Hcyl,in, dout and Din can be read off from table 7.1. At the top and bottom
boundaries, the heat transfer rates Q̇top and Q̇bottom through the arrangement of the
torispherical heads have to be calculated. For an exact evaluation, equation 2.6 has
to be used, which requires the determination of the shape factor STH . Thus, the four
parameters ∆Ttop, ∆Tcyl, ∆Tbottom and STH still have to be quantified in order to obtain
the effective thermal conductivity of the insulation.

The temperature differences can be determined relatively easy from the measured tem-
peratures T1 to T6 and T9 to T14. First, the values are averaged over the total measure-
ment interval of 10 days to obtain the mean temperatures T̄1 to T̄6 and T̄9 to T̄14. The
quantity ∆Ttop is then calculated from T̄1 and T̄9, which are the relevant temperatures
at the top region of the storage prototype:

∆Ttop = T̄1 − T̄9 = 89.7K (7.9)
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In analogy, T̄6 and T̄14 are used for the bottom region:

∆Tbottom = T̄6 − T̄14 = 86.2K (7.10)

For the cylindrical part, the values from the remaining sensors are averaged:

∆Tcyl =
1

4

�
T̄2 + T̄3 + T̄4 + T̄5 − T̄10 − T̄11 − T̄12 − T̄13

�
= 89.2K (7.11)

The calculation of the shape factor STH is more difficult. Initially, the geometry of the
torispherical heads, which consists of several radii and heights (figure 7.3) is approxi-
mated by spherical caps with a single radius. The arrangement of the two torispherical
heads from the inner and the outer container according to the approximation is shown
in figure 7.4. The dimensions r1, r2, d and h from figure 7.4 are defined according to the
geometry of the storage prototype (table 7.1):

r1 = 1m r2 = 1.2m d = 0.2m h = 0.4m (7.12)

Figure 7.3: Dimensioning of torispherical heads according to DIN 28011 [111, 112].

Figure 7.4: Approximation of the shape factor STH .
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Subsequently, the missing geometrical quantities are calculated:

R
2
1 = l

2 + r
2
1 = (R1 − h)2 + r

2
1 ⇒ R1 =

h
2 + r

2
1

2h
= 1.45m

R2 = R1 + d = 1.65m

l = R1 − h = 1.05m

sinϕ =
r1

R1
⇒ ϕ = 43.6° (7.13)

Now, there are three possibilities to calculate S from the approximated geometry:

• The area A of a spherical cap is given by [113]:

A = 2πR2 (1− cosϕ) (7.14)

Therefore, the approximation for parallel plates (equation 2.3) can be applied, us-
ing the area A1 of the inner spherical cap as reference area:

Sapprox,1 =
A1

d
=

2πR2
1 (1− cosϕ)

d
= 18.2m (7.15)

• In analogy, it is also possible to refer to the area A2 of the outer spherical cap:

Sapprox,2 =
A2

d
=

2πR2
2 (1− cosϕ)

d
= 23.6m (7.16)

• Eventually, one can also use equation 2.5, which is valid for spherical geometries.
Applying this method, the factor (1− cosϕ) /2 has to be included, because the ap-
proximated shape factor Sapprox,3 must not refer to the whole surface of the sphere,
but only to the fraction of the spherical cap:

Sapprox,3 =
4π (1− cosϕ)

2
�

1
R1

− 1
R2

� = 20.7m (7.17)

Because the deviations between the three different approximated shape factors are in
the range of up to 30 %, a numerical simulation has been done in order to obtain a
reliable result for STH . For this purpose, the exact geometry of the storage prototype
including the dimensioning of the torispherical heads (figure 7.3) has been modelled
in SOLIDWORKS 2008, and the add-on COSMOSFLOWORKS 2008 has been used to
calculate the heat flux through the arrangement of the inner and outer torispherical
head at a given thermal conductivity of the insulation and temperature difference [105].
The numerical investigation yields:

STH,CFD = 23.6m (7.18)

It is a remarkable coincidence, that this result is identical to Sapprox,2, which has been
calculated from an approximation by parallel plates.
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Finally, all relevant parameters are known, and the effective thermal conductivity of the
evacuated perlite insulation (p = 0.08mbar) can be calculated by inserting the results
from equations 7.7, 7.9 to 7.11 and 7.18 into equation 7.8:

λeff =
Q̇perlite�

STH∆Ttop +
2πHcyl,in

ln(dout/Din)
∆Tcyl + STH∆Tbottom

�

= (9.18± 0.17) · 10−3 W
mK

(7.19)

This value is surprisingly low, because one would expect a solid thermal conductivity
of λs = (14.7± 1.6) W/mK from the measurements in the parallel plate setup (equa-
tion 6.15), which is already significantly higher than the total effective thermal conduc-
tivity of the perlite insulation in the storage prototype. This result is interpreted as
another argument confirming the assumption on page 67, which states that the ther-
mal resistances due to the solid structure were shorted by the high external pressure
during the experiments in the parallel plate apparatus. This supposition was already
supported by the estimation of the solid thermal conductivity from the measurements in
the cut-off cylinder device (section 6.3.2). Obviously, there are two different possibilities
to create high bulk densities for perlite:

The material can be compressed by applying external pressure. As mentioned above,
the solid structure is damaged in this case, which leads to the shorting of thermal resis-
tances. Under these conditions, equation 6.15 can be used to calculate the solid thermal
conductivity.

Another possibility is to compress the material by pouring and vibrations, which causes
the single perlite grains to arrange in a space-saving way (close-packing of spheres).
Because the solid structure stays intact, the value of λs must be lower in this case. The
density dependency of the solid thermal conductivity is still assumed to be linear for this
situation. In order to determine λs (ρ), at least three data points are necessary. Fortu-
nately, one experimental value is available from each of the measurements in Würzburg,
Garching and Mühldorf:

• In the parallel plate device, the material was still uncompressed during the mea-
surement at the lowest density (ρ = 55.2kg/m3). The corresponding solid ther-
mal conductivity was λs = (2.46± 1.23) · 10−3 W/mK at the mean temperature
T̄ = 361K (average values of all four measurements in figure 6.6).

• From the measurements in the cut-off cylinder apparatus at ρ = 68.2kg/m3 and
T = 337K, a solid thermal conductivity of λs = (3.39± 1.27) · 10−3 W/mK was esti-
mated (section 6.2.2).

• Finally, the value of λs at ρ = 92.4kg/m3 can be calculated from the heat loss
measurement on the storage prototype. As derived above, the effective thermal
conductivity of the insulation is λeff = (9.18± 0.17) · 10−3 W/mK (equation 7.19)
at a pressure of p = 0.08mbar. As a first step, the radiative thermal conductivity
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λr = (2.55± 0.25) · 10−3 W/mK is computed according to equation 6.10, where the
radiation temperature Tr is calculated from the average values of the temperatures
T̄1 to T̄6 and T̄9 to T̄14. Subsequently, the contribution of gaseous conduction and
coupling is determined from equation 6.14. For the parameters p

g
1/2, p

c
1/2 and Φ,

the values from table 6.4 are inserted, because the measurement in the cut-off
cylinder apparatus better represents the unmodified material with the original
pore size. The result is λg + λc = (1.53± 0.08) · 10−3 W/mK. For this calculation,
the continuum thermal conductivity λ0 = 27.3 · 10−3 W/mK is used [34]. This is the
correct value at the average temperature of the perlite insulation T = 315K, which
is the arithmetic mean of the temperatures T̄1 to T̄6 and T̄9 to T̄14. Subtracting
λr and λg + λc from λeff , one arrives at λs = (5.1± 0.5) · 10−3 W/mK. This value
really represents the solid thermal conductivity of TECHNOPERL ® - C 1,5 without
external pressure, because the pressure acting on the perlite layer at the bottom
of the tank due to the weight of the higher layers is only pext = ρperlit Vgap g/Aring =

58mbar, which is much less than the pressure load of pext = 1.05bar during the
measurement in the parallel plate apparatus. For this calculation, the area Aring =
�
d
2
out −D

2
in

�
π/4 has been used.

In figure 7.5, these values of λs without external pressure are shown as a function of
density. Although the errors are relatively large, the linear correlation is clearly visible.
The temperature dependency of λs is neglected, because it showed during the measure-
ments in the parallel plate apparatus, that this effect is relatively small. Furthermore,
the individual data points in figure 7.5 were measured at similar temperatures.

Figure 7.5: Solid heat conductivity as a function of density without external pressure.
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From the linear fit in figure 7.5, one obtains:

λs =

�
(0.0709± 0.0002) · ρ

�
kg

m³

�
− (1.4499± 0.0135)

�
· 10−3 W

mK
(7.20)

Since equation 7.20 represents an intact solid structure, it is much more suitable than
equation 6.15 for the calculation of λs under practical conditions.

Heat Loss Measurement with Krypton at p = 7.6 mbar

In a further experiment, the annular gap between both containers was completely evacu-
ated and subsequently filled with krypton. Just like before, the water inside the storage
was heated up to a homogeneous temperature (T = 95 °C), and the heat loss ∆Twater/∆t

was measured for a total duration of 7 days, starting on May 24, 2010 at 12:00 a.m.
(midnight). During this period, the average pressure within the perlite insulation was
p̄ = 7.598mbar. The other measured quantities, which are relevant for the determina-
tion of the effective thermal conductivity, are:

∆Twater/∆t = 5.48 · 10−6 K
s

∆Ttop = 73.5K ∆Tbottom = 69.0K ∆Tcyl = 72.8K (7.21)

According to equation 7.5, this corresponds to a total heat loss of Q̇tot = (365.3± 6.6) W.
The thermal losses Q̇loss = 1.9W due to the supply pipelines and the suspension device
are smaller, because the temperature differences were lower compared to the measure-
ment with air as a consequence of the higher ambient temperature in May. Therefore,
the rate of heat transfer through the perlite insulation is given by Q̇perlite = (363.4± 6.6) W
(equation 7.7). By inserting this result into equation 7.19, the effective thermal con-
ductivity of the perlite insulation under the effect of krypton at p = 7.6mbar can be
calculated:

λeff = (23.1± 0.4) · 10−3 W
mK

(7.22)

With λr = (3.0± 0.3) · 10−3 W/mK, which has been computed according to equation 6.10
with the measured temperatures T̄1 to T̄6 and T̄9 to T̄14, and λs = (5.1± 0.5) · 10−3 W/mK
(see figure 7.5), this value is equivalent to:

λg + λc = (15.0± 1.2) · 10−3 W
mK

(7.23)

This result is in perfect agreement with the krypton measurements in the cut-off cylin-
der apparatus: With the mean perlite temperature T̄ = 55.5 °C during the heat loss
measurement in the storage prototype, the continuum thermal conductivity of krypton
is given by λ0 = 10.3 · 10−3 W/mK [34]. From a calculation of λg + λc according to equa-
tion 6.30 with this value for λ0 and the parameters p

g
1/2, p

c
1/2 and Φ from table 6.6, one

obtains λg + λc = (14.9± 2.3) · 10−3 W/mK.
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Measurement of the Leakage Rate

Another important experiment for the practical application of vacuum super insulation
is the determination of the leakage rate χ of the storage prototype. If the vacuum pres-
sure increases over time, the insulation deteriorates due to an increment of λg and λc.
For the measurement of χ, the pressure inside the annular gap was recorded over a total
duration of 83 days, from December 15, 2010 to March 8, 2011. The experimental data
is shown in figure 7.6. Because pressure is correlated to temperature according to the
ideal gas law (pV/T = NkB), the values have been normalized:

p̂ (t) =
T̄

T (t)
p (t) (7.24)

The mean temperature T̄ has been determined from averaging over the whole measure-
ment interval and over all temperatures T̄1 to T̄6 and T̄9 to T̄14. From the linear fit (red
line in figure 7.6), one obtains the pressure increase ṗ:

ṗ = 2.70 · 10−9 mbar
s

= 2.33 · 10−4 mbar
d

= 0.085
mbar

a
(7.25)

With the insulation volume Vgap = 8.43m³, the leakage rate can be calculated:

χ = ṗVgap = 2.28 · 10−5 mbar l
s

(7.26)

Figure 7.6: Determination of the leakage rate of the storage prototype.
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Chapter 8

Summary of the Experimental
Results and Conclusions

As a result of the experiments which were described in the two previous chapters, the
effective thermal conductivity λeff of TECHNOPERL ® - C 1,5 can be calculated at a
given pressure, temperature and density. This knowledge is important for the practical
application of vacuum super insulation in hot water storages. Furthermore, approaches
to minimize λeff can be formulated.

8.1 Calculation of the Effective Thermal Conductivity for
Practical Purposes

According to section 4.5, there are four mechanisms that contribute to the effective ther-
mal conductivity: radiative heat transport, solid conduction, gas conduction and the
coupling effect:

λeff = λr + λs + λg + λc (8.1)

For the radiative thermal conductivity λr (T, ρ) as a function of temperature and density,
the following relation can be used (sections 4.3 and 6.1):

λr (T, ρ) =
16σT 3

r

3ρe∗(Tr)
(8.2)

In equation 8.2, σ = 5.6704 · 10−8 W/m2K4 is the Stefan-Boltzmann constant. Further-
more, the radiation temperature Tr occurs (see section 4.3), which is defined as:

Tr =
3

�
1

4

�
T
2
1 + T

2
2

�
(T1 + T2) (8.3)

T1 and T2 are the temperatures of the insulation boundaries. In the case of a cylin-
drical storage tank, T1 can by approximated by the water temperature in the inner
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container, and T2 is practically identical with the ambient temperature. The extinction
e
∗(Tr) has been determined experimentally (section 6.1). In the temperature interval

between 300K ≤ Tr ≤ 450K, it can be calculated from a quadratic approximation ac-
cording to:

e
∗(Tr) =

�
5.32 · 10−4 ·Tr[K]2 − 0.4503 ·Tr[K] + 130.31

� m²
kg

± 4
m²
kg

(8.4)

For the solid thermal conductivity λs (T, ρ), a linear dependency on density has been
observed:

λs (ρ) =

�
(0.0709± 0.0002) · ρ

�
kg

m³

�
− (1.4499± 0.0135)

�
· 10−3 W

mK
(8.5)

Equation 8.5 is only valid if the material is compressed by its own weight or by vibra-
tions, which cause the single perlite grains to arrange in a close packing of spheres
(see section 7.2). If the compression is achieved by external pressure, the solid struc-
ture is damaged and thermal resistances are shorted. In this case, equation 6.15 has
to be used. The temperature dependency of λs, which has been expected according to
section 4.2, has not been observed in the experiments. It is assumed that this effect is
negligibly small.

The gaseous thermal conductivity λg (T, p) at a given vacuum pressure and temperature
can be calculated using the Sherman interpolation (section 4.1):

λg (T, p) =
λ0 (T )

1 +
pg1/2
p

(8.6)

The characteristic half-value pressure p
g
1/2 has been determined experimentally for air,

argon and krypton and is shown in table 8.1. In addition, the temperature-dependent
continuum thermal conductivity λ0 (T ) appears in equation 8.6. λ0 (T ) is depicted in
figure 8.1 for a selection of gases and can be approximated using a second-order polyno-
mial:

λ0 =
�
A+B T [°C] + C T [°C]2

�
· 10−3 W

mK
(8.7)

The constants A, B and C are listed in table 8.2.

Regarding the coupling thermal conductivity λc (T, p), the experiments in chapter 6 have
shown that the measured data can successfully be represented by the simplified cou-
pling model, which was developed in section 4.4:

λc (T, p) = Φ
λ0 (T )

1 +
pc1/2
p

(8.8)

Again, the continuum thermal conductivity can be computed according to equation 8.7.
The parameters Φ and p

c
1/2 are included in table 8.1 for air, argon and krypton.
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gas p
g
1/2 [mbar] Φ [1] p

c
1/2 [mbar]

air 1.38±0.07 0.54±0.03 38.6±8.1

argon 1.46±0.01 0.73±0.01 17.4±0.4

krypton 1.24±0.47 0.93±0.06 4.5±2.6

Table 8.1: Parameters for the calculation of λg and λc according to equations 8.6 and 8.8.

gas A [1] B [1] C [1]

air 24.17±0.02 0.075±0.001 (-2.88±0.14) · 10−5

argon 16.39±0.10 0.049±0.001 (-2.72±0.56) · 10−5

krypton 8.76±0.02 0.029±0.001 (-1.30±0.10) · 10−5

Table 8.2: Parameters for the calculation of λ0 according to equation 8.7.

Figure 8.1: Continuum thermal conductivity λ0 of selected gases as a function of tem-
perature [34].
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8.2 Suggestion of Optimization Approaches

In the experimental part of this thesis (chapters 6 and 7), the dependencies of the ef-
fective thermal conductivity on pressure, density, temperature and the type of filling
gas have been measured. As a consequence, different optimization approaches can be
suggested with the aim to minimize λeff under practical conditions.

Minimization of λs and λr

Both the solid and the radiative thermal conductivity of TECHNOPERL ® - C 1,5 depend
on density. λs increases linearly with ρ (equation 8.5), whereas λr decreases according
to λr ∼ ρ

−1 (equation 8.2). Therefore, an optimum density ρopt exists, at which the sum
λr+λs attains a minimum value. Because λr also depends on the radiation temperature,
ρopt is a function of Tr, which is usually predetermined by the application. The temper-
ature dependency of λs is neglected (see section 6.2.2). In figure 8.2, the sum of λr + λs

is plotted against ρ at different radiation temperatures. The blue curve with Tr = 325K
refers to the storage of hot water for solar thermal applications (T1 = 100 °C, T2 = 0 °C).

The optimum density can be calculated using the conventional method for the determi-
nation of extremal values:

d (λr + λs)

dρ
= − 16σT 3

r

3ρ2e∗ (Tr)
+As

!
= 0

⇒ ρopt =

�
16σT 3

r

3Ase
∗ (Tr)

(8.9)

In equation 8.9, As = 0.0709 · 10−3 W m
2/K kg is the first coefficient for the linear density

dependency of λs (see equation 8.5). The optimum density as a function of the radiation
temperature Tr is depicted in figure 8.3.

With respect to the solar thermal application (Tr = 325K), it shows that the optimum
density is at ρopt = 60.4kg/m³. It is questionable whether this value can be reached in
practice, because the self-adapted bulk density in the storage prototype is considerably
higher (ρ = 92.4kg/m3). However, it has to be said that the influence of ρ is not very
pronounced at Tr = 325K, which can be demonstrated by figure 8.2 (blue curve): In the
whole interval from 50kg/m³ ≤ ρ ≤ 95kg/m³, the sum of radiative and solid thermal con-
ductivity only changes by 1 · 10−3 W/mK. For the application of vacuum super insulation
in this temperature range, the bulk density of ρ = 92.4kg/m3 is still acceptable, because
λr + λs is only slightly above the minimum value.
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Figure 8.2: Sum of radiative and solid thermal conductivity as a function of density
according to equations 8.2 and 8.5.

Figure 8.3: Optimum density ρopt as a function of radiation temperature according to
equation 8.9.
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Minimization of λg and λc

Both gas conduction and the coupling effect depend on temperature and pressure (see
equations 8.6 and 8.8). Like before, the temperature, which determines the continuum
thermal conductivity λ0, is given by the application. It is obvious that an increase of
vacuum pressure, caused by the leakage rate χ, leads to an enhancement of λg + λc. In
practice, it is therefore necessary to keep the vacuum pressure as low as possible during
the lifetime of a hot water storage tank, which is around 20 years.

For the conventional application with air as filling gas, this effect is illustrated in fig-
ure 8.4, where the time development of λg + λc is depicted using the leakage rate χ as
a parameter. The values for λg + λc have been calculated from equations 8.6 and 8.8
with the parameters p

g
1/2, Φ and p

c
1/2 from table 8.1. For normalization, λg + λc has been

divided by λ0:
λg + λc

λ0
=

1

1 +
pg1/2
p(t)

+
Φ

1 +
pc1/2
p(t)

(8.10)

The pressure p (t) is calculated according to:

p (t) = p0 +
χt

Vgap
(8.11)

In this equation, Vgap = 8.43m³ is the insulation volume of the prototype and p0 is the
initial pressure, which is set to p0 = 0.01mbar. This value is a suitable compromise for
practical applications, because it can be achieved with a moderate technical effort, but
gas conduction and coupling is already sufficiently suppressed (λg+λc = 2 · 10−4 W/mK).

The red curve in figure 8.4 with χ = 2.3 · 10−5 mbar l/s refers to the storage prototype,
which is most likely the worst case regarding the leakage rate. It is assumed that χ

can be reduced by a factor of 5 for commercially available storages, because these tanks
do not have to be equipped with measurement instrumentation (pressure sensors) and
the number of vacuum connections can be decreased. However, for χ = 5 · 10−6 mbar l/s
(green curve), the value of λg + λc is still relatively high after 20 years. With T = 50 °C
and λ0 = 27.9 · 10−3 W/mK [34], one obtains λg + λc = 6 · 10−3 W/mK. A further reduction
of the leakage rate (blue and purple curve) is desirable.

Lowering the initial pressure (for example to p0 = 0.001mbar) is not very effective for
the long-time consideration of λg + λc. If χ = 2.3 · 10−5 mbar l/s, the pressure reaches
p = 0.01mbar after only 40 days. Even at the lowest indicated leakage rate of χ =

10−6 mbar l/s, the pressure rises to p = 0.01mbar after three years.

If the leakage rate cannot be reduced to a sufficiently low value, another option to main-
tain low thermal conductivities would be to re-evacuate the perlite insulation in regular
intervals of several years.
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Figure 8.4: Development of λg + λc over the typical lifetime of a hot water storage tank
at different leakage rates χ according to equation 8.10.

Utilization of Inert Gases

A further theoretical possibility to maintain low effective thermal conductivities during
the lifetime of the storages in spite of leakages is the utilization of krypton, which is
characterized by its low heat conductivity both in the continuum and in the regime of
free molecular flow (see section 4.1). The application of argon is not suggestive, because
the thermal conductivity of the perlite insulation under the effect of argon is too close
to the value of air (see figure 6.16). It is now examined, whether the usage of krypton
is a reasonable option in practice. Therefore, a relation for the pressure dependency of
the total thermal conductivity of a gas mixture is necessary. Initially, only gas conduc-
tion in the pores is considered, and the coupling effect will be treated by analogy later.
From equation 4.13, a relation for the total continuum thermal conductivity λ

tot
0 of a gas

mixture is known, which is now applied to the mixture of air and krypton:

λ
tot
0 =

pairλ
air
0 + pkrλ

kr
0

pair + pkr
(8.12)

In this equation, pair and pkr are the partial pressures of air and krypton, and λ
air
0 and

λ
kr
0 are the continuum thermal conductivities. As demonstrated by figure 4.3, λ

tot
0 is

always larger than λ
kr
0 and smaller than λ

air
0 . In the regime of free molecular flow, this

can no longer be valid. Because collisions between the gas molecules can be neglected
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and the particles move freely between the boundary walls, the two components of the
gas mixture represent a parallel connection of thermal resistances (equation 4.30). Ac-
cordingly, the individual thermal conductivities have to add up:

λ
tot
FM = λ

air
FM + λ

kr
FM =

pairλ
air
0

p
g,air
1/2

+
pkrλ

kr
0

p
g,kr
1/2

(8.13)

The relation λ
air
FM = pairλ

air
0 /p

g,air
1/2 and the analog expression for krypton is obtained

from the low-pressure limit of the Sherman interpolation (equation 4.4). With p → 0

and consequently
�
1 + p

g,air
1/2 /pair

�
→ p

g,air
1/2 /pair, one arrives at the above term.

Now, the quantity λ
tot
IGP , which is the interpolation to general pressures (index IGP) of

the total thermal conductivity of a gas mixture, is calculated according to:

1

λ
tot
IGP

=
1

λ
tot
0

+
1

λ
tot
FM

(8.14)

This approach corresponds to the Sherman interpolation for a pure, single-component
gas [35]. After inserting equations 8.12 and 8.13 and solving for λ

tot
IGP , one arrives at:

λ
tot
IGP

λ
air
0

=

�
pair + pkr

λkr
0

λair
0

��
pairp

g,kr
1/2 + pkrp

g,air
1/2

λkr
0

λair
0

�

(pair + pkr)
�
pairp

g,kr
1/2 + pkrp

g,air
1/2

λkr
0

λair
0

�
+ p

g,air
1/2 p

g,kr
1/2

�
pair + pkr

λkr
0

λair
0

� (8.15)

Again, the values are normalized by λ
air
0 . This is possible, because the ratio λ

kr
0 /λ

air
0

only varies between 0.364 at T = 0 °C and 0.370 at T = 300 °C (compare figure 8.1).
Therefore, λkr

0 /λ
air
0 = 0.367 is set as a constant, which is exact for temperatures around

T = 125 °C and a very good approximation with a deviation of maximally 1 % for lower
and higher temperatures. The reason for this procedure is, that the calculated values
from equation 8.15 are directly comparable to the curves in figure 8.4.

So far, only gas conduction in the pores has been considered. However, an analog expres-
sion can easily be derived for the coupling thermal conductivity λ

tot,c
IGP of the gas mixture

by replacing the terms λ0 with Φλ0 and the characteristic pressures p
g
1/2 with p

c
1/2:

λtot,c
IGP

λair
0

=

�
pairΦair + pkrΦkr

λkr
0

λair
0

��
pairp

c,kr
1/2 Φair + pkrp

c,air
1/2 Φkr

λkr
0

λair
0

�

(pair + pkr)
�
pairp

c,kr
1/2 Φair + pkrp

c,air
1/2 Φkr

λkr
0

λair
0

�
+ pc,air1/2 pc,kr1/2

�
pairΦair + pkrΦkr

λkr
0

λair
0

� (8.16)

Now, the sum of gas conduction and coupling λg + λc can be calculated by adding equa-
tions 8.15 and 8.16. For the characteristic pressures p1/2 and the weighting factors
Φ, the values from table 8.1 are inserted. Because the time-development of the total
thermal conductivity at different leakage rates is to be considered, the previously used
relation has to be inserted for the partial pressure of air:

pair = pair,0 +
χt

Vgap
(8.17)
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Just like before, the void volume of the insulation is given by Vgap = 8.43m³, and the
initial pressure is set to pair,0 = 0.01mbar. The partial pressure of krypton is assumed
to be constant over the whole time interval and is initially set to pkr = 1mbar. Although
the partial pressure of krypton in the ambient air is lower, the escape of krypton through
the leakages due to diffusion can be neglected for two reasons:

• The krypton fraction of the atmosphere is in the range of 1 ppm [68], which cor-
responds to a partial pressure of almost zero. The difference of partial pressures,
which is the driving force for the pressure equalization, is thus given by the par-
tial pressure pkr = 1mbar inside the insulation of the storage tank. This value is
much smaller than the difference in the partial pressures of air, which is practi-
cally equal to ∆pair = 1000mbar.

• The outward diffusion of krypton is obstructed by the opposingly directed flow of
ambient air into the evacuated insulation volume.

Consequently, all revelant quantities are known, and the time development of the sum
of gas conduction in the pores and coupling can be computed for the gas mixture of
air and krypton. The result for pkr = 1mbar is shown in figure 8.5. Another plot for
pkr = 0.1mbar is depicted in figure 8.6.

Figure 8.5: Development of λg + λc over the lifetime of a hot water storage tank with
a mixture of air and krypton according to equations 8.15 and 8.16. Due to the leakage
rate χ, the composition of the gas mixture changes. The krypton pressure is set to
pkr = 1mbar. For comparison, the curves without krypton from figure 8.4 are depicted,
too (dotted lines).
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Figure 8.6: Development of λg + λc over the lifetime of a hot water storage tank with
a mixture of air and krypton according to equations 8.15 and 8.16. Due to the leakage
rate χ, the composition of the gas mixture changes. The krypton pressure is set to
pkr = 0.1mbar. For comparison, the curves without krypton from figure 8.4 are depicted,
too (dotted lines).

It shows that pkr = 1mbar is not a suitable value, because the overall thermal conduc-
tivity is already too high (compare also figure 6.16), and the resulting curves are above
those without krypton during the whole time interval (figure 8.5). The utilization of
krypton at pkr = 0.1mbar is not beneficial either, the only difference is that the initial
value of λg+λc at t = 0 is lowered (figure 8.6). A further reduction of the krypton partial
pressure is not reasonable, because the curves would approximate those in figure 8.4
after a very short period in this case. The advantage of krypton only becomes notable
if the total pressure is in the continuum regime. However, setting the krypton pressure
to pkr = 10mbar or higher is not suitable either. In this case, one would obtain a more
or less horizontal line at a value of around (λg + λc) /λair

0 = 60% in the indicated plots.
There is a point in time, where the curves in figure 8.4 cross this horizontal line, but the
break-even point is not reached within the time interval of 20 years.

In general, it can be said that the utilization of krypton is not advantageous in practice,
because the thermal conductivity of the gas mixture is only lowered in the continuum
compared to pure air (see equation 8.12). At the low pressures of a vacuum super insu-
lation, in the regime of free molecular flow, both contributions of air and krypton add up,
which results in a higher total thermal conductivity (equation 8.13). As a consequence,
it is much more reasonable, not to use krypton and to re-evacuate the insulation of the
storage tanks in regular time intervals, if the leakage rate can’t be reduced far enough.
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Chapter 9

Outlook

The experimental investigation of the heat transport in evacuated perlite showed, that
the single heat transfer mechanisms and their dependencies on pressure, density and
temperature can be described using common models and approaches. Due to this quan-
tification, the effective thermal conductivity of TECHNOPERL ® - C 1,5 can be calcu-
lated for practical applications, and optimization approaches can be suggested. How-
ever, there is still motivation for future research and optimization.

Regarding the experiments, a first approach would be the improvement of the cut-off
cylinder device, with the aim to reduce the leakage rate and to obtain minimum pres-
sures lower than p = 0.02mbar. As a consequence, it would be possible to further inves-
tigate the temperature dependency of solid conduction, and to measure the pressure-
dependent part λg + λc of the effective thermal conductivity below p = 1mbar. In addi-
tion, the geometry and the positioning of the installed cables can be optimized in order
to facilitate the calibration. Furthermore, a comparison between a parallel plate setup
and a cylindrical geometry could be worthwile. In the experimental part of this the-
sis, it has been notable that both measurement setups have their distinct benefits and
disadvantages. The comparison, which could also include spherical geometries, can be
interesting and helpful for thermal conductivity measurements in general.

With respect to the experimental results, a main topic for further analysis is the cou-
pling effect. Although it showed that the model for perlite, which was developed in
section 4.4, can reproduce the experiments, its physical interpretation is not completely
clarified. The increase of the weighting factor Φ, which was observed for argon and
krypton, was explained by the accommodation coefficient. To validate this approach,
further measurements and also theoretical considerations are a possible subject of ad-
ditional research. In addition, a microscopic inspection or a similar examination of the
material structure is desirable, in order to verify the effective pore diameters and the
intergranular space dimensions, which were calculated from the experimentally deter-
mined characteristic pressures p1/2. This study could also clarify the effect of external
mechanical pressure on the material structure and the correlated solid thermal conduc-
tivity.
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Ultimately, other porous materials in combination with different filling gases can be
investigated. Apart from perlite, there are several similar materials, for example di-
atomaceous earth, expanded clay or aerogels. In addition to air, argon and krypton,
one can think of the remaining inert gases helium, neon and xenon. Especially the
latter may be particularly interesting for insulation purposes due to its low thermal
conductivity (compare figure 8.1). From the scientific point of view, the development of
a comprehensive model regarding the coupling effect for different combinations of ma-
terials and gases is a challenging topic for further research, which has not been solved
until now [42].
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Nomenclature

symbol unit meaning

A m2 area

As W m2 K−1 kg−1 coefficient for the density dependency of λs

a
∗
λ(λ) m2 kg−1 spectral mass-specific absorption coefficient

a 1 weighting factor

B bandwidth

b 1 weighting factor

C J K−1 integral heat capacity

c m s−1 speed of light in vacuum

c̃ m s−1 speed of light in a medium

cp J kg−1 K−1 specific heat capacity at constant pressure

cV J kg−1 K−1 specific heat capacity at constant volume

D m distance

Dv m2 kg−1 s−1 vapor diffusion coefficient

D (ṽ) window function

d m distance or thickness or diameter

dc m characteristic length

E J energy

Eex m−1 extinction coefficient



II Nomenclature

symbol unit meaning

e (ν̃) 1 spectral extinction

e
∗(T ) m2 kg−1 mass-specific extinction coefficient

e
∗
λ(λ) m2 kg−1 spectral mass-specific extinction coefficient

F 1 view factor

F (v) Maxwell-Boltzmann distribution

f 1 degrees of freedom

f̂ m2 accommodation factor

fR(λ, T ) Rosseland function

g m s−2 gravity of Earth

H m height

Hc W m−2 K−1 heat transfer coefficient for convection

Hi W m−2 K−1 heat transfer coefficient for insulation materials

h J s Planck constant

∆hv J kg−1 specific heat of evaporation

I W m−2 radiation intensity

Iel A electrical current

i imaginary unit

kB J K−1 Boltzmann constant

l m length

lf m mean free path

M kg mol−1 molar mass

m kg mass

N 1 quantity, total number

Nu 1 Nusselt number

n m−3 particle density

ñ 1 refractive index

Pel W electrical heating power



Nomenclature III

symbol unit meaning

p mbar pressure

p1/2 mbar characteristic half-value pressure

p
c
1/2 mbar characteristic pressure for coupling

p
g
1/2 mbar characteristic pressure for gas conduction in pores

psat Pa saturation vapor pressure

Q̇ W thermal power or rate of heat transfer

�̇q W m−2 area-specific heat flux

R J mol−1 K−1 gas constant

Rel Ω electrical resistance

Rth K W−1 thermal resistance

r m radius

Ra 1 Rayleigh number

Re 1 Reynolds number

S m shape factor

s
∗
λ(λ) m2 kg−1 spectral mass-specific scattering coefficient

T K temperature

T0 K initial temperature

Ta K ambient temperature

Tr K radiation temperature

t s time

U V voltage

u J m−3 energy density

V m3 volume

v m s−1 velocity

w % water content

x m spatial coordinate



IV Nomenclature

symbol unit meaning

α 1 accommodation coefficient or absorptivity

αred 1 reduced accommodation coefficient

β ° inclination angle

βS 1 gas-specific constant for Sherman interpolation

Γ 1 weighting factor for the two contributions of λc

γ 1 exponent for density-dependence of λs

∆ error or difference

δ m characteristic length for convection

ε 1 emissivity

εeff 1 effective emissivity

κ m−1 absorption coefficient

λ W m−1 K−1 thermal conductivity

λ m wavelength

λc W m−1 K−1 coupling thermal conductivity

λeff W m−1 K−1 effective thermal conductivity

λg W m−1 K−1 gaseous thermal conductivity

λmax m wavelength of maximum intensity

λr W m−1 K−1 radiation thermal conductivity

λs W m−1 K−1 solid thermal conductivity (porous bulk)

λ
∗
s W m−1 K−1 solid thermal conductivity (massive material)

λ0 W m−1 K−1 continuum gas thermal conductivity

µ Pa s dynamic viscosity

ν Hz frequency

ν̃ m−1 wave number

Π 1 modified porosity which only includes pores

π 1 circular constant

ρ kg m−3 mass density

� 1 reflectivity



Nomenclature V

symbol unit meaning

σ W m−2 K−4 Stefan-Boltzmann constant

σel Ω−1 m−1 electrical conductivity

ς m2 cross section for intermolecular collisions

τ 1 transmissivity

τ0 1 optical thickness

Φ 1 weighting factor for the coupling effect

ϕ ° angle

χ mbar l s−1 leakage rate

Ψ 1 porosity



.
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