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Abstract

This thesis explores heat transfer in silica-based superinsulation. Four peer-
reviewed publications on this topic are presented in a systematic series. The
focus is on analytical calculation methods for different heat transfer mech-
anisms. These methods are compared with numerous measurements of gas
pressure-dependent thermal conductivity and evaluated accordingly. A special
guarded hot plate apparatus is developed and set up to perform the thermal
conductivity measurements. This apparatus is suitable for measuring the gas
pressure-dependent thermal conductivity of fragile powder compacts in a pres-
sure range from <(0.01 mbar to atmospheric pressure. Various precipitated
silicas, fumed silicas, silica gels, and glass sphere beads are investigated. The
known heat transfer mechanisms in these materials can only be studied sep-
arately to a limited extent because they tend to couple. In particular, an
interaction between the heat conduction of the solid skeleton and the heat
conduction of the gas phase can be observed. This coupling effect depends on
the solid structure of the different materials. Therefore, as an essential ele-
ment of this work, the coupling effect in different materials is quantified, and
heuristic models for its calculation are found.

The first publication deals with gas—solid coupling in precipitated silicas. It
investigates whether various commercially available precipitated silicas differ
in their tendency to couple, and which material properties are responsible for
the coupling. The coupling effect factor f is introduced for evaluation. The
results indicate no significant differences between the products. Instead, a
clear, almost linear relationship was found between porosity and the coupling
effect factor. It can be concluded that the precipitated silicas studied do not
exhibit structural differences on the size scale, which is crucial for heat flow.
The gas—solid coupling is mainly attributed to the regions around the contact
points of the particles. The coupling effect factor thus depends on the number
of contact points and hence, at constant particle size, directly on the porosity.
The first paper consequently shows that the gas—solid interaction is crucial
for the description of heat transfer in superinsulations. The factor regarding
energy transfer at the wall impact of a gas molecule is called the thermal ac-
commodation coefficient a (TAC). It describes the incompleteness of energy
transfer at wall impact at a gas—solid boundary. In macroscopic systems, it
can be neglected. However, in micro or nanoporous material systems, this
factor becomes relevant because there are many material boundaries. Nev-
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ertheless, in the literature, an accommodation coefficient of unity and thus
complete energy transfer between a gas and solid surface is often assumed
for air. Currently, measuring techniques are only available to determine the
TAC of exterior surfaces. Here, the effects of surface roughness, which are
difficult to quantify, are also measured. However, the TAC in the pores of a
heterogeneous gas—solid mixture with micro- and nanopores is not accessible
by measurement. Thus, in the second paper, a method is presented to compare
the thermal accommodation of different gases on the pore walls of precipitated
silica and fumed silica. A simple model from impact theory states that when
a sphere with velocity v # 0 collides with a stationary sphere of equal weight,
complete energy transfer occurs (Cf. billiard balls). This would correspond to
an accommodation coefficient of unity. The more the masses of the balls dif-
fer from each other, the more incomplete the energy transfer is. Transferring
this model to a gas particle in a wall impact, a TAC of 1 for M, = M, can
be obtained, where M, is the molar mass of the gas particle, and M; is the
molar mass of the solid surface (here, of Si0,). This assumption is consistent
with the kinetic theory of gases; however, notably, some important effects are
neglected here (e.g., polarity, rotational energy, adsorption effects). Since the
molar masses of Si0y and SO, are almost identical, « = 1 is assumed for
this combination. Then, apparent TACs are determined for 6 other gases from
thermal conductivity measurements relative to SO,. The determined values
follow the correlations of impact theory and can therefore be considered plau-
sible. For the air/Si0, combination, o = 0.41 and a = 0.33 are obtained for
precipitated and fumed silica, respectively. Although these values cannot be
considered physically valid in general and are only valid in the context of the
presented models, the assumption a = 1 for air could be clearly refuted, and
the significance of the TAC could be highlighted.

Since the validity of the models used for the gas thermal conductivity and
the effective thermal conductivity is crucial for the evaluation of the results
obtained so far, a literature review of such models is presented first in the next
publication. It is shown that a large number of different calculation models
exist for both the effective and gas thermal conductivity as well as parameters
contained therein. Furthermore, it is usually unclear what measured values
for particle and pore size should be used to properly apply the models to
different porous materials. From the literature review, the most commonly
used models are extracted. Together with the different methods of applying
the measured values for pore and particle size, there are 2,800 possible com-
binations to calculate the gas pressure-dependent thermal conductivity of the
investigated materials. All model combinations are applied to the 15 commer-
cially available silica-based materials using a computer program. The materials
consist of 6 precipitated silicas, 3 fumed silicas, 3 silica gels, and 3 types of
glass beads. All materials are measured for their gas pressure-dependent ther-
mal conductivity in combination with 6 different pore gases. The results are
compared with those of the calculations to determine the most suitable model
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combinations for the different materials. As a result, material-specific recom-
mendations are made for the calculation. The average variance (coefficient of
variation), without the use of adjustable parameters, is 10 %. To compare the
models for gas thermal conductivity and coupling contribution in a meaningful
way, the fractions for solid thermal conductivity and radiation are extracted
from measurements at low gas pressures.

In the fourth publication, to apply the results to the real development of
superinsulations, the favored model combinations are supplemented by mod-
els for solid and radiative conductivity. Thus, parameter studies on particle
size and porosity can be performed for the different materials. To consider
the influence of pore size distribution without having to perform a mercury
porosimetry measurement for each material and porosity studied, a model is
developed to calculate the distributions from only one measurement and the
corresponding porosity. To properly include the radiation component, Fourier
transform infrared spectrometry measurements are performed to determine the
mass-specific extinction coefficient of the materials. The results of the param-
eter studies can be used in the future to select superinsulations’ core materials.
A particular focus of the work is also on the specific design of the insulation
cores for different applications. The presented approach can be applied to
material mixtures with additives, in particular infrared opacifiers, to optimize
specific material mixtures for different conditions.

Thus, this work provides an important contribution to a targeted use of su-
perinsulations. By using alternative core materials, high-performance insu-
lation materials can contribute significantly to the energy turnaround in the
future by making them attractive to additional sectors of the economy. In
this context, the author considers the use of precipitated silica in particular
to have great potential. Therefore, the outlook section addresses the targeted
production of core materials based on precipitated silica. The proposed novel
production process offers an improvement in the longevity of the panels by opti-
mized aggregate structures. Furthermore, a time-consuming and cost-intensive
process step in vacuum insulation panel production — namely the mixing of dry
substances — would be eliminated, since all the necessary components would
already be added in the liquid phase of the precipitation reactor. This would
also lead to a more homogeneous distribution and better adhesion of the addi-
tives in or to the silica compared to the dry mixing process. This is expected
to reduce the need for opacifiers and significantly increase the stability of the
core materials. These developments could be a decisive factor for a successful
energy turnaround.
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Zusammenfassung

Diese Arbeit befasst sich mit der Warmeiibertragung in Silica-basierten Su-
perisolatoren. In systematischer Abfolge werden vier Publikationen zu diesem
Thema vorgestellt. Der Fokus liegt auf analytischen Berechnungsmethoden
fiir die verschiedenen Wérmeiibertragungsmechanismen. Diese werden mit ei-
ner Vielzahl von Messungen der gasdruckabhingigen Wéarmeleitfahigkeit ver-
glichen und entsprechend bewertet. Zur Durchfithrung der Wéarmeleitfahig-
keitsmessungen wurde ein spezieller Guarded-Hot-Plate-Apparatus entwickelt
und aufgebaut. Dieser ermoglicht es, auch fragile Pulverpresslinge hinsicht-
lich ihrer gasdruckabhidngigen Warmeleitfahigkeit in einem Druckbereich von
< 0.01 mbar bis Atmosphéarendruck zu vermessen. Es wurden verschiedene
Fallungskieselsauren, pyrogene Kieselsduren, Silicagele und Glasperlen unter-
sucht. Die bekannten Warmeiibertragungsmechanismen in diesen Materialien
konnen nicht vollkommen getrennt voneinander untersucht werden, da sie zur
Kopplung neigen. Insbesondere ist eine Wechselwirkung zwischen der War-
meleitung des Feststoffgerippes mit der Wéarmeleitung der Gasphase zu beob-
achten. Dieser sogenannte Kopplungseffekt ist je nach Material unterschiedlich
stark ausgepréagt. Als wesentliches Element dieser Arbeit wurde der Kopplungs-
effekt in verschiedenen Materialien quantifiziert und zu dessen Beschreibung
wurden heuristische Modelle gefunden.

Die erste Veroffentlichung handelt von der Gas-Feststoff-Kopplung in Fal-
lungskieselsauren. In dieser wird den Fragen nachgegangen, ob sich verschiede-
ne kommerziell erhéltliche Fallungskieselsduren hinsichtlich ihrer Neigung zur
Kopplung unterscheiden und welche Materialeigenschaften fiir die Kopplung
verantwortlich sind. Zur Bewertung wird der Kopplungseffektfaktor f einge-
fithrt. Es hat sich gezeigt, dass zwischen den Produkten keine signifikanten
Unterschiede zu erfassen sind. Stattdessen ist ein deutlicher, nahezu linearer
Zusammenhang zwischen der Porositat und dem Kopplungseffektfaktor festge-
stellt worden. Daraus kann gefolgert werden, dass die untersuchten Fallungs-
kieselsauren auf der keine fiir den Warmefluss entscheidenden strukturellen
Unterschiede aufweisen. Die Gas-Feststoff-Kopplung wird vor allem den Be-
reichen um die Bertihrungspunkte der Partikel zugeschrieben. Der Kopplungs-
effektfaktor ist demnach von deren Anzahl und, bei konstanter Partikelgrofe,
direkt von der Porositat abhangig.

Es hat sich folglich gezeigt, dass die Gas-Feststoff-Wechselwirkung fiir die Be-
schreibung der Warmetibertragung in Superisolationen von entscheidender Be-



deutung ist. Der Faktor der Energietibertragung beim Wandstof3 eines Gasmo-
lekiils heifit thermischer Akkommodationskoeffizient o (TAC). Er beschreibt
den Temperatursprung, der sich an einer Gas-Feststoff-Grenze einstellt. In ma-
kroskopischen Systemen kann er vernachléssigt werden. In mikro- /nanoporosen
gibt es jedoch viele stoffliche Grenzen, so dass dieser Faktor relevant wird.
In der Literatur wird fiir Luft dennoch haufig ein Akkommodationskoeffizi-
ent von eins, und somit eine vollstindige Energieiibertragung zwischen Gas
und Feststoffoberfliche, angenommen. Aktuell gibt es ausschliefllich Metho-
den, um den TAC von makroskopischen Materialoberflichen zu bestimmen.
Dabei werden auch schwer quantifizierbare Effekte der Oberflachenrauhigkeit
mitgemessen. Der TAC in den Mikro- und Nanoporen eines heterogenen Gas-
Feststoff-Gemisches ist jedoch messtechnisch nicht zugénglich. In der zweiten
Veroffentlichung wird eine Methode vorgestellt, um die TACs verschiedener
Gase an den Porenwanden von Fallungskieselsdure und pyrogener Kieselsau-
re miteinander zu vergleichen. Ein einfaches Modell aus der Stofitheorie be-
sagt, dass es beim Stof} einer Kugel mit einer Geschwindigkeit v # 0 auf eine
gleich schwere, ruhende Kugel zur vollstandigen Energietibertragung kommt
(vgl. Billardkugeln). Das wiirde einem Akkommodationskoeffizienten von eins
entsprechen. Je starker die Massen der Kugeln voneinander abweichen, desto
unvollstandiger erfolgt der Energietibertrag. Wendet man dieses Modell auf ein
Gasteilchen beim Wandstof3 an, erhélt man einen TAC von eins fir Mg = M.
Die Molmasse des Gasteilchens wird mit Mg, die der Feststoffoberfliche (hier
von Si0s) mit Mg abgekiirzt. Diese Annahme entspricht der kinetischen Gas-
theorie, es muss jedoch bedacht werden, dass hier einige wichtige Effekte ver-
nachléssigt werden (z.B. Polaritéit, Rotationsenergie, Adsorptionseffekte). Da
die Molmassen von Si0s und SOy nahezu identisch sind wird fiir diese Kom-
bination @ = 1 angenommen. AnschlieBend werden aus Wéarmeleitféhigkeits-
messungen fiir sechs weitere Gase relativ zu SO, sogenannte scheinbare TACs
bestimmt. Die ermittelten Werte folgen den Zusammenhéngen der Stofitheo-
rie und kénnen daher nachvollzogen werden. Fir die Kombination Luft/SiO
ergibt sich @ = 0.41 und a = 0.33 fir Fallungs- bzw. pyrogene Kieselsaure.
Obwohl diese Werte nicht als allgemein physikalisch giiltig angesehen werden
konnen und nur im Zusammenhang mit den vorgestellten Modellen giiltig sind,
kann die Annahme o = 1 fiir Luft widerlegt und die Signifikanz des thermi-
schen Akkommodationskoeffizienten bewiesen werden.

Die Giltigkeit der verwendeten Modelle fiir die Gaswarmeleitfahigkeit und die
effektive Warmeleitfahigkeit ist fiir die Bewertung der bisherigen Ergebnisse
entscheidend. Deshalb wird in der nachsten Verdffentlichung zunéachst eine Li-
teraturrecherche solcher Modelle présentiert. Dabei zeigt sich, dass sowohl fiir
die effektive als auch fiir die Gaswéarmeleitfahigkeit sowie fiir die darin enthal-
tenen Parameter eine Vielzahl unterschiedlicher Berechnungsmodelle existiert.
Des Weiteren wird in der Regel keine Angabe dazu gemacht, welche Messwerte
fiir die Partikel- und die Porengrofie verwendet werden sollen, um die Modelle
ordnungsgeméf} auf verschiedene pordse Materialien anwenden zu kénnen. Aus
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der Recherche werden die in der Literatur am héufigsten verwendeten Model-
le extrahiert. Zusammen mit den unterschiedlichen Verwendungsmoglichkeiten
der Messwerte fiir Poren- und Partikelgrofie ergeben sich 2800 Kombinations-
moglichkeiten, um die gasdruckabhéngige Warmeleitfahigkeit der untersuch-
ten Materialien zu berechnen. Alle Modellkombinationen werden mithilfe ei-
nes Computerprogrammes auf die 15 kommerziell erhéltlichen, Silica-basierten
Materialien angewendet. Diese setzen sich aus sechs Fallungskieselsduren, drei
pyrogenen Kieselséduren, drei Silicagelen und drei Glasperlensorten zusammen.
Alle Materialien wurden hinsichtlich ihrer gasduckabhingigen Warmeleitfa-
higkeit in Kombination mit sechs verschiedenen Porengasen vermessen. Die
Ergebnisse wurden mit denen der Berechnungen verglichen, um die fir die
jeweiligen Materialien am besten geeigneten Modellkombinationen zu ermit-
teln. Als Ergebnis werden materialspezifische Empfehlungen zur Berechnung
ausgesprochen. Die mittlere Abweichung liegt, ohne die Verwendung von an-
passbaren Parametern, bei 10 %. Um die Modelle fir die Gaswarmeleitfahigkeit
und den Kopplungsbeitrag sinnvoll vergleichen zu kénnen, wurden die Anteile
der Feststoffwarmeleitfdhigkeit und der Strahlung aus den Messungen bei sehr
kleinen Gasdriicken extrahiert.

Die Ergebnisse sollen auf die reale Entwicklung von Superisolationen anwend-
bar sein. Deshalb wurden die favorisierten Modellkombinationen in der vier-
ten Veroffentlichung mit Modellen fiir die Feststoff- und Strahlungsleitfahig-
keit komplementiert. Somit konnen Parameterstudien iiber die Partikelgrofie
und die Porositéit der verschiedenen Materialien durchgefithrt werden. Damit
der Einfluss der Porengrofienverteilung berticksichtigt werden kann, ohne fiir
jedes Material und jede untersuchte Porositit eine Quecksilberporosimetrie-
Messung durchfiihren zu miissen, wurde ein Modell entwickelt, um die Vertei-
lungen aus nur einer Messung und der entsprechenden Porositit berechnen zu
konnen. Um den Strahlungsanteil ordnungsgeméafl miteinzubeziehen, wurden
Fourier-Transform-Infrarotspektrometrie-Messungen durchgefithrt. Auf diese
Weise konnte der massenspezifische Extinktionskoeffizient der Materialien be-
stimmt werden. Die Ergebnisse der Parameterstudien kénnen zukiinftig bei
der Auswahl der Kernmaterialien von Superisolationen eingesetzt werden. Ein
Fokus der Arbeit liegt auf der gezielten Auslegung der Isolationskerne fiir
verschiedene Anwendungen. Die prisentierte Vorgehensweise kann auch auf
Materialmischungen mit Additiven, insbesondere mit Infrarottritbungsmitteln,
iibertragen werden, um Materialmischungen zweckgerichtet fiir verschiedene
Gegebenheiten optimieren zu kénnen.

Somit liefert diese Arbeit einen zentralen Beitrag fiir den systematischeren Ein-
satz von Superisolationen. Durch die Verwendung von alternativen Kernma-
terialien konnen Hochleistungsdammstoffe noch mehr zur Energiewende bei-
tragen, indem sie fiir weitere Wirtschaftssektoren attraktiv werden. Der Autor
sieht in diesem Zusammenhang vor allem in der Verwendung von Féllungskie-
selsduren ein grofles Potenzial. Daher beschéftigt sich die Arbeit im Ausblick
mit der gezielten Produktion von Kernmaterialien auf Basis von Féllungskie-
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selsdure. Das neuartige Produktionsverfahren verspricht eine Verbesserung der
Langlebigkeit der Paneele durch optimierte Aggregatstrukturen. Des Weiteren
wiirde ein zeit- und kostenintensiver Prozessschritt in der VIP-Herstellung -
das Vermischen der Trockensubstanzen - entfallen, da alle bendtigten Kompo-
nenten bereits in der Fliissigphase dem Fallreaktor zugegeben werden wiirden.
Dies wiirde zudem zu einer homogeneren Verteilung und besseren Haftung der
Additive in bzw. an der Kieselsdure fithren. Dadurch wird eine Verringerung des
Tritbungsmittelbedarfs und eine deutlich erhohte Stabilitdt der Kernmateriali-
en erwartet. Diese Entwicklungen konnten entscheidend zu einer erfolgreichen
Energiewende beitragen.



Contents

[Acknowledgment| iii
[Abstract] v
[Zusammenfassung| ix
[Nomenclaturel XV
(1__Introduction| 1
|2 Physical principals| 5
2.1 Thermal conductivity|. . . . . . . .. ... ... ... .. ..., 5)
[2.2  Heat transfer in porous solids| . . . . . . ... ... ... .... 5)
221 Convection| . . . ... ... ... ... ... ... ... 6

2.2.2 Radiationl . . . . . . ... ... oo 7

2.2.3 Conduction over solid backbonel . . . . . .. .. ... .. 8

[2.2.4  Conduction over gas phase| . . . . . . .. ... ... ... 10

[2.2.5 Coupling effect| . . . . ... ... ... ... ... .... 10

[2.3  The kinetic theory of gases|. . . . . . . . .. .. ... ... ... 12
[2.3.1 Viscosity|. . . . . . . . .. 14

[2.3.2  "Thermal conductivity|. . . . . . . .. ... ... ... .. 15

[2.3.3  The temperature jump| . . . . . . . ... ... ... .. 17
3__Materials and methods| 19
(3.1 Solid substances| . . . . . . ... ... oo 19
[3.1.1  Precipitated silica] . . . . . . ... ... ... ... .... 19

[3.1.2  Silicagell . . .. ..o 21

BI3 Fumedsilical . . . . . ... ... ... 21

[3.1.4 Glass spheres| . . . . . . .. ... L. 22

[3.1.5  Pore size distribution via mercury intrusion porosimetry |

| (MIP)| . . . o 22
[3.1.6  Primary particle size via small-angle x-ray scattering |

| (SAXS)| . . . 22
[3.1.7  Aggregate size via dynamic light scattering (DLS)[. . . . 23

[3.1.8 Agglomerate size via laser diffraction| . . . . . . . . . .. 23




xiv Contents

[3.1.9  Emission coeflicient via Fourier-transformed infrared (FTIR) |

[ spectroscopyl. . . . . . . ... 24
B2 Gased . .. ... . 24
[3.3  Thermal conductivity measurements| . . . . . . ... ... ... 25

[4 Paper 1: Correlation of pore size distribution with thermal |
[ conductivity of precipitated silica and expertmental determi- |
|  nation of the coupling effect| 27

[ Paper 2: Thermal accommodation tn nanoporous stlica for |
[ vacuum insulation panels| 41

[6 Paper 3: Methodical selection of thermal conductivity models |
| for porous silica-based media with variation of gas type and |

53
[7 Paper 4: Stilica-based core materials for thermal superinsu- |
[ lations in varitous applications| 77
8 Conclusion| 97
[9__Outlookl 103

[9.1  Continuous precipitation in micro or flow reactor and continuous |
[ filtrationl . . . . . . ... 104

[9.2  Addition of fibers and opacifiers during precipitation| . . . . . . 104

[9.3  Classification of aggregates in the liquid phase] . . . . . . . . .. 106
[Contribution of Co-authors| 106
[List of Figures| 111

[List of Publications| 113



Nomenclature

ag,Q Energy /thermal accommodation coefficient
1074 Momentum accommodation coefficient

c Average thermal velocity

g Average relative velocity

6] Dimensionless coefficient in Knudsen equation for A,
Q Heat flux

n Dynamic viscosity

n Poisson’s ratio

E Rosseland average of the extinction coefficient
n Particle Density

K Isentropic exponent

A Wavelengths

A Thermal conductivity

Ao Thermal conductivity at ambient conditions
v Kinematic viscosity

P Scattering angle

0] Porosity

p Density

o Stefan-Boltzmann constant

T Mean free time



xXvi Nomenclature
T Optical thickness

A Area

b Isobaric coefficient of expansion
Cp Heat capacity at constant pressure
Cy Heat capacity at constant volume
D Particle size

d Diameter, Pore size

d Pore size

E Extinction coefficient

F Pressure load

f Coupling effect factor

fr Degrees of freedom

Fr Frictional force

g Gravity

g* Temperature jump coefficient

IiN Surface collision rate

k Bolzmann constant

Kn Knudsen number

L Mean free path of gas molecules
M Molar mass

N Number of particles

N,y Number density of gas particles
P Pressure

Pr Prandtl number

q Heat flux density

R Thermal resistance

Ra Rayleigh number



Nomenclature xvii

T
t

Tw

(T)AC
CFD
DLS
FS

GS
MAC
MIP
PCS
PS
SAXS
SG
UV/VIS
VIP
7BS

Temperature

Time

Wall Temperature

Velocity

Speed of sound

Specimen thickness
Characteristic Length

Elastic modulus

(Thermal) accommodation coefficient
Computational fluid dynamics
Dynamic light scattering
Fumed silica

Glass spheres

Momentum accommodation coefficient
Mercury intrusion porosimetry
Photon correlation spectroscopy
Precipitated silica

Small-angle x-ray scattering
Silica gel

Ultraviolet/visible

Vacuum insulation panel

Zehner, Bauer, Schliinder

Chemical symbols

Ar
COy
HyS0,
HCI

Argon
Carbon dioxide
Sulfuric acid

Hydrogen chloride



Nomenclature

XViii

He Helium

Kr Krypton

NayO Sodium silicate

Na3S0O,  Sodium sulfate

SFg Sulfur hexafluoride
Si1Cly Silicon tetrachloride
Si0q Silicon dioxide

SO, Sulfur dioxide
Subscripts

00 Infinity

eff Effective

atm Atmospheric

c Coupling

cr Critical

g Gas

m Mass specific

p At constant pressure
p Particle

ph Phonons

r Radiation

s Solid

v At constant volume

W Wall



Chapter 1

Introduction

The energy transition is a global challenge, with the primary goal being to re-
duce greenhouse gas emissions. To achieve this, energy supply must be trans-
formed, but energy consumption must also be drastically reduced. Thermal
energy accounts for more than 50 % of Germany’s total energy consumption
and is used in a variety of applications, such as in space heating or air condi-
tioning, for hot water and process heat, or for refrigeration [1]. To save energy
in this sector, processes must become more efficient than in the past, and heat
losses must be minimized as far as possible. Thermal insulation materials
play a decisive role in the latter. To reduce heat losses, insulation materials
must be used wherever technically generated temperature gradients are to be
maintained. The thickness of the insulating material and its thermal conduc-
tivity A determine how much heat is lost. Thermal conductivity is a material
property and differs from one insulation material to another. To avoid ex-
ceeding a specific heat loss rate, a certain layer thickness of a given insulation
material must be maintained. However, in doing so, one faces the limits of
the available volume or must sacrifice the precious volume of the application,
since thermal insulation reduces the usable volume, whether in the thermal
storage unit, the home, or the thermally insulated transport box. Reducing
thermal conductivity can therefore help not only to reduce heat loss but also
to increase the usable volume. Materials with the lowest thermal conductivity
are called thermal superinsulations. By definition, they have a lower thermal
conductivity than still air and function according to the principle of the Knud-
sen or Smolochowski effect, which states that the thermal conductivity of a
gas decreases with the gas pressure when the wall distance of the surrounding
boundaries is in the same order of magnitude as the mean free path of the
gas molecules. Conventional insulation materials are based on the principle of
convection suppression. For this purpose, the critical Rayleigh number must
not be exceeded, as described in Section This is achieved by dividing
the volume in which the heat transfer is to be suppressed into many small
subspaces. In these small subspaces, or pores, the heat is no longer transferred
by convection but only by thermal conduction of the enclosed gas and radia-



2 Introduction

tion. In the case of air, A = 0.026 % under normal conditions. The goal is
therefore to manage the subdivision into convection-free subspaces with as lit-
tle solid matter as possible, such that the effective thermal conductivity of the
total volume is, as far as possible, only slightly above the value of stationary
air. In practice, thermal conductivities of conventional insulation materials in
the range of 0.032 mﬂK — 0.050 mﬂK are achieved in this way. By making use
of the Knudsen effect, it is possible to further reduce the effective thermal
conductivity. In practice, this effect is used, for example, in the well-known
double-walled Dewar vessels. Here, the absolute pressure must be in the range
of approximately 107 bar in order to bring the mean free path of air molecules
into the range of several centimeters, since the distance between the walls in
the vessels is usually also in the centimeter range. Vacuum insulation panels
(VIPs) have also been used for many years. These usually consist of a core
material mixture of silica, an infrared opacifier, and a small amount of fiber.
The compressed core material is vacuum-sealed in aluminum-vaporized plastic
bags and then used in the construction industry, in medical transport con-
tainers, on thermal storage units, and in many other applications. A much
more moderate vacuum is sufficient here because, in this case, the pores of the
core material are to be understood as a wall gap. Thus, the mean free path
must only be in that order of magnitude as well. The mean free path is in
the micrometer range at air pressures around 1073 bar, which can be achieved

with significantly lower technical effort than for the Dewar vessel.

Foam glass
Rock/glass wool

Polyurethane {PU) foam

Evacuated insulation -

0 10 20 30 40 50
thermal conductivity [103 W/mK]

Figure 1.1: Comparison of the thermal conductivity of different insulation
materials 2]

This effect can also be seen in Figure because silicas or aerogels, for ex-
ample, have nanopores of the same order of magnitude as the mean free path
of air molecules at atmospheric pressure. This can lead to effective thermal
conductivities smaller than the thermal conductivity of air. In the “Evacuated



Insulations” category, the mean free path is artificially increased by applying a
vacuum so that the gas thermal conductivity A, in all pores becomes negligibly
small. This results in a low effective thermal conductivity A.s¢, which is com-
posed only of solid thermal conductivity A; and radiation A,. To design such
super insulations, it is important to understand the thermal processes at the
different size scales of these materials. Numerical calculation methods are use-
ful in this regard [3, |4} |5, 6]. The Lattice Bolzmann method is particularly well
suited for the size scale 107 — 107%m [7], on which the decisive mechanisms
in superinsulations take place. These methods can provide highly accurate
results, depending on how precisely the geometry of the corresponding mate-
rials can be mapped. Thus, simulations are key for the basic understanding
of thermal processes. However, for the end user (e.g. a VIP producer), such
methods are usually too time-consuming and difficult to integrate into daily
business; analytical methods to make a quick estimation of the suitability of a
potential core material are more convenient. Numerous analytical calculation
methods are available in the literature for this purpose. They have been de-
veloped either empirically or on the basis of simplified theoretical approaches.
Some of these models have been specifically tailored to certain materials, while
others promise general validity.

Silica aerogel is an active field of research in this context because it is lightweight
and offers highly efficient thermal insulation, which is why it is attracting in-
creasing attention, not only in the rapidly growing aerospace industry [§] but
also for buildings [9]. He and Xie [10], for example, conducted a comprehen-
sive review of the existing aerogel-related heat transfer models. They discuss
different approaches for the individual heat transfer mechanisms and conclude
that some issues still require investigation to better reveal the heat transfer
mechanism of silica aerogel insulations. Zeng et al. [11] considered various
simplified geometries to calculate the thermal conductivity of aerogels. They
compared a cubic array of intersecting square rods, a cubic array of intersect-
ing cylindrical rods, and spherical structures to obtain results for the thermal
conductivity of aerogel. Fu et al. [12] present a literature review on thermal
conductivity modeling in aerogels. Their criticism is that the authors of the
peer-reviewed papers did not consider the problem at the level of effective
thermal conductivity and that realistic pore size distributions are not used to
calculate gas thermal conductivity. Both issues are considered in the present
work, although not for aerogels.

Another research area covers the modeling of packed beds in general. The
focus here is not always on thermal insulators but on heat transfer models for
various applications, such as fluidized beds, catalytic reactors, or rectification
columns. In this context, models for effective thermal conductivity are dis-
cussed. However, such models are not limited to thermal conductivity but are
also applied to other effective properties of heterogeneous materials, including
the coefficient of thermal expansion, electric conductivity, di-electric constant
(permittivity), and mechanical modulus [13]. The Knudsen effect is not al-
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ways considered, because the size scale of the addressed applications does not
always require it. Tsotsas and Martin [14] conducted a comprehensive review
of numerous experimental and theoretical works on the thermal conductivity
of packed beds. They classified the models into three types: Laplace equation
models, parallel and series connection models, and unit cell models. In the
present work, models of these types are also compared with one another, and
their specific suitability for predicting the thermal conductivity of the studied
material systems is evaluated. Zehner, Bauer, and Schliinder [15, [16] devel-
oped perhaps the best-known model for particle beds of different shapes: a
unit cell model that is also known as the ZBS-model. The geometry of the
unit cell does not necessarily correspond to the geometry of the particles in
order to consider the influence of lateral heat flows occurring in reality, but
still to be able to calculate under the assumption of parallel heat flow lines.
Parzinger |17] provides an extensive literature review in his thesis, evaluating
the best-suited calculation model to predict the thermal conductivity of sands
at lunar ambient conditions. He also developed a unit cell model for the char-
acterization of solid-gas coupling.

The technical literature contains many suggestions for calculating the thermal
conductivity of various idealized structures. However, the relation to reality
is often missing, such that one obtains no or only little information on the
application of these models to actual materials. The question of which models
provide the most realistic results, especially for fumed and precipitated silica,
silica gel, and glass spheres, remains unanswered. Therefore, the present work
addresses this open question by investigating the heat transfer processes in
these materials at different size scales.



Chapter 2

Physical principals

2.1 Thermal conductivity

The thermal conductivity A is the proportionality factor in Fourier’s law. It
describes the transport of heat through a body due to a temperature gradient,
and it has the unit [m—”;(] Fourier’s law is shown in Equation

q= —AVT, (2.1)

where ¢ is the heat flux density. The thermal conductivity of pure substances
is a material property and can be taken from various tables (e.g. [1§]). In
heterogeneous mixtures, the individual components have defined thermal con-
ductivities, but this alone cannot describe the macroscopic heat flow. The pro-
portionality factor for describing the macroscopic heat flow through a porous
material is called the effective thermal conductivity Acss. It depends not only
on the thermal conductivities of the individual components and the porosity
¢ but also on the structure and the size scales of the materials. It is one of
the key objectives of this thesis to analytically describe the effective thermal
conductivity of different porous materials.

2.2 Heat transfer in porous solids

In general, heat can be transferred through three mechanisms: thermal conduc-
tion, radiation, and convection. As will be shown in Section [2.2.1] convection
can be neglected in most porous materials. The overall heat transfer in het-
erogeneous material systems, which consist of a solid and a gas phase, can
therefore be described with conduction and radiation only. The conduction
part, however, can be subdivided into solid conduction and gaseous conduc-
tion. In addition, a non-negligible and often even dominating coupling between
the individual heat transfer mechanisms can be observed in many materials,
which is also referred to as the coupling effect.
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Aeff = As + Ag + A + A (2.2)

The individual mechanisms are often represented as a superposition, as shown
in Equation 2.2l The ratio of the individual contributions strongly depends on
the material and can be influenced by specific intervention. More specifically,
As can be influenced by the pressing pressure applied in the production of the
insulations, A, is a function of the pore size and the gas pressure, A, can be
influenced by the admixture of additives, and A, depends primarily on the
structure of the porous solid. In the development of superinsulations, the goal
is to find an optimum to minimize the sum A.¢; as far as possible.

2.2.1 Convection

Convection is always coupled on macroscopic movement and hence a mass
transfer of a fluid. This mass transfer can be caused by density differences
(natural convection) or by an external source (forced convection). Forced con-
vection does not usually occur in thermal insulation materials, and following
the Rayleigh-Bernard convection theory, natural convection only occurs when
the critical Rayleigh number is exceeded. Otherwise, the fluid is unstably
stratified but hydrodynamically stable. This means that there is no flow sepa-
ration and thus no convection. The critical Rayleigh number Ra,, is 1707 for
an upright cylinder with isothermal bottom and top plates and adiabatic side
walls [19]. The Rayleigh number can be calculated using Equation

3
gx
where ¢ is the gravity; x is the length of the cylinder; v is the kinematic

viscosity; T, and Ty are the temperatures of the gas in the cylinder and

the bottom of the cylinder, respectively; and b is the isobaric coefficient of

1

expansion, which is defined as b = —5 a7 For ideal gases b = 7 can be

assumed [20]. In technically relevant porous media (e.g. for thermal insulation
materials), Ra << Ra,, holds in most cases. This can be shown in a calculation
example with the following assumptions:

x 1mm

v 13.3 ™2 (qir)
T 293 K

T 213 K

Pr 0.7368 (air)

Inserting this values in Equation leads to a Rayleigh number of approx-
imately 3. Since the pores of the materials investigated in this work are all
significantly smaller than 1 mm, and no local temperature differences between
wall and gas of 20K are reached, it can be assumed that the corresponding
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Rayleigh numbers are even smaller. Thus, a contribution to the total heat
transfer caused by convection is highly unlikely in the cases considered and
can thus be neglected.

2.2.2 Radiation

If radiation transport in porous media is to be modeled, a distinction must
first be made between two fundamentally different cases. If the structures of
the material are large compared with the wavelength, the transport can be
described mainly by the exchange between the surfaces. However, if the wave-
length is of the same order of magnitude or even larger than that of the solid
structures, the penetration of the radiation into the particles must also be con-
sidered. The porous material can then be considered as a continuum. Since
this is the case for all materials in this work, only the continuum calculation
procedure is shown in this section.

If there is no medium between them, the distance between the exchange sur-
faces is not a factor in radiative transfer. Thus, it is not meaningful to de-
termine a proportionality factor A, for radiation processes in general. An
exception is the “continuum” case when a non-transparent, porous medium is
placed between the radiating surfaces. Here, the primary photon beam is ab-
sorbed or scattered many times, and the inner surfaces of the porous structure
are emitting radiation to each other. In this case, the radiation transport can
be considered as a diffusion process. Thus, it must first be clarified whether
the porous solid is a transparent or non-transparent medium in the wavelength
range relevant to a thermal radiation source. The transparency is determined
by means of the optical thickness 7, which is given in Equation 2.4, A sub-
stance is considered to be non-transparent if its optical thickness is significantly
greater than 1 over the entire wavelength range considered. Reiss [21] states
that modeling the thermal radiation as a diffusive process is possible if the
optical thickness is at least 15 for all wavelengths of interest.

The mean free path of the photons before they are absorbed or scattered is
%. Thus, 7 is the average frequency at which a photon of a given wavelength
is absorbed and re-emitted or scattered before it passes through the material.
Thus, the transmittance, which is exp(—7) according to Lambert Beer’s law,
should be < 107% for non-transparent media following Reiss.

7= E(A)X > 15. (2.4)

If the condition in Equation where X is the specimen thickness, is fulfilled
and, thus, the consideration of radiative transport as a diffusive process is
allowed, the radiation thermal conductivity A, can be calculated following the
Rosseland diffusion approximation [22] according to Equation [2.5

_ 160n? 4

A= — T8,
3E

(2.5)
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where o is the Stefan-Boltzmann constant, and n is the refractive index (which
can be assumed to be 1 for the materials considered in this work [21]). Fur-
thermore, £ is the Rosseland average of the extinction coefficient. It is an
averaged extinction coefficient weighted by the blackbody spectrum Ej,(A,T)
of the temperature of interest. It can be obtained from the infrared spectrum

via Equation 2.6}

OEu(A)

1 Jaamin o, A 2.6

B(T)  fap L gp '
AN HEy,

The temperature-dependent blackbody radiation spectrum FEj,(A) is defined
in Equation 2.7 after Plank’s law of radiation:

Ch
A® {exp (%) — 1} ’

with Oy = 3.741 % 108 M22%  and Cy = 1.439 * 10* pm K.

1
m

Ey(A,T) = (2.7)

Integration of Equation [2.6|over the considered wavelength results in Equation
2.8 which can be used to calculate the Rosseland average extinction coefficient
numerically from measured spectral data [23]:

I @Al

B(T) 43 San A(D)AN (2.8)
with
_mC3C0y 1 exrp (/%)
fa(T) = SN * o7 [exp (%) . 1]27 (2.9)

where C5 = 5.9544 % 10717 25 and Cy = 1.4388 x 1072 mK.

In the production of vacuum insulation panels (VIPs), opacifiers are mixed
into the core materials to increase the emission coefficient of the insulation
materials. Materials such as titanium dioxide, magnetite, silicon carbide, or
carbon black can be used for this purpose. Depending on the material and
the intended application, concentrations in the range of 10 — 40 wt.% are used
here. Thus, in practice, the radiation contribution is usually reduced to ap-
proximately a quarter of the original value. Chapter [7] details the effect of
opacifiers.

2.2.3 Conduction over solid backbone

The thermal conduction of a solid material strongly depends on the crystalline
or non-crystalline atomic structure of the material. In electrical conductors



Heat transfer in porous solids 9

with a defined lattice structure, the electrons can transport heat and therefore
make the largest contribution to heat conduction. Since the electrical conduc-
tivity is also related to electrons, the ratio of both quantities to each other is
constant and proportional to the absolute temperature T. This relationship is
known as the Wiedemann—Franz law.

In amorphous, non-electrical conductors, such as silica, heat transport affected
by phonons dominates. Phonons are quantized lattice vibration modes and are
responsible for heat conduction in most non-metallic solids [24]. They belong
to the quasiparticles. Thermal conductivity depends on how far phonons travel
between scattering events. The average traveling distance is called the phonon
mean free path L,,. Kinetic theory defines the thermal conductivity as

vasth

3
where ¢, is the volumetric heat capacity, and v is the speed of sound (equiv-
alent to the kinetic theory of gases in Section [25]. When the geometric
structures of the materials are in the order of magnitude of L,, or smaller,
phonon travel distances are no longer only limited by L, but also by the ma-
terial surfaces. In this case, A\, decrease with particle size when the particle
size approaches the mean free path of phonons in the solid. The particle ther-
mal conductivity can then be described via Equation 2.11} which identifies the
thermal conductivity due to phonons having mean free paths less than Ly,
[26]:

A\, = (2.10)

Lon co(Lpn)vs(Lpn) L
Ap:/o i ph)“g( o) Lo gy (2.11)

Since there is no consensus on which models for phonon scattering should be
chosen to form expressions for ¢,(L,) and vs(L,) [27, 28], and given that the
geometric factor is difficult to capture for irregularly formed particles, the par-
ticle thermal conductivity A, is assumed to be 1 mﬂK [29] for silica and 1.38 77?/7
[30] for glass spheres in this thesis.

The solid thermal conductivity of a bed of perfect spheres with infinitesimal
small point contacts would theoretically be 0. However, since the particles
in a porous material are not perfect spheres and deform elastically on the
contact points, a measurable solid thermal conductivity A; appears. The solid
thermal conductivity can be described with the Hertz contact theory [31] and
calculated via Equation [32] [33] [34]:

L1\,
As = 3.44(1 — ¢)3 ( v ) ApF'3, (2.12)
where 7 is the Poisson ratio, Y is the elastic modulus, and F' is the pressure
load. The pressure load is caused either by gravity and the particles’ own
weight or by an external force. In the case of VIPs, the difference between
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the internal pressure of the VIP and the atmospheric pressure pgy, must be
considered.

2.2.4 Conduction over gas phase

The heat transfer mechanism, which is crucial to the functionality of vacuum
insulation, is the conduction of heat through the gas phase ;. This mechanism
strongly depends on the prevailing gas flow regime, which can be influenced
by changing the cell or pore size or the gas pressure. Due to comparatively
large pores, a fully developed continuum flow exists in the most conventional
insulation materials. The mean free path L of air molecules at atmospheric
pressure is 65nm [35], while the pore sizes of conventional insulation mate-
rials are usually in the millimeter range. The mean free path increases with
decreasing pressure. However, under continuum conditions, the thermal con-
ductivity is only weakly dependent on the gas pressure. To understand this, it
is important to remember that the thermal conductivity A describes the prop-
erty of a substance to transfer energy via particle collisions. On the one hand,
the more particles are available for energy transport, the larger the thermal
conductivity becomes. On the other hand, if there are many particles, the
mean free path becomes smaller, so the energy cannot be transported as far in
the individual steps, which leads to a reduction in the thermal conductivity.
Both effects almost cancel each other out [36]. If the pressure, the pore size,
or both are reduced such that the mean free path of the gas molecules is in
the order of magnitude of the pore size, the distance over which the energy is
transported in one individual step is no longer limited by the other particles,
but by the pore wall. Thus, the heat flux becomes proportional only to the
number of particles and no longer to the distance to the other particles. Thus,
in a single gap of gap width z, the gas thermal conductivity A, has a strong
pressure dependence, which follows a function in the form of Equation [2.13]
This effect is utilized in thermal superinsulations by reducing both the pore
size of the core materials and the gas pressure as much as possible.

A
Ao(p.2) = 5 +(}m. (2.13)

Here, Kn is the Knudsen number, which describes the ratio between the mean
free path of the gas molecules and the pore size %, and \g is the gas thermal
conductivity at ambient conditions. The resulting gas thermal conductivity A,

is a function of the gas pressure p because the mean free path L is a function
of p. A detailed derivation can be taken from Section [2.3]

2.2.5 Coupling effect

The coupling thermal conductivity A. or coupling effect is the interaction be-
tween the different heat transfer mechanisms. This thesis focuses on the inter-
action between solid thermal conductivity and gas thermal conductivity be-
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cause it is dominant for the investigated material classes. The coupling effect
can also be described as the tendency of a given geometrical structure to form
thermal series connections between the phases. For completely parallel gas
and solid paths, no coupling occurs if they are adiabatic to each other. How-
ever, if one considers two parallel paths with direct contact, a small amount of
coupling can already be detected. This is illustrated in Figure 2.1f (left), where
a coupling heat flow occurs from the material with the higher thermal conduc-
tivity to the material with the lower thermal conductivity. This flow is caused
by different temperature profiles and thus lateral temperature differences.

Main heat Main heat
flow direction flow direction

Figure 2.1: Schematic illustration of the coupling effect in different geometries.
Left: parallel connection with direct contact; right: two touching spheres

The coupling effect is even greater if solid structures (e.g. in a porous ma-
terial) are perpendicular to the heat flow. A geometry with a comparatively
high coupling effect is shown on the right side of Figure 2.1} Following Heine-
mann , the “two touching spheres” or a bed of glass spheres would have a
coupling effect factor f = 7. This means the ratio between the measured gas
contribution A4 to the theoretical value would be 7.

Ae= Ay (2.14)

Metaphorically speaking, the air serves as a bridge for the heat between the
particles. Zhao et al. [38] even describe an enhancement of the coupling ef-
fect by quasi-lattice vibrations of solid-like vibrating gas molecules trapped
between nanoscale solid structures. They lead to a further increase in the cou-
pling at the contact points of particles.

Extreme cases are the adiabatic parallel connection, where no coupling ap-
pears, and the series connection, where only coupling thermal conductivity
can be detected. In reality, anything in between is possible. On the one hand,
the coupling effect ). is negligible for foams with non-broken structure [39].
On the other hand, it can be the dominating effect for powders consisting of
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Figure 2.2: Influence of the Knudsen effect on thermal coupling in a gap be-
tween two touching particles (revised from [17])

hard grains. The coupling effect depends primarily on the structure of the
material as well as on the size of the structures, since the Knudsen effect can
have a local influence on the coupling. Parzinger [17] mentions that especially
in gaps, interactions between the coupling effect and the Knudsen effect can
occur. Since the gap distance decreases toward the contact point, the Knud-
sen number increases. As illustrated in Figure [2.2] this leads to an increase
in thermal resistance R and a decrease in thermal conductivity A,. However,
if one moves further away from the point of contact, the gap increases; the
Knudsen number decreases; and at some point, when the Knudsen number
becomes significantly smaller than 1, the Knudsen effect no longer has any
influence. Then, A, approaches )y, and the thermal resistance increases with
the gap width.

2.3 The kinetic theory of gases

The kinetic theory of gases is based on the idea that a gas consists of many
small particles that move thermally. These particles collide with one another
as well as with the walls. Energy conservation is valid because the collisions
are assumed to be elastic. The laws relating to collisions of classical mechanics
apply. From this model, all macroscopic state variables of gases can be derived
from the mass M,, the velocity vy, and the number density NV, of the gas
particles. The velocity distribution of gas particles in a void space must be
determined in general as a solution to the Boltzmann equation. For a gas at
rest and in thermodynamic equilibrium, this yields the Maxwell distribution
[40], from which the average thermal velocity of a molecule ¢ can be calculated
via

8kT

mgm

ol
I

, (2.15)
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and the average relative velocity g via

g=V2 (2.16)

where k is the Boltzmann constant, and 7' is the absolute temperature. Having
a gas particle with a diameter d, flying with an average relative velocity g
through a volume with particle density 7, one can calculate the number of
collisions per time unit (i.e. a collision frequency):

v =frd.g. (2.17)

Its inverse 7 = % is called the mean free time. Figure depicts such a
particle’s collision cylinder with diameter 2d,.

's/'/:/- _— V
dy& 8§ —

Figure 2.3: Collision cylinder of a molecule with diameter d [40]

Multiplying the mean free time by the mean thermal velocity yields the mean
free path of the gas particles L, which is fundamental for this work. From the
thermal equation of state of ideal gases, it can be derived that i = 25, where
p is the absolute pressure. Thus, for the mean free path of gas molecules, one

obtains

kT
L= TR (2.18)
NoX: ds p
Considering the behavior of the particles on a wall, one gets a surface collision
rate jn:
N n-c p-C

N = = = . 2.19

A 1k T (2.19)
From these basic considerations, the macroscopic transport quantities viscos-
ity, thermal conductivity, and diffusion can now be derived with the aid of
the rigid sphere model. Sections [2.3.1] and [2.3.2] discuss viscosity and thermal
conductivity, respectively. The transport properties are decisively influenced
by the Knudsen number, which is the ratio of the mean free path L to a char-
acteristic geometry x of the void space surrounding the gas particles. In the
simplest model, this is the distance between two plane infinite plates:
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L
Kn=2=. (2.20)
x
With the help of the Knudsen number, the gas can be divided into the following

flow types [41].

Kn > 10 Free molecular flow

10 > Kn > 0.1 Transition regime

0.1 > Kn > 0.01 Slip flow

0.01 > Kn Continuum flow / viscous range

Gases with a Knudsen number near or greater than 1 are called rarefied gases.
In the free molecular flow regime, interactions between gas particles can be
neglected. Thus, the particles collide only with the walls and not with one
another. As a result, viscosity and thermal conductivity become directly pro-
portional to the number of particles and hence to the pressure. In the viscous
range, the opposite is true: the collisions with the walls now account for only
a small proportion of the total number of collisions and can therefore be ne-
glected. In this state, the particles fly only a fraction of the wall distance until
the collision occurs. Now many particles are involved in the momentum or
energy transport, but only some of them pass on in a forward direction, while
the remainder move in a backward direction. The collisions therefore hinder
the transport process from one plate to the other. This effect works against the
favoring of the transport properties by an increased number of particles. Both
effects balance each other out, such that viscosity and thermal conductivity in
the viscous range are independent of pressure [42].

2.3.1 Viscosity

Due to its strong analogy to heat conduction while being easier to illustrate,
viscosity is first briefly discussed in this section.

Moving a flat plate parallel to a stationary plate results in a force against
the direction of motion, caused by the internal friction of the fluid between
the plates. Given that in the molecular range, only collisions with the walls
have to be considered, this force results from the change in momentum of the
colliding gas particles:

Fr =jn A oq Mg (v2 — v1), (2.21)

where v; and v, are the velocity of the gas and the plate, respectively, and a;
is the tangential momentum accommodation coefficient (MAC).

Average tangential velocity of reflected particle

e = Velocity of the plate

The MAC describes the incompleteness of the momentum transfer at wall im-
pact. Since the momentum accommodation at both walls must be considered,
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the total effective MAC is calculated from the respective MACs ag; and agy of
both walls:
amn a2

o) = . (2.22)
aqp + o2 — o O

An equal ap; and o results in

(€351

ar (2.23)

2 — aTq
In the viscous range, the MAC only influences a thin boundary layer near
the wall. Its influence can therefore be neglected, or complete accommodation
can be assumed. Considering the momentum transfer of the particles among
one another, for the frictional force Fr of a plate with area A, velocity v, and
distance to the rigid plate z, one obtains the following according to [43]:

Fr=nA". (2.24)
x

The proportionality factor 7 is called viscosity or dynamic viscosity. It results
from the particle—particle collisions and can be determined via

5
nzg—gpLézOprE. (2.25)

2.3.2 Thermal conductivity

If matter is located between two places with a temperature gradient between
them, thermal energy is transferred by means of thermal conduction. On a
microscopic level, heat conduction can be considered analogous to viscosity,
with the difference being that the energy transfer, not the momentum, is con-
sidered. The thermal energy of a particle is contained in its orbital motion
(translational energy), in molecules with internal motions (vibration and ro-
tation). This is described by the degree of freedom f* of the particle. Noble
gases have 3 degrees of freedom because of the possibility of translatory motion
in all three spatial directions. Diatomic molecules have 5 degrees of freedom
because they can additionally store energy in the rotation (but not around
the nuclear axis, because the mass is concentrated only in the comparatively
small nucleus). Further degrees of freedom by vibrational motions are hardly
to be found in small molecules and at low temperatures. With increasing bond
number and temperature, however, they occur more frequently. Since the heat
capacity depends significantly on the degrees of freedom, it also increases with
increasing temperature [42]. The following relationships apply:

ok = Jrr2 . . (2.26)
2 M,

V=" G

2

NS}

and
K= —, (2.27)
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where ¢, and ¢, are the heat capacities at constant volume and constant pres-
sure, respectively, and « is the isentropic exponent. Here, x is always greater
than 1, since ¢, is always greater than ¢, because of the additional volume
change work.

Analogous to the friction force in Equation the heat flux @ transferred
via thermal conduction can be calculated for the case of molecular flow via

C?mol = jN - A ap - Cy -+ Mg : (TQ - Tl) ) (228>

where T7 and T, are the temperatures of the plate and particles before the
wall impact, respectively, and ag is the energy or thermal accommodation
coefficient:

Actual heat flux

= : 2.2
“F = Theoretical heat flux with complete accommodation (2.29)
According to Knudsen [44], it can also be defined as
-1, FE —F
ap=———2="1 = (2.30)

T =Ty, E,-EY

where 17, F; and T5, E5 are the mean temperatures and energy of the particles
before and after the collision with the wall, respectively, and T3, ), are the
wall temperature and energy, respectively. The global energy accommodation
coefficient in the plate model is composed of those energy accommodation
coefficients of the two individual walls, analogous to the MAC. Since only ag
occurs below, it is simply referred to as the energy or thermal accommodation
coefficient (TAC) or «. Similar to viscosity, one can now calculate a thermal
conductivity A for the viscous region using the model of hard spheres and
assuming complete accommodation at the walls as follows:

25T
=——plLcec,. 2.31
A o PLce (2.31)

Now it is possible to establish a connection between the viscosity and the
thermal conductivity of gases in the viscous range from Equations and
This computational relation from the kinetic theory of gases is correct for
noble gases but fails for molecules. Therefore, the correlation was empirically
extended in the form of the Eucken correlation as follows:

9k =5
4
This correlation is still highly accurate for noble gases. For diatomic gases,
there are deviations up to 10 %, and for polyatomic gases, deviations of some
10 % occur [45]. Thus, the correlation yields sufficiently accurate results for
many applications.

A

N Cp- (2.32)
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T(s)

Figure 2.4: Schematic visualization of two parallel plates with temperature
jump coefficients g; and g,, adapted from [46]

2.3.3 The temperature jump

Caused by the gas dilution and the incomplete accommodation of energy at the
wall impact, a temperature jump between the gas phase and the wall arises.
The temperature of the gas directly at the wall can be described as follows:

or

ﬂy=®=7w+f<%), (2.33)

where y is the coordinate perpendicular to the wall, and Ty is the wall tem-
perature. The coefficient of the temperature jump ¢* is given by

_2—0415

* —f*L 2.34
g AR (2.34)
where
16 1 &
e — . 2.35
/ 15Prk+1 ( )

It can also be understood as an increase in the effective characteristic length
x. This is shown schematically in Figure for two parallel plates with tem-
perature jump coefficients g; and g;. If the plates were moved away from each
other by the distance g7 + g5, the temperature profile would continue steadily.
Under the assumption that both temperature jump coefficients are equal, this
illustration leads to the following relation:

Ay Ao

r 29"+
Converted to \g, this yields the basic equation for the gas thermal conductivity
for Knudsen numbers smaller than 0.1 from the kinetic theory of gases:

(2.36)

S, R
Y1422 14 BKn

(2.37)
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The dimensionless factor § results from this derivation:

g 22 —a 2k L

a kK+1Pr

Equation [2.38] is often used exactly in this form to calculate the thermal con-

ductivity of gases in porous media. However, other interpretations or sim-

plifications also exist in the literature. A comparison of different calculation
methods for the dimensionless factor 5 can be found in Paper 3 in Chapter [0

(2.38)



Chapter 3

Materials and methods

3.1 Solid substances

The solid materials used in this study all consist of Silicon dioxide (Si03).
Primarily various types of silica were used. All compounds of the general
molecular formula (Si03),, - nH>0O have the collective name silica. All syn-
thetic silicas are originally produced from sand with further intermediates.
The production processes can be categorized as either wet chemical processes
or flame pyrolysis. Precipitated silica and silica gel (also called xerogel) are
produced in wet chemical processes, while fumed silica is a product of pyrolysis.
Figure presents a summery of the different production routes.

All the different processes result in individual particle properties. They differ
in size, shape, and bond strength. A basic comparison of the multiscalarity [4§]
of the materials used is shown in Figure [3.2] The size ranges of the particles
listed here are only related to the materials investigated in this study and
are therefore not valid for the material classes in general. The exact product
specifications of all materials used can be found in Table 1 in Chapter[6] Silanol
groups give the synthetic silicas a hydrophilic character. Precipitated silicas
and silica gels generally have a higher silanol group surface density than fumed
silicas. The silanol group density of fumed silica is approximately 2.5nm=2,
and that of precipitated silica is 5 — 6nm=2 [49].

3.1.1 Precipitated silica

Precipitated silica has the most significant production volume. The precipita-
tion is carried out from an aqueous alkali silicate solution (e.g. sodium silicate),
with mineral acid such as sulfuric acid, according to the following equation [50]:

NaQO - 3.3 SIOQ + HQSO4 — 3.3 8102 + Na2SO4 + HQO

If the chemicals are continuously fed to the precipitation tank under con-
stantly maintained alkalinity, precipitation of the silica occurs as colloidal pri-
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Figure 3.1: Different production routes of silica, revised from [47); the material
classes circled in red are investigated in the present study
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mary particles larger than 4 — 5nm and are coagulated into aggregates [51].
Temperature, the concentration of the solutions, and convection are impor-
tant process parameters for reaction control. The end of the precipitation
reaction is determined by a pH shift from alkaline to acidic, which stabilizes
the precipitation product. Unwanted byproducts, such as sodium sulfate, are
subsequently removed by filtration and washing processes. The resultant filter
cake has a solid content between 15-25 %. The filter cake is dried using rotary
kilns, flash dryers, or spray dryers. The drying process generally leads to the
formation of agglomerates, whose size and distribution vary greatly depending
on the drying process used. Therefore, regrinding must be carried out in most
cases [52].

3.1.2 Silica gel

A gel can be defined as a solid structure that occupies the entire volume of
liquid from which it was formed, while a precipitate is a solid formed in dense
aggregates dispersed in a solution [53]. Silica gels are typically prepared simi-
larly to precipitated silica but at a low pH by acidifying an aqueous solution of a
soluble metal silicate, usually also sodium silicate. Acidification is usually done
by treating the Si0 solution with a strong mineral acid, such as sulfuric acid
or hydrochloric acid, until a pH is reached at which the SiO, solution trans-
forms into a gel. The subsequently formed three-dimensional gel network thus
includes the solvent used. The SiOy gel is then washed until no electrolytes
are left. The pore structure is then adjusted by aging or post-treatment of the
hydrogel [54]. Tt can be dried using traditional drying techniques known from
precipitated silica to form a silica gel or xerogel. Thereafter, the dry product
is milled to the desired aggregate size.

To completely preserve the particulate solid structure, the hydrogel would have
to be dried in a supercritical state. The resulting products are called aerogels
and have outstanding thermal properties. However, this process is highly com-
plex, and aerogels are hence too expensive for most applications. Therefore,
aerogels are not considered further in this thesis.

3.1.3 Fumed silica

The large-scale production of fumed silica by flame pyrolysis is also referred to
as the “aerosil process.” In this process, silicon tetrachloride is transferred to
the gas phase before it reacts spontaneously with temporarily formed water to
create highly dispersed silica within an oxyhydrogen flame at temperatures of
approximately 1,000 °C. This process generates silica with a primary particle
size from 7-40nm and a Brunauer-Emmett-Teller (BET) surface area from
50-600 ”"‘72. The primary particles form aggregates by intergrowth and agglom-
erate through cohesion forces [51].
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1,000 °C

2H,; + Oy + SiCly SiO0, + 4 HCL

The change in flame temperature, concentration of reactants, and residence
time of silica in the combustion chamber strongly influence the reaction. Thus,
the particle size distribution, the specific surface area, and the particle mor-
phology can be controlled by appropriate reaction control. The gaseous byprod-
uct hydrogen chloride is separated from the silica. The resulting surface of
fumed silica is almost pore-free [52].

3.1.4 Glass spheres

The conventional method for producing glass microspheres is the in-flame
spheroidization method, where a continuous controlled flow of powdered glass
is fed to a gas flame [55]. The irregularly shaped particles melt and form
spheres due to surface tension. Glass microspheres are used industrially, for
example in fixed-bed reactors [56] or as cryogenic insulation materials [57].

3.1.5 Pore size distribution via mercury intrusion porosime-
try (MIP)

Pore size distribution is determined by a stepwise penetration of mercury into
a porous structure under defined pressure [58|. The pressure required to fill
a pore with the non-wetting liquid mercury is inversely proportional to the
pore size. Mercury intrusion porosimetry (MIP) allows for the analysis of
pore sizes over a wide range from approximately 3nm — 400 um [59]. Pore
size distribution is calculated using the Washburn equation assuming fully
wettable and cylindrical pores. The equation can be found, together with
additional information about MIP, in Chapter [4, For the present thesis, two
different devices were used, namely a Pascal 440 (Co. Thermo Fisher) and an
AutoPore I1I (Co. micromeritics).

3.1.6 Primary particle size via small-angle x-ray scat-
tering (SAXS)

The dominant interaction of an x-ray beam with solid matter is represented
by elastic scattering (Thomson scattering) [60]. Equation shows the fun-
damental relation describing the diffraction of X-rays by solid matter, where A
is the wavelength, x is the size of the structure, and ® is the scattering angle:

A =2z sin(P). (3.1)

The equation shows that the angle of diffraction varies inversely with the struc-
ture size x. X-ray scattering is often used to study crystal lattices. Here, the
lattice spacings represent the structure size. In ordinary crystals, particularly
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those of inorganic matter, the majority of the observed lattice spacings are of
the same order of magnitude as that of the x-ray wavelengths, which is in the
A range, such that the angles ® are usually rather large. To examine parti-
cles, or rather heterogeneities in the matter, in the nanometer range, small
scattering angles must be detected. The resulting beams would be close to the
primary beam, thus requiring a large distance in the range of meters between
sample and detector [61]. Small-angle x-ray scattering (SAXS) measurements
can be used to determine the primary particle size and the fractal dimension
of silica samples [62]. In the present thesis, a Xeuss 2.0 Camera (Co. Xenocs,
Grenoble, France) was used for this purpose. More information can be found
in [48].

3.1.7 Aggregate size via dynamic light scattering (DLS)

Dynamic light scattering (DLS) utilizes the property of monochromatic light
to interact with particles via quasi-elastic scattering. In DLS or photon corre-
lation spectroscopy, the particle size is determined by the diffusion coefficient.
In this measurement method, a laser beam is directed into a dispersion of par-
ticles and then scattered by the particles. The scattered signal is detected,
and the square of variation of the scattered light intensity, not the absolute
scattered light intensity, is evaluated. Smaller particles diffuse faster; for ex-
ample, due to Brownian molecular motion, large particles tend to have slow
but pronounced intensity changes due to their inertia. These interactions re-
sult in a frequency shift of the scattering wave in the range between 10 H z and
10° Hz [63]. The particle velocity can be determined accordingly. The diffu-
sion constant is then calculated from the particle velocity, and the particle size
is calculated via the Einstein equation. The measurement range for particle
sizes is between 3nm and 3 um [64]. To determine the aggregate sizes of the
FS, PS, and SG materials, suspensions were prepared with deionized water,
followed by a 10-minute treatment with an ultrasonic tip to separate the ag-
gregates. The measurements were performed with a Zetasizer (Co. Malvern
Panalytical Ltd).

3.1.8 Agglomerate size via laser diffraction

In laser diffraction, particle size distributions are determined by measuring
the angular dependence of the intensity of scattered light from a laser beam
passing through a dispersed particle sample. Large particles scatter light at
small angles relative to the laser beam, while small particles result in large
scattering angles. The data of the angle-dependent scattered light intensity
are analyzed and are the basis for calculating the size of the particles responsi-
ble for the diffraction pattern. For small particles (< 50 um), the Mie theory is
used for this analysis |65]. For larger particles, one can use Fraunhofer diffrac-
tion theory, which states that the intensity of light scattered by a particle is
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directly proportional to the particle size [66]. In the framework of this thesis,
laser diffraction was used to determine the agglomerate size of the silica sam-
ples. Demineralized water was used as the dispersing liquid. Samples were
stirred briefly in demineralized water using a propeller stirrer, and represen-
tative samples were analyzed after approximately 10 minutes of recirculation
and stirring without ultrasonic dispersion. To avoid breaking up the agglom-
erates, no ultrasonic treatment was used. For the measurements, a Helos laser
diffraction spectrometer (Co. Sympatec) with a “Quixel” wet disperser unit
was employed.

3.1.9 Emission coefficient via Fourier-transformed in-
frared (FTIR) spectroscopy

To determine the Rosseland average extinction coefficient according to Equa-
tion[2.5] the infrared spectrum of the materials must be measured [67]. Fourier-
transformed infrared (FTIR) spectroscopy monitors the interaction of func-
tional groups in chemical molecules [68]. In the present thesis, the transmis-
sion spectrum of the investigated powders was measured. A light beam was
directed onto a thin sample, and the light that passed through the sample (i.e.
was not absorbed or scattered) was detected. The FTIR uses interferometry
to record information about a material placed in the IR beam. This makes it
possible to achieve a fast scan of the entire spectrum. The investigated spec-
tra were recorded with an ALPHA-R (Co. Bruker Optics GmbH, Ettlingen,
Germany) in the wavelength range from 107¢ — 107° m. Polyethylene film was
used as the specimen holder, and the powders were pressed onto the foil using
a pressing tool specially developed for this application. Homogeneous layers
in the order of 100 um were formed. The determined extinction coefficients
are used in Chapter [7] to calculate the density-dependent radiation thermal
conductivity.

3.2 (Gases

For the thermal conductivity measurements, air was not the only gas used
as the residual gas in the porous materials. Seven different gases were used
instead: dry air, helium (He), argon (Ar), krypton (Kr), carbon dioxide (C'O,),
sulfur dioxide (SO3), and sulfur hexafluoride (SFg). These gases were selected
to represent a wide range of molar masses and gas thermal conductivities.
The gases were all purchased from the Linde Gas Division (Co. Linde GmbH,
Germany). Chapter [f| (Table 2) and Chapter [6] (Table 3) contain additional
information about the individual gases.
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3.3 Thermal conductivity measurements

Measurement methods for determining thermal conductivity can be divided
into transient and steady-state methods. In transient methods, on the one
hand, the step response of the temperature rise of a spontaneously generated
temperature gradient on the opposite side of the sample is detected. Calcu-
lation methods of transient heat transport are used for the evaluation. This
allows for a determination of the thermal diffusivity, but not the thermal con-
ductivity. The specific heat capacity of the sample is therefore required for
conversion to thermal conductivity. The decisive advantage of these methods
is primarily the low time requirement. Examples are the transient hot wire,
laser flash thermal diffusivity apparatus, and transient plane-source method
(hot disk method).

Steady-state measurement methods, on the other hand, are independent of the
storage term and are therefore suitable for the direct determination of ther-
mal conductivity. The guarded hot plate (GHP) method is the most commonly
used steady-state method for measuring the thermal conductivity of insulation
materials. It is considered to be a reference method, and it is standardized
by many countries [69]. Therefore, this method was chosen for the present
work. The method takes its name from the guard heater surrounding the ac-
tual heater. It is brought to the same temperature as the actual heater to
completely avoid lateral temperature gradients. The heat flow to be measured
therefore follows parallel heat flow lines in the direction of the heat sinks (cool-
ing plates). The cooling plates are located both above and below the heating
plate and are separated by two identical samples.

A GHP apparatus specially adapted to the present requirements was set up
as part of this thesis. Chapter 4] contains a schematic representation of the
construction, a photograph, and an uncertainty analysis (Figure 1, Figure 2,
and Table 1, respectively). For the measurement of the powders investigated,
the sample mold can be removed completely from the vacuum chamber. This
has the advantage that the sample preparation, which includes a mechanical
compression step using a hydraulic press, can be carried out directly in the
mold. Since many powders are still highly sensitive after this step, unneces-
sary stressing of the samples should be avoided. Furthermore, it is possible to
reduce gaps between the plates to a minimum. Since gaps running horizontally
can have a considerable influence on the measurement results in low pressure
ranges, this procedure is important.

For sample preparation, a certain amount of powder is weighed into the mold.
The powder should then be slightly pre-compacted with a press plunger. There-
after, the heating plate (including the guard heater), which can also be com-
pletely removed from the vacuum chamber, is applied to the powder layer. The
same amount of powder is then placed on top of the heating plate and slightly
compacted again. Thereafter, the entire structure is compacted with the aid of
the press plunger and a hydraulic press either to the desired pressure or to the
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desired density. Afterwards, the chosen state (position or pressure) must be
maintained for approximately one minute. When working with a defined pres-
sure, the powder must be continuously pressed during this time, as it relaxes
once the stamp comes to rest. The pressure must be released slowly to avoid
relaxation cracks. The pressure plunger can then be removed carefully, and
any surplus powder is removed by vacuuming. Now the mold is placed into
the vacuum chamber on top of the lower cooling plate, and the upper cooling
plate is placed on top of the upper sample. To hold everything together and to
avoid gaps, an additional weight of approximately 10 kg is placed on top of the
upper cooling plate. To measure under controlled atmospheres, the lid must
be closed at this point. The heating plates (the actual plate and the guard) are
then heated to 95°C for at least three hours. At the same time, the vacuum
pump is started to completely evacuate the chamber overnight. The next day,
the vacuum chamber is flooded with the gas of interest several times before
the actual measurement starts. In the associated LabVIEW (Co. National
Instruments) program, 13 freely selectable pressure levels can be set that are
automatically processed from top to bottom. Furthermore, the program al-
lows one to set the duration for which the pressure levels are to be held. It has
shown that a holding time of 20 minutes is suitable for most materials. The
first half of this time is needed to adjust the pressure and power consumption;
then, the measurement data can be recorded. For the pressure control loop,
two individual capacitive pressure sensors with different measuring ranges are
used: one for pressures p > 14 mbar and the other one for p < 14mbar. If
necessary, a turbomolecular pump can also be added. In this case, a cold
cathode gauge is used for pressure monitoring. Once the measurement of all
pressure levels is completed, the recorded average power consumption of the
heating plate is evaluated. For this purpose, Equation is used to convert
the results into a pressure-dependent thermal conductivity curve:

QX
Ap) = 4=
() = 3 A7
where, () is the recorded power consumption of the heating plate, which is
equivalent to the heat flux through both samples; X is the sample thickness,
A is the area of the heating plate and AT is the temperature difference between
the heating and cooling plates.

(3.2)
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Paper 1: Correlation of pore
size distribution with thermal
conductivity of precipitated
stlica and experimental
determination of the coupling

effect

One crucial factor in modeling the effective thermal conductivity of porous
media is the coupling effect. It can vary greatly depending on the type and
structure of the investigated material. In some cases, its contribution is neg-
ligible, while in others, it exceeds the actual gas thermal conductivity many
times over. In the literature, few data regarding the coupling effect factors
of specific materials are available. As already mentioned, Reichenauer et al.
[70] indicate a coupling effect factor of f = 7 for a bead of glass spheres,
while Hemberger et al. |71] mention a coupling that is of the same order of
magnitude as the pure gas-phase transport for carbon aerogels, which means
f = 1. No literature data are available for fumed silica or precipitated sil-
ica. However, the author is pursuing the further development of precipitated
silica as a promising core material for vacuum insulation. Therefore, in this
chapter (Paper 1), the coupling effect factors of different precipitated silicas
are investigated. In addition, the influence of different degrees of compression
of the powders is studied. Conclusions can consequently be drawn about the
influence of the specific microstructures of the different precipitated silicas as
well as the pure influence of porosity.

Swimm’s resistor model [72] describes the thermal coupling behavior of a dis-
persed solid—gas system using a simple series connection of thermal resistances.
The derivations lead to the conclusion that if ;- x; << A, - 2,4, then the gas
pressure dependence of thermal coupling between the gas and solid phases is,
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formally, a vertical stretching of the s-curve for pure gaseous thermal conduc-
tion with a constant scaling factor f. Since porous media with high porosities
are used for VIPs in general, z; < x, can be assumed. Furthermore, the ratio
between the bulk thermal conductivity of silica A\, and the gas thermal con-

w
ductivity A, (even at low Knudsen numbers) is at least % = %, which

©0.02
allows for the assumption that A\, < A, for all cases.
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Figure 4.1: Coupling effect factor f over gas pressure calculated with the
simple series connection model. For the calculation, a silica—air system with
an air gap size of 20 ym was considered.

Figure shows the dependence of f calculated according to Swimm’s sim-
plified series model for different gas—solid fractions of air and silica. A pressure
dependence, or a dependence of the ratio Ap becomes significant only at high

solid fractions. The smallest porosity investigated in this Chapter (Paper 1)
is 0.756, which would correspond to a maximum ratio of = 0.32 in the
simplified model. Thus, a linear scaling of the A\, curve can be assumed in
a good approximation. Coupling effect factors for different microgeometries
were also determined by Swimm et al. using CFD simulations [73]. Values be-
tween f = 3.4 and f = 6.3 were obtained for different geometries but constant
porosity.

In Chapter [} it is shown that the microstructures of different precipitated
silicas are similar with respect to their tendency to form a coupling thermal
conductivity. Therefore, in the investigated porosity range from 0.76 — 0.92,
which is relevant for the VIP application, a linear course of the coupling effect
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factor to the porosity can be assumed in a good approximation, as illustrated
in Figure 7 of the paper.
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HIGHLIGHTS

® Precipitated silica was tested for suitibility as core material for vacuum insulation.
® A guarded hot plate apparatus, measuring under vacuum conditions, was developed.
® Mercury intrusion porosimetry data were used to calculate gas-thermal conductivity.

® Model to predict thermal conductivity is presented (focus on coupling effect).

ARTICLE INFO ABSTRACT

Keywords:

Vacuum insulation panels are high-performance insulating materials with considerably better thermal properties
than conventional thermal insulation. Unfortunately, their use is limited to applications where their high price
does not matter. To extend the application range of vacuum insulation, the authors try to replace the high-priced
core material fumed silica with the cheaper precipitated silica. For this purpose, five commercially available
precipitated silica samples were tested for their suitability as core material for vacuum insulations. They were
pre-pressed with 5bar and 30 bar each. To compare their thermal performances, a guarded hot plate apparatus
for measuring thermal conductivities under vacuum was developed. The pore size distributions of the samples
were measured by mercury intrusion porosimetry and used to calculate the gas thermal conductivity as a
function of the residual pressure. For this purpose, a correction factor for the measured pore size distribution is
introduced. Additionally, the coupling effect between gaseous and solid thermal conductivity could be de-
termined through comparison with measured data. A model is presented to predict the thermal conductivity

Vacuum insulation
Precipitated silica

Thermal conductivity
Coupling effect

Mercury intrusion porosimetry
Superinsulation

curve, even of unknown silica samples, solely using mercury intrusion porosimetry data.

1. Introduction

Thermal insulation materials are essential for sustainable energy
management of processes and devices. Nowadays, most insulations
consist of foam or fiber materials made of organic or inorganic base
materials [1]. These conventional insulation materials all operate ac-
cording to the same principle. They are composed of a wide network of
solid material with air inclusions (pores) which are small enough to
suppress convection within. The solid materials always have higher
thermal conductivities than the included air. Thus the goal of manu-
facturers of conventional thermal insulation materials is to reduce the
solid fraction as long as the conductivity of the insulation material
approaches the value of air, which is 25.87 % at 20°C [2]. Most
conventional materials on the market reach thermal conductivities
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around 30-40 'y"n—‘;’

Super-insulations operate on a principle based on the Knudsen ef-
fect, whereby the pore size of the material is of the same order of
magnitude as or less than that of the mean free path of gas molecules.
This leads to a phenomenon where the gaseous thermal conductivity
inside the pores decreases. If the pore size is substantially smaller than
the mean free path, thermal conductivity of the gas can be neglected.
One possibility to achieve the Knudsen effect is to reduce the pore size.
At atmospheric pressure, the pore size should be smaller than 65 nm at
20 °C so that it is smaller than the mean free path [3]. Alternatively, it is
also possible to reduce the gaseous pressure inside the pores, which is
the operating principle of vacuum insulation panels (VIP). Thus, super-
insulations can reach lower overall thermal conductivity values as
compared to free air. This special property makes such insulation
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Nomenclature
Symbols

heat flux [W]

average pore size [m]

fractal dimension [-]

diameter [m]

transport extinction coefficient [m ™
pressure load [bar]

coupling effect factor [-]
Boltzmann constant [J/K]

Knudsen number [-]

mean free path of molecules [m]
reflection index [-]

pressure of mercury intrusion porosimetry [Pa]

pressure [mbar]

temperature [K]

volume [m?]

pore size [m]

elastic modulus [Pa]

accommodation coefficient [-]

dimensionless coefficient for gaseous conductivity calcu-
lation [-]

1]

@Q»<><<—1*o*c:r'§b-?—~n*nmmu>«,o.

surface tension of mercury [Nm]

Poisson's ratio [-]

contact angle between mercury and silica [°]
adiabatic coefficient [-]

thermal conductivity [W/mK]

thermal conductivity of a single pore [W/mK]
free gas thermal conductivity [W/mK]
Stefan-Boltzmann constant [W/m?K*]
porosity [m3/m?]

Subscripts and abbreviations

2d two dimensional
3d three dimensional
AM air molecule

atm atmospheric

c coupling

g gaseous

max maximum/end of intrusion
r radiative

s solid

SM solid material

sr solid and radiative

materials very interesting for many applications where a good thermal
dissociation is essential but space is limited, such as in cryogenic de-
vices [4], heat storage tanks, in the building sector for restauration of
historic monuments or if space inside the walls is required for thermal
storage systems like phase change materials [5]. Most of the commer-
cially available VIPs consist of core material mixtures made of fumed
silica, because its nanoporous, hierarchical structure ensures low gas-
eous and solid conductivity values; some kind of opacifier to reduce
radiation and fibers add mechanical stability to the material. The ma-
terial is pressed, cut to the desired dimensions and sealed under vacuum
in aluminized foils. These panels have thermal conductivities around
4-8 mW/mK right after production. Due to unavoidable minor lea-
kages, the internal pressure increases constantly. The typical lifetime of
a panel is estimated around 25years [6], at which point the thermal
conductivity doubles its initial value. For core materials made of fumed
silica, this happens when the internal pressure reaches approximately
100 mbar. However, precipitated silica cores reach this point at around
10 mbar [6,7], while their initial value is basically the same. A great
advantage of precipitated silica is its significantly lower price compared
to fumed silica. Thus, precipitated silica can be attractive for some
applications, such as thermal transport boxes, where long lifetimes are
unnecessary. For this reason, the purpose of this work is to uncover
correlations between thermal and structural properties, to understand
the behavior of different precipitated silica samples for use in insulation
materials, to ultimately define the perfect silica for the authors’ appli-
cation.

2. Measurements and analysis

To characterize and compare properties of different precipitated
silica samples, five different types have been examined. The manu-
facturer of all samples is Grace Germany GmbH and the product names
are Perkasil GT 3000 PD (GT), Syloid MX109 (MX), CP 513 — 11202
(CP), Perkasil KS 408 PD (KS) and Sylowhite SM 405 (SM). In the
subsequent sections, the following shortcuts are used: GT, MX, CP, KS,
SM. These are commercially available products and have been deliv-
ered in 15kg or 25 kg bags. These samples were selected to get a good

1038

overview of the company's product portfolio. All samples were prepared
with external pressure loads of 5 bar and 30 bar with a hydraulic press.
Furthermore, pore size distributions of all ten samples have been
measured with mercury intrusion porosimetry and thermal con-
ductivity over gas pressure, with a guarded hot plate apparatus.

2.1. Mercury intrusion porosimetry (MIP)

Mercury porosimetry analysis is the progressive intrusion of mer-
cury into a porous structure under strictly controlled pressure [8]. Since
the necessary pressure to intrude the non-wetting liquid mercury into a
pore is inversely proportional to the pore size, it is possible to measure
pore size distribution with this method. The main advantage is that it
allows pore size analysis to be undertaken over a wide range of meso-
pore-macropore widths (routinely, from ca. 0.003 to ca. 400 um) [9].

_ 4ycos (®)

x(p) = »

@

MIP pore size distribution analysis is based on the Washburn
equation (Eq. (1)) and on the assumption that pores are cylindrical and
entirely and equally accessible to mercury. To calculate the minimum
pore size x as a function of the particular mercury pressure level P, the
surface tension of mercury y and the contact angle between mercury
and silica © are required. For the present work, © = 130A°,
y =0, 485 N/m and a “AutoPore III (co. micromeritics, USA)” were used.

Besides pore size distribution, MIP-data can be used to determine
the surface fractal dimension D of the pores. In this case, the fractal
dimension of a solid is a parameter characterizing the degree of
roughness of its surface [8].

log(z—‘;) = log(C) + (D — 4)log(P) )

By double-logarithmic application of Eq. (2), where P is the mercury
pressure, V is the volume of mercury intruded into the pores and C is a
constant, the fractal dimension D of the pores can be determined from
the slope.
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2.2. Test apparatus for thermal conductivity at various pressure levels

To measure thermal conductivity of silica samples at various pres-
sure levels, a test bench, which is able to operate under vacuum, has
been developed. It operates according to the principle of a guarded hot
plate apparatus [10], where the measuring area in the center of the
apparatus is surrounded by guard heaters which avoid heat losses from
the measuring area to the surroundings. The measuring principle is
shown in Fig. 1.

The whole structure is placed in a vacuum chamber composed of a
stainless steel tank. A view into the opened tank is shown on Fig. 2.
With the rotary vane vacuum pump P1, the valve V1 and two pressure
sensors P1.1 and P1.2 for different pressure levels, it is possible to
regulate the internal pressure from approximately 0.05 mbar up to at-
mospheric pressure. Two samples of equivalent thickness, between 5
and 15 mm, are placed between the heating plate and the two cooling
plates. When testing loose samples, the powder samples can be pressed
directly into the mold within the chamber. Pressing directly into the Fig. 2. View into the opened vacuum chamber. Cooling plate 1 can be seen
mold avoids air gaps between the samples and the plates, which is one outside the sar'nple II.I(?ld. Both samples, the heating plate and the cooling plate
of the main advantages of this self-constructed apparatus compared to 2 are already in position.
commercial devices. The mold, as well as the heating and cooling plates
have a quadratic base area of 0.0256 m>. The primary heater H1, in the Table 1

center of the heating plate, has a base area of 6.4 * 10~ 3m? and can be Measurement uncertainty for components of the guarded hot plate apparatus.
regulated to the requested heating plate temperature by electrical Temperature measurements
power. The guard ring H2 is regulated to the same temperature as H1 to Error
ensure that all the heat from H1 flows towards the cooling plates and Thermocouple PT100 (1/3 DIN) +0.18K
not into the surroundings. The cooling plates are made of aluminum Transducer MU-PT100-1420 0.100%

. . . 1 NIDAQ USB.6008 0.153%
and fit seamlessly into the mold. The plates contain spiraling channels Total 0.183%

with flowing cooling water to ensure an even temperature distribution.

The temperature of the cooling water can be controlled by an external Power measurement

Error
cryostat. In this way, the average temperature and range of interest can Measure power Shunt resistor 1.000%
be chosen. Additionally, the outside temperature of the mold can be NIDAQ USB.6008 0.147%
adjusted with heater H3 to isolate the chamber from the surrounding Total 1.011%

temperature. For all control loops, 12 PT100 temperature sensors T1.1
to T4.2 are positioned at several locations around the test stand.

P1
V1
P1..1 P1. 2
1 [ 1 [
vacuumchamber
k]
[]
€
cooling plate 1 o Tan
(0] (o)
sample 1
(¢) o) .
i T21 H2 H1 T1.1 H2 T23
heating plate | © °
Ing p T4 122 J12 or24 Ta2
H3 W3
sample 2
©) €]
cooling plate 2 T33 T3.4

Fig. 1. Illustration of the test stand for measuring thermal conductivity at various pressure levels.
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To characterize a sample, the chamber is evacuated to a pressure of
approximately 0.05mbar. After adjusting heating and cooling plate
temperatures, it is necessary to wait until the temperature field is
stable, which means the power input into H1 is constant. Power con-
sumption of H1 as well as all temperature and pressure data are re-
corded every five seconds.

2.2.1. Uncertainty analysis of thermal conductivity measurement

Calculating the propagation of uncertainty using Table 1, together
with the uncertainty for the thickness and area of the VIP, 1.5% and 1%
respectively a total uncertainty of 2.07% for the thermal conductivity
measurement is obtained.

To validate the device, a reference measurement needs to be per-
formed. For this purpose a standard polystyrene board from NIST
(National Institute of Standards and Technology) is used. At the present
conditions (T = 30°C and p = 39.03%) the test material is supposed to

have a thermal conductivity of 0.0343% ¥ 1.5% [11]. The measured

value of the newly developed guarded hot plate device is 0.0341_
Thus, it matches perfectly within the uncertainty range of the test
material.

Two capacitive pressure sensors are used, a “MKS Baratron Type
122A” and a “Siemens SITRANS P200” sensor to measure at low and
high pressures respectively. Both sensors have a maximum uncertainty
of 0.5%, whereas the “MKS Baratron” sensor is used between 0.01 and
14 mbar and the “Siemens” sensor between 14 mbar and atmospheric
pressure.

3. Thermal transport theory and analytical model

Heat transfer in insulation materials is composed of three main
mechanisms: solid thermal conductivity A, radiative thermal con-
ductivity A, (both mechanisms are only a function of temperature,
which means for isothermal problems they can be assumed to be con-
stant) and gaseous thermal conductivity 1, which is a function of gas
pressure p and the mean free path, for example the pore size x. A fourth
mechanism which depends on the microscopic shape of the material
and also on gas pressure is the coupling effect between solid and gas-
eous thermal conductivity A, [12]. 4. is negligible for most foams [13]
but plays a decisive role for silica based core materials, which are in-
vestigated in this work. Consequently, the thermal conductivity of an
insulation material can be described as a sum of these four mechanisms
as shown in Eq. (3) [13,14]. All heat transfer mechanisms are tem-
perature dependent, however, in this work constant and steady state
temperature are assumed.

AD) =+ A + 4,() + Ac(Ay) 3

3.1. Solid thermal conductivity

Heat flow over the solid phase of a bulk powder A; depends on
various material properties. Of course, the thermal conductivity Agy of
the solid material itself plays an important role, but also the porosity ¢
and the thermal contact resistance between the particles are influential.
The contact resistance is not easy to capture and depends on the
Poisson's ratio 7, the elastic modulus Y, the radius of the particles and
the effecting pressure load F. These influences are summarized in Eq.
(4), which is used by many authors to calculate solid thermal con-
ductivity [4,15].

1-7n?

4 ; 1
As=3,44(01 — ¢)3 AsmF3

4
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3.2. Radiative thermal conductivity

In most macroscopic cases, radiation can be described with the
Rossland approximation for optically thick materials. Thus, it is pos-
sible to calculate an equivalent conductivity 4, using Eq. (5) [6].

_ 160n°T?

" 3E(T) 5)

In this case T is the radiative temperature and can be calculated
with the surface temperatures of the sample T; and T, using Eq. (6),
where E(T) is the transport extinction coefficient, o is the Stefan-
Boltzmann constant and n the reflection index, n ~ 1 for opacified si-
lica.

T 3\/(Tf + T)(% + T)

4 (6)

To reduce radiative heat transfer, opacifiers such as carbon black,
TiO5 or silicon carbide are used. Caps and Fricke [16] found
E=3600 m~! for pure precipitated silica and values up to
E = 26000 m™! for opacified precipitated silica.

3.3. Gaseous thermal conductivity

Considering the Knudsen effect, thermal conductivity of gases sur-
rounded by a solid material is a function of geometric size and gas
pressure or rather the mean free path of gas molecules. The Knudsen
Number Kn is used to quantify the relation between the mean free path
of molecules L and the geometric size of the confined space, for example
the pore size x.

¢ Ao(T)

t T 14 2+8+Kn )

In Eq. (7) [4] ¢ is the thermal conductivity of the gas at atmo-
spheric pressure, ¢ is the porosity of the insulation material and § is a
dimensionless coefficient depending on an accommodation coefficient
a and the adiabatic coefficient of the gas x. It can be calculated via Eq.
(8) [4]. The accommodation coefficient is a measure for the quality of
energy exchange between the gas molecules and the solid surface. The
adiabatic coefficient is the relation between heat capacity at constant
pressure ¢, and heat capacity at constant volume c,.

9% — 5
x+1

57 2—a

= %
p 32

*

(8

The value for § for the relationship between air and nanoporous
silica is taken from the following references and is assumed to be 1.5 for
this paper: 8 =1.5[17], 8 =1.6 [18], 8 =1.5[19]

a

3.4. Coupling effect

Using Eq. (3) it is assumed, that all thermal resistances are arranged
in a simple parallel configuration. Basically this assumption is correct,
but as already mentioned for most materials a coupling of the different
heat transfer mechanisms occurs; for example a coupling between solid
thermal conductivity and radiation [20] or, and this is the focus of the
present study, a coupling between solid and gaseous thermal con-
ductivity. If, at the microscopic scale, the heat resistance between two
solid phases is lower by passing a gas phase than the solid path, the
resulting thermal conductivity exceeds the expected sum of gaseous and
solid thermal conductivity. The effect is mainly caused by intervening
gas molecules in the contact area of two particles. Some models to
describe the coupling between these two mechanisms have been pro-
posed, in most of the cases for silica aerogels [21-23]. In the simplest
case, the phenomenon can be described as a series connection of
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thermal resistances. Swimm [24] describes, that for common insulation
materials, where A is significantly higher than A, the simple linear
relation shown in Eq. (9) is valid.

Ae=2Ag % f 9

In this model, all influencing parameters like the particle surface
geometry near the area of particle to particle contact or the thermal
conductivity of the solid are combined in one factor f. Heinemann [17]
mentioned, that in a bed of glass spheres, comparing the total thermal
conductivity of the evacuated and the non-evacuated specimen, the
contribution from the gas is seven times as large as expected just from
the thermal conductivity of still air. This would mean for a bed of glass
spheres f would be 7.

3.5. Calculation of thermal conductivity of various silica samples via pore
sige distribution

To predict the thermal conductivity of the investigated precipitated
silica samples, pore size distribution measured with MIP of the com-
pacted powder have been used.

Calculation starts with the mean free path of the air molecules L as a
function of gas pressure p [25].

kg = T

L(p)= ——B*1
®) V2 ko dp ®p

(10)
With kg = 1.38 = 10*23% as the Boltzmann constant, T for the abso-
lute Temperature and dyy; = 3.65 * 1071 m as the mean diameter of air
molecules.
Following, for every pore size x and gas pressure p the Knudsen
number Kn can be calculated [4].
L
Kn(p, x) = —
®x=7 an
This results in a matrix of Knudsen numbers, which can be used to
determine the gaseous thermal conductivity for every pressure and pore
size
Ao

Aopx)=—720
2P %) 1+2xB+Kn

12)
with 1, as the thermal conductivity of air at atmospheric pressure and
as a factor depending on interaction between the gas and the surface of
the solid described in the section “gaseous thermal conductivity”.

The overall gaseous thermal conductivity can now be calculated

dv
Ae(@)=¢ [ Vg—dx
¢ S Vinas a3
with V as the intrusion volume and V. as the total intrusion volume
measured with MIP.

As previously mentioned, the solid thermal conductivity 4, and the
radiative thermal conductivity A, can be assumed to be constant. Thus
Asr = As + A, is an offset value, which can be determined by measuring
thermal conductivity at a very low pressure level, where 4, and 1. are
negligible.

4. Results and discussion
4.1. Results of thermal conductivity measurements

Each silica sample was measured twice with applied pressure loads
of 5bar and twice with 30 bar, over a range of 14 pressure levels be-
tween 0.05mbar and atmospheric pressure. The results for all the
samples are shown in Fig. 4 (dash and dash-dot lines). As expected,
thermal conductivity approaches a constant value at very low internal
pressures and increases between 1 mbar and 10 mbar. A characteristic

. s . di
behavior for nanoporous silica samples is a slope e 0 for

Dum = 10° mbar, which is evidence for the presence of pores smaller
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_ 5 GT 30bar, ¢ = 0,875
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Fig. 3. Pore size distribution of “GT” prepared with two different pressure loads
(5bar and 30bar), measured with mercury intrusion porosimetry, ¢ is the
porosity of the sample.

than the mean free path of air molecules at atmospheric pressure
(68 nm), following the Knudsen-theory.

4.2. Mercury intrusion porosimetry

To measure the pore size distribution of the investigated silica
samples, each sample was prepared with different pressure loads (5 bar
and 30 bar), heated at 350 °C and 50 mbar for 16 h and subsequently
analyzed with mercury intrusion porosimetry. Fig. 3 shows the pore
size distribution of the sample “GT” pressed with 5bar and 30 bar re-
spectively. It could be shown for all samples, that mechanical treating
of the powder had negligible influence on pores smaller than about
200 nm. The measured pore size distribution can be used to calculate
gaseous thermal conductivity, as it is necessary to know the volumetric
percentage of every pore size.

4.3. Calculation of thermal conductivity without coupling effect

Thermal conductivity curve progressions calculated with
A(p) = Ay + 24(p) and Eq. (10) are shown in Fig. 4 (solid and dotted
lines), purposely leaving out the coupling effect. Therefore, 1, was
taken from the measured value at the lowest gas pressure where no
gaseous thermal conductivity is present. As expected, measured thermal
conductivity rises faster than the calculated thermal conductivity due to
the missing coupling effect. In all cases, the strongly compressed sam-
ples (30 bar) have a higher solid thermal conductivity than the less
strongly compressed ones (5bar) which leads to a higher offset in
thermal conductivity. It can also be seen that the thermal conductivity
of the 30 bar samples increases less strongly with an increase of the
internal pressure than that of the 5 bar samples. This can be explained
by the fact that the average pore size has decreased due to pressing. The
average pore sizes of all samples (5bar and 30 bar), related to the vo-
lumetric frequency are listed in Table 2.

The smaller pores lead to lower overall gaseous thermal con-
ductivities at high gas pressure levels. In some cases (GT, KS and CP),
this effect even causes an intersection of the 30 bar and 5 bar curves,
although the solid conductivity and thus the starting point of the 30 bar
curves are much higher.

On the other hand, taking a closer view at low pressure levels it is
noticeable that the calculated curves rise faster than the experimental
ones, although no coupling effect is considered, which leads to an in-
tersection of both curves. In Fig. 4, this effect is only visible for GT -
5 bar (where the solid and the dashed lines intersect) but present for all
samples. This may indicate that the measured pore sizes are too large.
Most common uncertainties in terms of the mercury intrusion mea-
surement, such as the bottle neck effect and compression of the sample,
lead to an underestimation of the pore size [9,26,27]. Therefore, er-
roneous data of pore size distribution can be precluded as a reason for
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Fig. 4. Results of the thermal conductivity measurements of five samples of precipitated silica, pre-pressed with 5 and 30 bar compared to the corresponding

calculated curves without consideration of the coupling effect.

Table 2

Average pore sizes of silica samples in um.
Sample MX GT KS CP SM
5 bar 6,0 6,7 3,7 4,4 2,8
30 bar 2,8 4,0 2,4 3,0 4,4

the present phenomenon. Just like most pore measuring methods, MIP
in combination with the Washburn equation classifies pores by their
internal pore width defined as the diameter of a cylindrical pore [28].
By using this pore size value for calculating the Knudsen number with
Eq. (11) it is assumed, that the gas molecules inside the pores always
“see” the largest possible distance between the pore walls. This as-
sumption however is incorrect since gas molecules are evenly dis-
tributed throughout the whole system.

This means, the probability for a gas molecule to “see” in the di-
rection of heat flow Q, a smaller distance than the measured pore size is
very high. The behavior is illustrated in Fig. 5. The average distance for
a circular, two-dimensional pore can be calculated with the integral of
the circular function of the unit circle.

Pore

\'\V
Fig. 5. Illustration of the available distances for a gas molecule inside a sphe-
rical pore.
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1 .
%y = 1 mdx _ arcsin(1) _Z
1-0 o 2 4

a4

Geometrically speaking, the result X = % is a quarter of the area of
the unit circle. Extending this method to 3 dimensions, for a spherical
pore, the mean distance equals one eighth of the unit sphere volume,
which is Z. Therefore, the following correction of the pore size dis-
tribution for spherical pores is assumed.

- T

T as
The correction leads to a curve with a smaller intersection-tendency

and a better agreement with the measured values, especially in the low

pressure range. Also for the following procedure of fitting the coupling

effect factor, the correction of the pore size distribution data is helpful

to obtain small deviations between the measured and calculated curves.

4.4. Determination of the coupling effect

The previous results visualize the important role of the coupling
effect. For the present investigation the linear model from Swimm et al.
[24] is used. It is determined that for most of the tested samples the
model fits very well. Thus, the coupling effect factor f is determined by
fitting the calculated curves to the experimental data using the method
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Table 3
Coupling effect factor f, porosity ¢ measured with MIP and fractal dimension D
for the five samples prepared with 5bar and 30 bar external pressure load.

Sample MX GT KS CP SM

5bar pressure load f 1.90 0.96 2.96 1.36 3.04
¢ 0.859 0.917 0.866 0.876 0.816
D 3.15 3.04 3.18 3.11 3.12

30 bar pressure load f 2.29 1.29 1.96 1.38 3.65
¢ 0.854 0.875 0.852 0.883 0.756
D 3.19 3.17 3.04 3.25 2.89

of least squares. Therefore, in Eq. (9) only the parameter f is variable.
The resulting curves, compared to the experimental results are shown in
Fig. 6.

The obtained coupling effect factors f are listed in Table 3. Values
from 0.96 for GT - 5 bar to 3.65 for SM — 30 bar are included. Also listed
in Table 3 are the porosity ¢ and the surface fractal dimension D of the
pore-surface, both determined by MIP.

The coupling effect basically depends on the relationship between
gaseous and solid thermal conductivity, which is influenced by the
geometry of the solid material. The basic structure of the five silica
materials should be rather similar because they are all precipitated

— — —5 bar - measured

5 bar - calculated with coupling effect
————— 30 bar - measured
----------- 30 bar - calculated with coupling effect

W
mil<

o
o
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©
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Fig. 6. Results of the thermal conductivity measurements of five samples of precipitated silica, pre-pressed with 5 and 30 bar compared to the corresponding

calculated curves with adapted linear fitting parameter f.
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silica, which means they consist of the same base material and are
produced in similar processes. The similarity of the pore structure can
be seen very clearly at the low fluctuations of the fractal dimension D in
Table 3. According to the theory of fractal geometry, the fractal di-
mension of a surface must be in the range 2 < D < 3. Nevertheless, it
is not uncommon that fractal dimensions determined with MIP larger
than 3 are obtained [29]. Therefore, the results can be used to compare
the surface structures of the materials. In this regard, the values in
Table 3 can all be classified as “very rough surfaces”.

Moreover, with an increase in the bulk density of the pressed
powder not only does the solid thermal conductivity increase, but also
the number of spots where coupling between solid and gaseous con-
ductivity can occur. Therefore, a linear relationship between the por-
osity ¢ and the coupling effect factor f was determined. For the in-
vestigated range of porosities ¢ = 0.76 to ¢ = 0.92 the corresponding
linear function

f(¢) = —18.68¢ + 17.94 (16)

is found. The coefficient of determination R? is 0.94, if one outlier (KS —
5 bar) is excluded, which is marked gray in Fig. 7. The function allows a
good estimation of the coupling effect factor f, using data generated by
mercury intrusion porosimetry only. Furthermore, gaseous thermal
conductivity can be calculated using a measured pore size distribution
in Eq. (13) and the coupling effect factor can be used to complete an
adequate estimation of thermal conductivity as a function of gas pres-
sure for any precipitated silica material.

5. Conclusion

The developed guarded hot plate apparatus delivers reliable results.
The measured thermal conductivities of precipitated silica were as ex-
pected, but it also became clear that the simplified representations of
precipitated silica as a core material for VIPs often presented in the
literature were not applicable. In some cases, large differences between
the products and the sample preparation had a considerable influence
on the thermal properties. In the end, it was possible to develop a model
to predict thermal conductivity as a function of gas pressure from
available mercury intrusion porosimetry data. In particular, for the five
investigated samples of precipitated silica, it is now possible to accu-
rately predict the thermal conductivity as a function of gas pressure.
Furthermore, extrapolations to predict the effect of alternative pore
gases or the further thermal conductivity in higher pressure ranges are
conceivable. Moreover, estimations for any unknown silica products or
similar structures can be made with the new model. The estimation of
the coupling effect as a function of porosity (Fig. 7) can help to make a
preselection of new materials with regard to their suitability as thermal
insulation, as manufacturers of precipitated silica often have the op-
portunity to measure pore size distributions by MIP. However, since
precipitated silica is not very common for the application of thermal
insulation yet, there is no information on thermal properties from the

1 4 .
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Fig. 7. Linear relationship of the porosity measured with MIP and the coupling
effect factor f.
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manufacturers. This gap can now be closed with the newly gained
knowledge.

The comparison of the tested materials shows that the pore size
distribution is a decisive influencing factor on the thermal properties of
a silica product, nevertheless the coupling effect must not be neglected.
Within the tested samples, the coupling effect is responsible for at least
a doubling of the gaseous thermal conductivity for the material GT
(5 bar) with f = 0.96 and can even cause a tremendous increase of Ag
with f = 3.65 (30 bar) for the material SM. The determined dependence
of the coupling effect on the porosity ¢ leads to the realization that the
optimization with regard to a low density of the silica based core ma-
terial has a double relevance. A low density and thus high porosity
leads, on the one hand, to a low solid thermal conductivity (Eq. (4)) and
on the other hand to the mentioned low coupling effect. Thus, obviously
pre-pressing the powders with high pressures does not lead to a de-
crease in the overall thermal conductivity of precipitated silica based
core materials for vacuum insulation panels. In future work, attempts
could be made to reduce the overall thermal conductivity by reducing
the solid thermal conductivity. This should be possible by reducing the
basic particle size and therefore increase the number of particle-particle
resistances. Furthermore, investigating the effect of alternative pore
gases could be helpful in order to validate the presented model and also
as another strategy to decrease the overall thermal conductivity.
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Chapter 5

Paper 2: Thermal
accommodation in nanoporous
stlica for vacuum insulation
panels

The thermal accommodation coefficient (TAC) « is a measure of the imperfec-
tion of the energy exchange of a gas molecule at wall impact. Loosely speaking,
the TAC is for heat transport via molecular collisions what the emission co-
efficient is for radiative transport. In macroscopic systems, its influence is
negligible and is therefore usually not considered. In micro- or nanoporous
materials, however, the gas—wall collisions account for a significant fraction
of the total collision number and must therefore be considered. In the gas
thermal conductivity equation (Equation ), the TAC is part of the di-
mensionless parameter 5. In Paper 1 (Chapter [4]), the TAC was, like in many
other publications |70} (74, [12], assumed to be the unity for the collisions of
the air molecules at the silica surfaces. That is, complete energy exchange
between gas and wall molecules is assumed. This assumption is examined in
detail in this chapter (Paper 2) by evaluating the pressure-dependent thermal
conductivity measurement data of fumed and precipitated silica in combina-
tion with different pore gases. Essentially, the TAC depends on the following
influencing variables: molar mass of the gas molecules M, degrees of freedom
of the gas molecules, molar mass of the molecules of the solid surface Mj,
surface condition (roughness, adsorbed molecules, impurities), and tempera-
ture T. However, the temperature influence can be neglected in a temperature
range of approximately 200K to 400 K [75]. Moreover, the accommodation
coefficient can be assumed to be independent of the Knudsen number [76].
Comparatively few data can be found in the literature for «, some with signif-
icant deviations. However, there is general agreement on the accommodation
coefficient’s tendency to decrease with increasing temperature and decreasing
molar mass of the gas, as long as the molar mass of the gas is smaller than
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that of the solid surface. Direct measuring techniques are only available to
determine the TAC of exterior surfaces |77].

A simple calculation method to determine the TAC as a function of the molar
masses of the gas and wall molecules can be derived from the kinetic theory
of gases or the elastic impact theory. If one assumes that the energy of the
wall molecule involved in the collision is F; = 0 before the collision, then from
Equation [2.30] the following Equation [5.1] can be derived:

1 2
1 )

Eg ngU‘g
where E! is the energy of the wall molecule after the collision, and E, is the

energy of the gas particle before the collision, which is equal to the total energy
of the system at this state. From elastic collision theory, it is also known that

ot (5.1)

2(Myvg + Msy)
e 1 2
Vs M1, % (52)

The function can be shortened as shown, since Ey = 0 is assumed. After
substituting Equation [5.2] into Equation [5.1] the calculation formula for the
TAC « proposed, for example, by Kaganer [32] results in

AM,M, M, — M,\”
) _( ) | (5.3)

(M, + M,)? M, + M,

The literature contains further attempts to find analytical approximations for
the TAC, mostly also depending on the molar mass of the gas and that of
the interacting molecules of the solid surface. Some of them are discussed in
Chapter [7] Furthermore, some numerical solutions which are largely based
on molecular dynamics simulations exist [78, [79]. For both approaches, it is
difficult to consider all influencing parameters. Especially in the pores of a
porous solid, sometimes at the nanometer level, it is impossible to measure all
the necessary influencing parameters or even to measure the thermal accom-
modation coefficient directly. The literature consequently contains no data for
the TAC for such problems, and many application-oriented authors hence use
a = 1 for “heavy” gases such as air and a = 0.2 for “light” gases such as
helium.

In this chapter (Paper 2), a reverse approach is presented. The previous as-
sumption, which is supported by Swimm’s investigations, that the coupling
effect factor f can be assumed to be constant over wide ranges of :\\—p leads to
the conclusion that it is only dependent on the geometry of the solid and its
porosity. It therefore does not depend on the type of residual gas in the pores
if the solid system remains constant. Thus, on the one hand, if the coupling
effect factor can be determined, the only unknown in the system of equations
is the accommodation coefficient. However, on the other hand, to determine
f according to the previously presented method, knowledge of the accommo-
dation coefficient is required. Thus, the TAC for one gas—solid pairing would
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have to be known to calculate those of the other pairings. According to Equa-
tion @, a = 1 for My = M,. Since the molar masses of SO, and Si0, are
almost identical, agp, = 1 is assumed for the TAC of sulfur dioxide in silica
pores in this chapter (Paper 2). Based on this assumption, the coupling effect
factor and, from this, the TACs for the other gases can be determined. There-
fore, it should be mentioned that the values for o determined in Paper 2 do
not correspond to the true physical TAC. Instead, a relative value to SO, or
an apparent accommodation coefficient to be used only for the calculation of
thermal conductivities is presented.
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ABSTRACT

The thermal accommodation coefficient is a measure for the quality of thermal energy exchange between gas
molecules and a solid surface. It is an important parameter to describe heat flow in rarefied gases, for exam-
ple, in aerospace or vacuum technology. As special application, it plays a decisive role for the thermal trans-
port theory in silica filled vacuum insulation panels. So far, no values have been available for the material
pairings of silica and various gases. For that reason, this paper presents thermal conductivity measurements
under different gas-pressure conditions for precipitated and fumed silica in combination with the following
gases: helium, air, argon, carbon dioxide (CO,), sulfur dioxide (SO;), krypton, and sulfur hexafluoride (SFg).
Additionally, a calculation method for determining thermal accommodation coefficients from the thermal
conductivity curves in combination with the pore size distribution of silica determined by mercury intrusion
porosimetry is introduced. The results are compared with existing models.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

Gas influence
Pressure influence

license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Vacuum insulation panels are high-performance thermal insula-
tions, which offer an extremely high thermal resistance with a very
small space requirement. Their function is based on the so-called
Knudsen effect, which presupposes that the mean free path length of
the gas molecules is in the same order of magnitude as the pore size
of the solid structure. By using nanoporous materials such as silica
and/or applying a vacuum this can be achieved. In this way it is possi-
ble to reduce the amount of heat transferred through the gas phase to
a negligible amount. It is well known that the Knudsen model [1] can
be used when the gas thermal conductivity in evacuated porous
materials is considered [2—4]. This is important when the gas flow is
in the transition region, where the pore size x is in the same order of
magnitude as the mean free path of the molecules L. There are, how-
ever, two difficulties with the calculation of gas thermal conductivity
in vacuum insulation panels. The first one is that especially for silica-
based materials with spherical particles a strong coupling between
the solid and the gaseous thermal conductivity needs to be taken into
account. This coupling differs significantly for different silica

* Corresponding author at: CeMOS — Center for Mass Spectrometry and Optical
Spectroscopy, Mannheim University of Applied Sciences, Paul-Wittsack-Strae 10,
68163 Mannheim, Germany.

E-mail address: s.sonnick@hs-mannheim.de (S. Sonnick).

https://doi.org/10.1016/j.ijft.2019.100012

materials but can be estimated as a function of the porosity, at least
for precipitated silica. That was shown in the previously published
paper [5]. The second problem, which is examined in more detail in
the present publication is, that the Knudsen model requires the ther-
mal accommodation coefficient (TAC) «. The TAC is a measure for the
quality of energy exchange between the gas molecules and the solid
surface. In a manner of speaking, it describes the boundary condition
for the flow of gas molecules in the slip and transition flow regimes
[6]. It was Maxwell [7] who first introduced the idea that a fraction «
of gas molecules is remaining in thermal equilibrium with the surface
while the remaining part o -1 is scattered. Later, Smoluchowski [8]
verified the suggestion experimentally when he found a temperature
jump at the solid-gas interface. The term “thermal accommodation
coefficient”, however, was first used by Knudsen [1]. He defined it as
the relationship between two temperature differences

T,
o= T T, (1)

where T, is the mean temperature of the molecules before colliding
with the solid surface and T, and T,'are the temperatures of the mol-
ecules scattered and fully accommodated to the surface respec-
tively. Especially for rarefied gases where individual collisions of
single gas molecules with the surface are more important than at
continuum conditions, the AC is not negligible [9]. Due to the fact
that « is a function of many parameters, like the kind of gas, the

2666-2027/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Nomenclature

Symbols

dyin kinetic diameter of molecules, m

f coupling effect factor, -

kg Boltzmann constant, J/K

Kn Dimensionless Knudsen number, -

L mean free path of molecules, m

M molar mass, g/mol

p pressure, mbar

R gas constant, J/Kmol

T temperature, K

v volume, m>

X pore size, m

o accommodation coefficient, -

B dimensionless coefficient for gaseous conductivity
calculation, -

K adiabatic coefficient, -

A thermal conductivity, W/mK

A thermal conductivity of a single pore, W/mK

Ao free gas thermal conductivity, W/mK

b porosity, -

Subscripts and abbreviations

c coupling

g gaseous

max maximum / end of intrusion

r radiative

S solid

Ny solid and radiative

surface materials, temperature, adsorption effects and surface
roughness, it is nearly impossible to find data for every occurring
problem. It is well known that thermal accommodation increases
with increasing surface roughness, because gas molecules do more
than one collision, on the average, before leaving the surface [10]. In
addition, an increasing molar mass of the gas molecules leads to an
increasing «, because of the lower velocity and therefore longer res-
idence time of the molecules at the surface [11], but the accommo-
dation coefficient is generally independent of the gas pressure [12].
Thus, TACs are reasonably constant for a given gas and surface com-
bination [13]. Some models exist to describe the TAC based on clas-
sical mechanics [14—-16] or quantum mechanics [17—-19], but they
either require very detailed information about the solid surface con-
dition [20], which is difficult to access in nanoporous materials, or
are only valid for extreme clean surfaces which do not occur in prac-
tice. For that reason many authors assume « = 1 when calculating
gas thermal conductivity in porous silica materials which are filled

with air or rarefied air, for example in vacuum insulation panels
[21-23]. The resulting error is not to be neglected. It was shown
that in the transition region in particular the gas thermal conductiv-
ity increases by approximately 70% if a value of 0.8 instead of 0.1 is
used for o [24]. Thus, the goal of this work is to analytically deter-
mine TACs especially for different silica materials in combination
with different gases like helium, air, argon, carbon dioxide (CO,),
sulfur dioxide (SO,), krypton, and sulfur hexafluoride (SFg).

One can find values for individual material pairings in the litera-
ture. Some of them are listed in Table 1. Furthermore, Saxena and
Joshi [25] collected an extensive compilation of measured TAC values
for different material pairings by different authors. The fluctuation of
the available values can be due to the different measuring methods
but also to minimal differences in the surface quality of the materials
or of contaminations on the surfaces. Unfortunately, it is almost
impossible to obtain values for different silica materials and espe-
cially their inner pore surfaces as they can be found in vacuum insula-
tion panels (VIPs).

2. Thermal transport theory in porous media

Thermal transport in porous media is composed of three main
mechanisms: thermal conductivity over the solid backbone of the
material 4, radiation 4, and gaseous thermal conductivity 4. In a mac-
roscopic surrounding A is almost independent from the gas pressure p
because of two mutually cancelling effects. As the pressure decreases,
the number of gas molecules involved in heat transfer decreases as
well, which would normally reduce thermal conductivity. The second
effect is, that at the same time the mean free path increases, causing
the individual distances at which the gas particles transport the energy
to become larger, which in turn would lead to an improvement of the
heat transfer [29]. Both effects happen at the same time when chang-
ing the gas pressure in a macroscopic surrounding. The situation
changes if the mean free path gets in the same order of magnitude as
the representative size scale, which bounds the surrounding room. In
this case, the distance at which the energy can be transported in one
step is not limited by the mean free path but by the size of the sur-
rounding volume, which for porous materials is the pore size. Hence,
the thermal conductivity becomes a function of the gas pressure.

A fourth mechanism which basically depends on the microscopic
shape of the material and gas pressure is the coupling effect between
solid and gaseous thermal conductivity A [30]. This coupling is negli-
gible for most foams [31] but plays a decisive role for silica based
core materials.

This becomes clear when looking at Fig. 1 which shows the differ-
ent heat transfer mechanisms using the example of two touching
spherical particles. Consequently, the thermal conductivity of a silica
material can be described as a sum of these four mechanisms as

Table 1
Examples of thermal accommodation coefficients for different solid-gas pairings from the literature.
Solid Gas Thermal accommodation coefficient Measuring method Temperature [K]  Source
Tungsten (extremely clean surface) Argon 0.2357 thin filament thermal conductivity cell 308.15 [12]
Silica, fumed CO, 0.45 absorption of the radiation of a Q—switched laser 300 [26]
NO 033
Nickel Helium 0.385 thin filament thermal conductivity cell 298.15 [10]
Krypton  0.965
Platinum Helium 0.368
Krypton  0.959
Platinum Helium 0.28 concentric spherical shells heat flux measurement  314.5 [27]
Argon 0.85
304 stainless steel Nitrogen 0.8 parallel plates temperature drop measurement 308.15 [28]
Argon 0.87
Helium 0.36 (machine finish), 0.4 (polished finish)
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Fig. 1. Heat transfer mechanisms in porous media: radiation A, (1), solid thermal con-
ductivity As (2), gas thermal conductivity A, (3) and coupling effect /. (4), modified
from [32].

shown in Eq. (2) [3,31]. All heat transfer mechanisms are temperature
dependent, however, in this work constant and steady state tempera-
ture is assumed.

Mp) = As + Ar + Ag(P) + Ac (%) (2)

In the present case, particular attention must be paid to the gas
thermal conductivity, since it is decisive for the determination of the
TACs. It can be described with Eq. (7).

r o Ao(T)
% =172+ prkn 3)

In Eq. (3) [33] Ag is the thermal conductivity of the gas at atmo-
spheric pressure and S is a dimensionless coefficient depending on
the thermal accommodation coefficient o and the adiabatic coeffi-
cient of the gas k. It can be calculated via Eq. (4) [33]. The adiabatic
coefficient is the relationship between specific heat capacity at con-
stant pressure ¢, and constant volume c,.

S5m 9k-5 2-«
Pemtieii o @)

The dimensionless Knudsen number Kn is the decisive dimension-
less parameter for the description of gas thermal conductivities in
rarefied gases. It describes the ratio between the mean free path of
the gas molecules L and a representative physical length scale.
Because the Knudsen model was developed for the case of parallel
plates, the physical length scale would be the distance between the
plates. In a porous material with almost spherical pores, a correction
factor needs to be considered as was mentioned in the previously
published paper [5]|. The modified equation for the dimensionless
Knudsen number is shown in Eq. (5).

6L

Kn(p,x) = (5)

Now it is obvious how sensitive the TAC is in terms of gas thermal
conductivity. A dependency of gas thermal conductivity plotted over
Kn-number on different TACs can be found in [24]. The mean free
path L is a function of the gas pressure and the kinetic diameter of
the gas molecule. It can be determined according to the kinetic gas
theory using Eq. (6)

kB *T
L(p) ViererdaZep (6)
with kg = 1.38 + 10**{ as the Boltzmann constant, T as the absolute
temperature and d;, as the kinetic diameter of the gas molecules. A
molecule can have more than one size characterizing dimension if it
is not spherical. The kinetic diameter dy, is the size of the sphere of
influence that can lead to a scattering event [34]. It can be calculated

with the kinetic gas theory out of the dynamic viscosity or the ther-
mal conductivity of the gas.

Another model to predict the gas-thermal conductivity, which is
considered very similar to the Knudsen model, was proposed by
Bourret [35] and is shown in Eq. (7).

40
hy = Y
T+3/58

The decisive difference between this and Knudsen's model is that
neither the thermal accommodation coefficient nor the isentropic
exponent are taken into account. The type of gas is only considered
by the molar mass. It is to be examined whether this is permissible.

Following, if taking into account the pore size distribution of the
silica material, which can be measured with mercury intrusion poros-
imetry, for every pore size x and gas pressure p the dimensionless
Knudsen number Kn can be calculated. This results in a matrix of
dimensionless Knudsen numbers, which can then be used to deter-
mine the gaseous thermal conductivity for every pressure and pore
size using Eq. (3).

The overall gaseous thermal conductivity can now be calculated
via Eq. (8)

7o) = [ Fy

with dV as the pore volume which refers to the pore size X, Viqx as
the total pore volume of the material and ¢ as the porosity of the sil-
ica material.

As previously mentioned, the solid thermal conductivity As and
the radiative thermal conductivity A, can be assumed to be constant.
Thus A = Ag + A, is an offset value, which can be determined by mea-
suring thermal conductivity at a very low pressure level, where 44
and 4. are negligible.

The coupling effect was found to be in a linear relationship to the
gas thermal conductivity [30,36], so it is possible to introduce a cou-
pling effect factor f, as it is shown in Eq. (9).

de =dg*f 9)

In order to fit the calculated gas thermal conductivity with the
measured ones, e.g. using the least square method, like it was per-
formed in [5], a thermal accommodation coefficient must be
assumed. For that reason, the TAC was assumed to have the value “1”
for the gas whose molar mass is closest to that of the solid material.
Because according to the theory

dx (8)

VTTIUX

2
4M;Mg 71_<M5—Mg> 10)

d=—""° > &
(Ms + M)? M; + Mg

the TAC is unity if the molar masses of the colliding gas and solid mol-
ecules are equal [33]. In Eq. (10) Ms and M, are the molar masses of
the solid and the gas respectively.

3. Materials and method

For the present investigation, one type of precipitated silica (PS,
co. Grace Germany GmbH) and one type of fumed silica (FS, co. Wacker
Chemie AG) are used. Prior to the measurements, the samples have
been compressed with 5 bar and dried completely. The samples were
heated for about 3 hours at 100°C and an absolute pressure of < 0.1
mbar. They were then stored for longer than 12 h at < 0.1 mbar

For determination of the pore size distribution of the silica materi-
als an “AutoPore III (co. micromeritics, USA)” is used.

To measure the thermal conductivity over the gas pressure, a self-
constructed guarded hot plate apparatus is used. The sample size is
160 x 160 x ~ 6 mm. The measurement is conducted with a heating
plate temperature of 45°C and a cooling plate temperature of 15°C.
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Table 2

Important physical properties of all gases used in the experiments.
Gas name Ao [W/mK] [37]  dgin[nm]  K[-]  M][g/mol]
Helium (He) 0.1536 026 [38] 1.67 4.00

Air 0.02625 0.36 140  28.96

Argon (Ar) 0.0177 034[39] 167 3995
Carbon dioxide (CO,) 0.01705 033[40] 129 4401
Sulfur dioxide (SO5) 0.0095 036[39] 135 64.06
Krypton (Kr) 0.00949 036[39] 167 83.80
Sulfur hexafluoride (SFg)  0.0135 0.55[39] 1.10  146.05

The kinetic diameter of air molecules was calculated as average value from the cor-
responding individual gases.

Thus, the average temperature is 30°C. More detailed information
about the measurement apparatus and the uncertainty analysis for
the thermal conductivity measurement as well as a more detailed
description of the pore size measurement can be found in [5].

For the measurements under a certain gas atmosphere, first the
test bench has to be flooded with the corresponding gas to prevent
any influences. Then the vacuum chamber is evacuated in order to
record the measuring points from the lowest pressure upwards. The
used gases and their physical properties are listed in Table 2.

To determine the coupling effect factor f and the accommodation
coefficient «, calculated thermal conductivities need to be fitted to
the measurement results with f and « as variables. Because the molar
masses of the solid surface SiO, and the gas SO, are very close to each
other, regarding to Eq. (10) it can be assumed that « is maximum for
this material pairing. Based on this assumption, alpha was set to unity
(o = 1) for that special case, knowing that a complete energy transfer
is unrealistic. Consequently, the coupling effect factor can be deter-
mined by fitting calculated to measured data of SiO,. The coupling
effect is a geometric phenomenon [30] and therefore independent
from the kind of gas. Thus, the coupling effect factor determined with
SO, remains constant for all gases and the TAC can be fitted accord-
ingly. The whole procedure performed to determine the thermal
accommodation coefficient of the listed gases and the inner pore
walls of silica is presented schematically in Fig. 2.

compressing
silica sample
with 5 bar and |

drying it
completely measuring
v pore size
measuring distribution of
thermal silica sample
conductivity
over gas- calculating
pressure theoretical gas
thermal
conductivity
with Eq. 8 and
\ 4 o =1 for SO,
determining f
by fitting

calculated to
measured data
of SO,

Y

determining a
by fitting
calculated to
measured data
of other gases

Fig. 2. Flow chart of the performed procedure to determine TACs for different gases.

4. Results and discussion

The porosities ¢ of the silica samples measured with mercury
intrusion porosimetry are 0.876 and 0.967 for precipitated and fumed
silica respectively. The pore size distributions of both samples are
plotted in Fig. 3. As expected, fumed silica shows a higher porosity
which is caused by its pearly, open and hierarchic structure com-
pared to precipitated silica which tends to have a bulky and aggre-
gated structure [41]. Their nanopores differ a little. PS and FS show
peaks at around 9.4 nm and 12.5 nm respectively.

The sum of the solid thermal conductivity and the radiation A, can
be measured at very low pressure conditions and has been found to
be 0.0051 W/mK for PS and 0.0062 W/mK for FS, both with a standard
deviation of 0.0003 W/mK.

Gas thermal conductivity /s over gas pressure p curves for all
gases are shown in Fig. 4, for PS in the upper graph and FS in the
lower graph. In general, it can be stated that gases with a higher ther-
mal conductivity Ay show a faster increase in the resulting gas ther-
mal conductivity A, with increasing gas pressure and thus normally
also higher values at atmospheric pressure. However, it also becomes
clear that not only the thermal conductivity but also the molecule
diameter and weight play a decisive role. If SFg is taken for example,
which with 146.05 g/mol is by far the heaviest and with 5.5 A the
largest of all tested gas molecules, it can be seen that the increase is
fast in low pressure regions due to the small resulting mean free path
of gas molecules. This means that the dimensionless Knudsen num-
ber is already very small at relatively low pressures, which leads to
the assumption that the gas thermal conductivity is fully developed
at lower pressures. Thus, at higher pressure conditions the curve flat-
tens which results in a comparatively low thermal conductivity at
atmospheric pressure.

The coupling effect factor f for the tested precipitated and fumed
silica material is equal to 3.91 and 0.53 respectively. The resulting
thermal accommodation coefficients are listed in Table 3 as well as in
Figs. 5 and 1. The factors f and o were determined using the method
already described and shown schematically in Fig. 2.

TACs increase with increasing molar mass as long as the gas mole-
cules are of smaller mass than the solid ones and start to decrease
again if this point has been exceeded. This totally fits to Kaganer’s
theory, which is shown in Eq. (10). Because the molar masses of silica
(60.08 g/mol) and SO, (64.07 g/mol) are very close to each other, this
is where the maximum position of the function is located. However,
the theory shows higher values than the measurements for all gases.
This can have many reasons, but most likely it is because Kaganer's
simple formula is more of an estimate since neither a temperature
influence nor the surface conditions like roughness or adsorption
effects are included. As mentioned, the results are not close to Kage-
ner’'s model, but compared to the measurement results listed in
Table 1 they seem explainable. If, for example, the result of CO, is
compared with [26] where the TAC of CO, in combination with FS
was also measured, the present result (0.48) is fairly close to the liter-
ature value (0.45) considering that these are different silica products
and measuring methods. It should be noted in the margin that the
adsorption of sulfur dioxide on the silica surfaces might cause modifi-
cations in the surface behavior. It is well known that surfaces coated
with adsorbed gases tend to have higher thermal accommodation
coefficients [20,42,43]. Thus, this effect would underline the assump-
tion of a maximum value for the thermal accommodation coefficient
of Si0, - SO,. In addition, the measurements for all gases show
slightly higher values for precipitated than for fumed silica. This
behavior may be related to the hydroxyl groups on the surface of sil-
ica particles. Due to their production process in general precipitated
silicas have more hydroxyl groups than pyrolytically produced silicas
[44]. Surface groups that are not integrated into the amorphous solid
structure and are thus more weakly bound tend to increase the
accommodation coefficient [45]. This could be the explanation for the
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Fig. 3. Pore size distribution of precipitated and fumed silica samples measured with mercury intrusion porosimetry.

higher TACs of precipitated silica. I addition, pyrogenic silica has a
higher purity than precipitated silica [46]. Impurities consist mainly
of various salts from the wet-chemical precipitation process. If the
impurities are regarded as surface contamination, which tends to
lead to an increase in the accommodation coefficient [47], this could
also be a reason for the higher values.

Another interesting finding from the measurements is the clearly
different coupling effect factor f of precipitated and fumed silica. FS
has a coupling effect factor of only 0.53 while the PS investigated has a

0,0513/ e He f
| —&— Ar
0,02 —| —4a— CO,

0,01 —

thermal conductivity [W/mK]

T T OO T T TITm 1 T T
0,1 1 10 100 1.000

0,032 j/ +

thermal conductivity [W/mK]
=
2
|

0,1 1 10 100 1.000

pressure [mbar]

Fig. 4. Gas thermal conductivity of different gases in precipitated silica (upper graph)
and fumed silica (lower graph) as a function of the residual gas pressure, y-axis is split
between 0.025 and 0.05 W/mK at the upper and between 0.017 and 0.03 W/mk at the
lower plot for better legibility.

coupling effect factor of 3.91. That is a result of their different structure
in the two to three-digit nanometer range and thus an indication that
the coupling effect mainly takes place in this order of magnitude. Both
silica types have primary particles around 10 nm. Despite this, as men-
tioned, their aggregate structure is very different. The two touching
spheres pictured in Fig. 1 could be understood to mean that the cou-
pling effect takes place between the primary particles, but this is not
correct. The gussets between the primary particles are so small that
even at atmospheric pressure there is no gas thermal conductivity and
thus no coupling effect between solid and gas thermal conductivity. If
one imagines the spherical structure depicted as a spherical aggregate
of precipitated silica, however, one understands why the coupling
effect factor is greater here than in the case of fumed silica.

Fig. 6 shows a comparison of the present results including thermal
accommodation coefficient and coupling effect to the measured data
of PS and krypton as an example. Additionally, thermal conductivity
calculated with the measured pore size distribution of PS and the
model of Bourret [35] are plotted in the graph. One can see that it is
not possible to represent the heat transfer in silica samples with this
model. It is not expedient to neglect the thermal accommodation
coefficient as it depends very much on the substance pairing and
does not only correlate with the molar mass of the gas. Supplement-
ing the coupling effect in Bourret's model does not lead to consistent
values, although the coupling effect only depends on the geometry of
the solid structure. Thus, it should be independent of the type of gas.

Note: Raw data of thermal conductivity measurement as well as
pore size distributions are available via “Mendeley Data”.

5. Conclusion

In the presented work thermal conductivity of two silica samples
one precipitated and one fumed has been measured under rarefied gas
conditions in combination with the gases helium, air, argon, carbon

Table 3
Thermal accommodation coefficients for different silica materi-
als in combination with different gases.

Precipitated silica ~ Fumed silica
He 0.12 0.09
Air 0.41 0.33
Ar 0.58 0.32
CO, 0.72 0.48
Kr 0.75 0.52
SFg 0.43 0.43
SO, 1.00 1.00
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Fig. 5. Thermal accommodation coefficients of different gases with different molar masses compared with the results based on the theory of Kaganer; the dotted vertical line shows

the molar mass of the solid material SiO,.
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Fig. 6. Comparison of Bourret’s [26] model with the presented method of calculation
and measured data for precipitated silica and krypton as an example.

dioxide (CO,), sulfur dioxide (SO,), krypton, and sulfur hexafluoride
(SFe). The pore size distribution of both samples has been measured
with mercury intrusion porosimetry. A calculation procedure is pre-
sented to predict gas thermal conductivity as a function of the pore size
and gas pressure. In this regard, the coupling between solid and gas
thermal conductivity is also taken into account. Furthermore, thermal
accommodation coefficients for the inner pore wall-gas boundary layer
of silica could be determined experimentally for the first time. The TACs
are very important for the complete understanding of the thermal pro-
cesses in silica materials used for vacuum insulation panels. Until now it
was common practice to assume a value of « = 1 for air. If one considers
the determined result of o = 0.42 and « = 0.32 for air and precipitated
and fumed silica, respectively, it becomes clear that this assumption
should be reconsidered. The authors make no claim of total accuracy for
the values determined because the values are not measured directly but
calculated through measurements of the overall heat flux of the sam-
ples. In addition, & = 1 was assumed for SO, which is certainly not cor-
rect in a mathematical sense. On the one hand, the molecular masses of

SO, and SiO, are not exactly identical and on the other hand, a loss-free
energy transfer is rather unlikely even with the same molecular masses
of gas and solid surface. Nevertheless, the results have a considerable
benefit compared to previous practices in the application of the Knud-
sen model especially in the field of vacuum insulations. The measure-
ment results for the TACs show an almost linear curve when plotted
above the molar mass. They rise with increasing molar mass of the gas
up to M, = M, and then decrease again linearly with a smaller slope. The
basic course is therefore identical to that proposed by Kaganer. In addi-
tion, the method presented is compared with a model in which the
thermal accommodation coefficient does not occur. It could be shown
that the thermal accommodation coefficient cannot be neglected in any
case. Furthermore, it was established that the assumption of too high
thermal accommodation coefficients leads to an underestimation of the
coupling effect. That newly generated findings should be taken into
account in future investigations in this field.
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Chapter 6

Paper 3: Methodical selection
of thermal conductivity models
for porous silica-based media
with variation of gas type and
pressure

In Chapter [5| (Paper 2), the thermal accommodation coefficient was identified
as an important parameter in describing the thermal conductivity of porous
silica, and an apparent TAC was determined for different gas—solid pairings.
For this purpose, a reverse approach was employed by using common calcu-
lation models for thermal conductivity in which the TAC is required as an
input parameter. The TAC was then used as the only unknown fit variable
to align the calculations with measurement results. The work demonstrates
that the influence of this parameter on the calculation of effective thermal con-
ductivities is significant. However, the presented results are only valid for the
investigated materials and have no general validity. The variation in the deter-
mined apparent accommodation coefficients of fumed and precipitated silica
(see Chapter [p| Figure 5) not only show an actual difference in the surface
properties of the particles but also are the result of other factors not consid-
ered in the calculation, such as particle or pore geometry on various size scales.
Such structural differences can be seen in Figure 6.1, which presents transmis-
sion electron microscope images of the agglomerates of precipitated and fumed
silica.
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Figure 6.1: Transmission electron microscope images of a precipitated silica
agglomerate (left) and a fumed silica agglomerate (right, [50])

These shape-related material properties can hardly be quantified, and almost
no analytical calculation models in the literature include such factors. One
possible approach to find a quantitative measure of the particle shape is to de-
termine the fractal dimension of the particles. This concept was investigated
in the framework of this thesis, but no correlations between the fractal dimen-
sion and thermal conductivity could be established. Nevertheless, countless
calculation models in the literature utilize different approaches that promise
to determine the thermal conductivity of porous media. However, not all of
these models fit all porous materials equally well. Reasons for this are, for
example, the already mentioned differences in the microstructures of the ma-
terials. Some models have been specifically designed with certain materials
in mind, while others randomly fit with one material or another. These rela-
tionships are investigated in a large-scale study in the following paper, with
the goal to find the best-suited calculation methods for the material classes of
fumed and precipitated silica, silica gel, and glass sphere fillings. To focus on
user-friendly solutions, only models that can be used with generally accessible
input parameters are compared. The required material values, as shown in
Equation , are limited to the pore size (distribution) d, the particle size D,
and the porosity ¢:

Aers = [(d, D, 9). (6.1)

Different calculation models for the effective thermal conductivity as well as
for the individual parameters of the gas thermal conductivity are combined,
and the results are compared with measurements of different materials and
material-gas pairings. Furthermore, the models are supplied with different
measured values of the materials’ particle and pore sizes, and the models are
also compared and evaluated. This results in 2,800 different calculation meth-
ods from which favorable model combinations for the different porous solids
could be extracted.



International Journal of Heat and Mass Transfer 187 (2022) 122519

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier.com/locate/hmt

Methodical selection of thermal conductivity models for porous n
silica-based media with variation of gas type and pressure G

Sebastian Sonnick®"* Lars Erlbeck? Manuel Meier®, Hermann Nirschl®, Matthias Ridle®

3 Mannheim University of Applied Sciences, Paul-Wittsack-Straf8e 10, Mannheim, 68163, Germany
b Karlsruhe Institute of Technology, Strae am Forum 8, Karlsruhe, 76131, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 5 November 2021
Revised 10 December 2021
Accepted 1 January 2022

If the effective thermal conductivity of a silica powder in any gas atmosphere is to be calculated analyti-
cally, one is faced with a whole series of decisions. There are a lot of different models for the gas thermal
conductivity in the pores, the thermal accommodation coefficient or the effective thermal conductivity it-
self in the literature. Furthermore, it has to be decided which input parameters should be used. This paper
gives an overview and recommendations as to which calculation methods are best suited for the material
classes of precipitated silica, fumed silica, silica gel and glass spheres. All combinations of the described
methods result in a total of 2800 calculation models which are compared with pressure-dependent ther-
mal conductivity measurements of 15 powdery materials with 7 different gases using Matlab computa-
tions. The results show that with a model based on a spherical unit cell, which considers local Knudsen
numbers, the measuring points of all powder-gas combinations can be determined best with an average
variance of about 18.5%. If the material class is known beforehand, the result can be predicted with an

Keywords:

Effective thermal conductivity
Vacuum insulation panels
Silica

Knudsen effect

Smoluchowski effect

Particle size

average accuracy of about 10% with the correspondingly determined methods.

© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The calculation of the effective thermal conductivity of porous
media has concerned scientists for more than a century. Under-
standing the influence of the different heat transfer mechanisms
is fundamental in many fields like super insulation materials [1,2],
astronomy [3,4], reactor technology, fluidized beds and many more.
There is an almost infinite number of numerical [5-7] and ana-
lytical [8-10] prediction models. Despite this, or perhaps because
of it, the user is often faced with the question of which calcu-
lation method is the right one for the own specific case. Tsotsas
et al. [11] show an illustrative review of early models of differ-
ent complexity. Parzinger [12] also provides a very comprehensive
listing of 59 different models for the prediction of the effective
thermal conductivity of porous media in his thesis. Aichelmayer
[13] gives a broad review of different models which he classifies
according to their suitability for different solid-fluid conductivity
ratios. Bjurstrom et al. [14] compare several models to calculate
the thermal conductivity of silica gel. They obtain the best results
with Luikov’s model [15] which is also investigated in the present
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work. Jayachandran [16] compared measurements of glass-air and
ceramic-air packed beds with different models and found good
agreement of their 2-D square cylinder unit cell model with mea-
sured data. Bouquerel et al. [17] list and compare different mod-
els for all heat transfer mechanisms in vacuum insulation panels
filled with different silica based core materials. They also show
measured values from the literature and make general statements
concluding that accurate modeling of gas thermal conductivity is a
major challenge.

In the literature empirical fitting parameters are often used to
adapt the model results to available measurement results of cer-
tain materials [18]. In some cases this approach can make sense,
since the investigated porous media can be of very different na-
ture and therefore deviate strongly from the model conceptions.
However, in the present work adjustable parameters to give good
fits to experimental data will be deliberately avoided in order to
demonstrate and compare the raw, unaltered form of the models
as they are presented to the end user. Models are often validated
with measured values from different authors due to a lack of mea-
surement data. The measurements are often carried out in differ-
ent laboratories by different people using different methods. In this
work, however, all thermal conductivity values originate from the
same apparatus and were recorded at the same temperature. Like-

0017-9310/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Nomenclature

ETC Effective thermal conductivity

GTC Gas thermal conductivity

A Thermal conductivity

FS Fumed silica

PS Precipitated silica

SG Silicagel

GS Glass spheres

dpeak Peak value of pore size measurements

dgist Pore size distribution

CO, Carbon dioxide

N Sulfur hexafluoride

S0, Sulfur dioxide

B Dimensionless coefficient

Kn Knudsen number

o Thermal accommodation coefficient

M¢ Molar mass of gas molecules

Mg Molar mass of solid surface molecules

T Temperature

L Mean free path of gas molecules

k Boltzmann constant

dkin Kinetic molecular diameter

p Pressure

X Pore size

Vv Volume

Dgr Particle size, grain size

dpore Measured pore size

KC Kozeny’s Correction

1) Porosity

A 1-¢

buc Porosity of a unit cell

Peorr Corrected porosity which accounts for Ag

Nu, Empirical parameter for radiation in ZBS model

S Mean-variance between progressions of measured
and calculatet thermal conductivity over pressure
curve

N Number of materials investigated

] Number of gases investigated

Dyggi Agglomerate size

Daggr Aggregate size

Dprim Primary particle size

Indices

base Related to As + A, (measured at very low pressures)

C Related to the coupling between As and Ag

eff SV Effective, calculated with Schumann and Voss
model

g Gas inside pores

g Gas in specific pore size

m Measured

0 At ambient conditions

p Particle

r Radiation

S Solid backbone of a porous media

wise, the secondary parameters such as pore or particle size dis-
tribution were determined using the same and thus comparable
methods and were performed with the exact same samples like
the thermal conductivity measurements.

In this paper, an overview of a variety of analytical calculation
models for the determination of the effective thermal conductivity
of porous media is provided. They are classified in terms of their
complexity and input parameters. The results of the calculations
are compared with thermal conductivity measurements of silica-

International Journal of Heat and Mass Transfer 187 (2022) 122519

based porous materials at different residual gas pressures, using
different types of gases (air, helium, argon, CO,, SO,, SFs, and kryp-
ton). Six precipitated silicas, three fumed silicas, three silica gels
and three glass packed beads were analyzed. Thus, from a chemical
point of view, the solid material is the same for all samples stud-
ied, although the surface properties may differ. The focus of the
investigation is on the heat conduction through the disperse gas
phase at varying gas pressures below atmospheric conditions and
its coupling with the solid phase. In Chapter 4.1 and 4.2 effective
thermal conductivity models which only use the so-called primary
parameters are presented. These are the thermal conductivities of
the fluid and solid phase as well as the porosity of the materi-
als. The so-called secondary parameters needed for the models in
Chapter 4.3 are limited to the particle or pore size or their distri-
butions respectively. Evaluating other models often requires knowl-
edge of additional input parameters like packing arrangement or
number of contact points which in general, are not available. Con-
sequently, required data in this work do not go beyond pore- and
particle sizes. The mentioned primary and secondary parameters
can either be measured directly or taken from the literature. An
exception is the gas thermal conductivity inside the pores, since
it is a function of the gas pressure and the pore size. In the liter-
ature, one can find many options for calculating gaseous thermal
conductivity in the pores of porous media with consideration of
the Smoluchowski effect. An overview of the most common ones
is presented in Chapter 3. The presented effective thermal conduc-
tivity (ETC) models are combined with the different gas thermal
conductivity (GTC) models and then compared with the measured
values. Due to the enormous amount of models and calculation
methods in this field, it was impossible to examine all those found
in the literature. The aim was to provide an overview of the best-
known and most diverse models.

GTC models and ETC models with secondary parameters re-
quire pore and/or particle size information. The selection and post-
processing of such measurement data represents a decision as
difficult and much debated as that of the correct computational
model. Therefore, this paper also discusses several options on this
issue. Thus, the user ultimately has to reach three basic decisions:
which ETC model, which GTC model and which geometric size in-
put parameter should be taken for the particular case. This work
will help the user in decision-making, as all the options presented
for the three questions are combined and compared with the un-
derlying measurement data using a numerical computing platform.
The impacts of the different options are examined and recommen-
dations are made for the four material groups investigated.

2. Materials and methods
2.1. Porous media

In this paper, a total of 15 powdery substances were investi-
gated, all of which consist of amorphous silicone-dioxide (SiO,).
These are six precipitated silicas (PS), three fumed silicas (FS),
three silica gels (SG) and three types of glass beads (GS). Five
PS samples are from "W. R. Grace and Company” (Gr), one is
from "Evonik Industries” (Ev). The fumed silica samples are from
"Wacker” (Wa) and "Evonik Industries” (Ev). Silica gel samples are
all from "W. R. Grace and Company” (Gr). Two types of glass spheres
are from ”"Bassermann Minerals” (Ba) and the other one is a no-
name blasting agent (Bl). Table 1 lists all the solid materials in-
vestigated and the specifications available for each. X and v'stand
for "data unavailable” and "data available”, respectively. For ma-
terials with a multiscale structure, two or three values are listed
for primary particle size Dy, aggregate size Dgggr and agglom-
erate size Dy in case of fumed or precipitated silica, or Dyp
and Dy in case of silica gel. PS and FS have a three-scale struc-
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Table 1
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List of all investigated porous materials with according available properties. The material names are composed of material

type_company_number.

Material Porosity ¢ [-]

Mean particle size Dpj | Daggr | Daggi [I1m]

Peak pore size dpeq [ILm]  Pore size distribution dgis

PS_Gr_01 0.88
PS_Gr_02 0.91
PS_Gr_03 0.89
PS_Gr_04 0.87
PS_Gr_05 0.81

0.0208 / 0.1174 | 12.5
0.0058 | 0.1738 | 8.9
0.0119 / 0.1176 | 8.8
0.0198 / 0.1041 | 12.5
X [02211 /7

PS_Ev? 0.88 0.0272 [/ 0.2119 / 6.5
FS_Wa 0.94 0.0223 / 0.0944 | 43.1
FS_Ev 0.93 0.0267 / 0.0564 | 38.9
FS_VIPP 0.90 0.0244 | 0.1390 | 66.9
SG_Gr_01  0.90 0.0134 /3.2 /-
SG_Gr_02  0.90 0.0125 /11.2 / -
SG_Gr_03  0.67 0.0038 / 8 | -

GS_BI 0.35 56.9 -/ -

GS_Ba_01 0.56 35/-/-

GS_Ba_02 031 222/-/-

0.023
0.382
0.008
0.023
0.269
0.020
0.012
0.014
0.023
0.008
0.008
1.548
17.913
1.091
6.273

AN N N N N N N N NENENEN

2 Hydrophobic PS

b Ready mixed core material for vacuum insulation panels, which consists of fumed silica, cellulose fibers and silicon carbide as an

opacifier.

Table 2
Material values of the powdery materials used for the calculations.

Thermal conductivity of silica (samples 1 - 12)

Density of silica (samples 1 - 12)

Thermal conductivity of glass spheres (samples 13 -15)
Density of glass spheres (samples 13 -15)

1 W/mK [21]
2200 kg/m?  [21]
138 WmK  [22]
2560 kg/m?  [23]

ture. The primary particles sinter together during the production
to form aggregates with sizes in the three-digit nanometer range.
These aggregates tend to connect to form the so-called agglom-
erates due to Van der Waals forces. In the case of silica gels, a
large network of primary particles was crushed to form the par-
ticles. Here, no further agglomeration is assumed. Therefore, only
two size scales are given in the table, the primary particles and the
aggregates. Primary particle sizes were measured with a Xenocs
Xeuss 2.0 SAXS (small-angle x-ray scattering) camera for all mul-
tiscale samples. Agglomerate sizes have been measured by laser
diffraction (Co. Malvern and Co. Sympatec) using a wet dispersion
process. Aggregate sizes have been measured by dynamic light
scattering in deionized water using a Zetasizer (Co. Malvern Pan-
alytical Ltd, UK) with a 10-minute upstream dispersion step with
an ultrasonic tip. The glass sphere sizes were determined by a dig-
ital light microscope (Co. Keyence). For the pore size distributions
mercury intrusion porosimetry measurements using an AutoPore
Il (Co. micromeritics, USA) and a Pascal Series Mercury Intrusion
Porosimeter (Co. Thermo Fisher) have been carried out. Pore size
distributions of all materials are shown in the appendix in Fig. A.1.
Some of the presented data have already been published in Meier
et al. [19,20]. All solid material values for the different samples are
shown in Table 2.

2.2. Gases

The gas pressure-dependent thermal conductivity has been
measured for all materials listed in Table 1. For this purpose, all of
the gases listed in Table 3 have been used for an individual mea-
surement (except for krypton which was only used for some of the
materials due to supply difficulties).

2.3. Thermal conductivity measurements
The gas pressure-dependent thermal conductivity was mea-

sured with a self-constructed guarded hot plate apparatus. It is
located in a vacuum chamber so that the residual gas atmo-

sphere can be adjusted between approximately 0.05 mbar and at-
mospheric pressure. The special feature of the apparatus is that
the entire measuring chamber as well as the hot plate can be re-
moved from the apparatus in order to carry out sample prepara-
tion, i.e. compaction of the powdery materials with a hydraulic
press directly on site. This avoids cracks and gaps between the
plates and the samples as far as possible. A more precise descrip-
tion of the setup and an error consideration can be taken from
our earlier work [24]. For sample preparation, the powdered ma-
terials are baked and dried directly in the apparatus for at least 3
hours at 95 °C and < 1 mbar. The vacuum chamber is purged twice
with the regarding gas. Finally, N = 13 thermal conductivity values
are recorded at gas pressures between 0.05 mbar and atmospheric
pressure starting at atmospheric pressure.

3. Calculation of the gas thermal conductivity

When calculating the gas thermal conductivity, the dilution of
the gas or the type of gas flow is decisive. A measure for this is
the Knudsen number (Kn). It is explained in more detail in Chap-
ter 3.2. Kn is often used to categorize into different flow regions.
A common classification into molecular flow (Kn > 10), transition
region (10 > Kn > 0.1), slip flow (0.1 > Kn > 0.01) and continuum
flow (0.01 > Kn) was proposed by Chambre [25]. In the continuum
region and free molecular flow, the thermal conductivity can eas-
ily be derived using the kinetic theory of gases [26]. In the contin-
uum region, the thermal conductivity is almost independent of the
pressure because of two mutual canceling effects. For one thing,
the more particles are available to transport energy, the higher
the thermal conductivity is. Secondly, if there are many particles,
the mean free path becomes smaller, thus the energy is not trans-
ported as far between the individual collisions, which leads to a
reduction of the thermal conductivity. Both effects almost cancel
each other out [27]. With increasing Knudsen number, however,
the mean free path is increasingly influenced by the particle-wall
collisions, and thus by the pore size, rather than by the particle-
particle collisions. This behavior results in a pressure dependence
and is called Soluchowski or Knudsen effect. An exact derivation
of the thermal conductivity of gases in the transition region would
be very difficult due to the complexity of the Boltzmann equa-
tion. Therefore, it is common to interpolate between the contin-
uum solution and the free molecular flow solution. This results in
an equation developed by Prasolov [28] (Eq. 1).

Ao

heos = 1B

(1)
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Table 3
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List of gases used for the thermal conductivity measurements and their properties of interest.

Thermal conductivity Ao[ 1%

Molar mass M[-£ |

mol

Kinetic molecular diameter d;;,[10-°m]

Isentropic Exponent (k ( %)[71)

Air 0.0262 28.96 3.69 14
Helium 0.1536 4.00 2.19 1.68
Argon 0.0177 39.95 3.64 1.68
CO, 0.0171 44.01 4.55 1.29
Krypton  0.0095 83.8 4.13 1.68
SFs 0.0135 146.05 6.17 1.29
SO, 0.0095 64.07 5.42 1.29
19 pmmmm—=mn B e = e = e e = e e -
30 Equation 2 Pl ——r Seen *
Equation 3 o? * * ¥ Se.
EZ Equation 4 . ';K ¥ Baule
E= Equation 5 0.8 :/ "' ==== (Goodman
20 H [quation 6 / K
l' 5 Kaganer
K ',’ —==—== Bauer
- :(Hi— "' :: /’,...——-.___~~~ * Song
4 N . S~
\ 2 i
S N = H
\ \ %
\ \ ]
\ N
\ \
0 N N
Helium  Air Argon  CO2 SO2 Krypton SF6
Fig. 1. Dimensionless parameter § for all gas types investigated in this paper cal- 0 : : : . . . : .
culated with equations from Table 4. 0 20 40 60 30 100 120 140 160

Table 4
Different equations from the literature to calculate the dimensionless parameter .
Equation References
2—a 2« 1
ﬂ:Z*TK+]ﬁ ) [15,29,30]
2—a 2¢ 1
b= vim @ 31l
p=22"% @ [32-34]
19% -5
B=g % 1 (5) [35]
5m 9%k -52 -«
=i o © [24,36,37]
From the structure of this equation it is clear that

li Kn) = li Kn) =Xg. It i 11k h
Knlglookg( n) =0 and K;Tokg( n) =Ag. It is well known that

gas molecules do not tend to perform a complete energy exchange
with the wall during the collision. This leads to a temperature
jump at the interface. Mathematically, this phenomenon can also
be understood as an increase of the wall distance. In Eq. (1) this
effect is represented by the dimensionless parameter S. There
are several definitions for 8 in the literature, which are listed in
Table 4. It is a function of at least one of the following parameters:
isentropic exponent x (which is the relation between specific heat
at constant pressure and specific heat at constant volume %), the
thermal accommodation coefficient & (which will be discussed in
Chapter 3.1 in detail) and the Prandtl Number Pr. The resulting
B values for the investigated gases in combination with a silica
surface differ greatly from the gases and also from the equations
as can be seen in Fig. 1.

3.1. Accommodation coefficient

The thermal accommodation coefficient (TAC) « is a measure
for the imperfection of the energy exchange of a gas molecule
at wall impact. The TAC is for heat transport via molecular colli-
sions like the emission coefficient for radiative transfer. Essentially,
it depends on the following influencing variables: Molar mass of

M, [g/mol]

Fig. 2. Accommodation coefficients calculated with different models plotted over
the molar mass of the gas molecule. Song’s model also depends on degree of free-
dom of the respective molecule so it was only calculated for the types of gas inves-
tigated in this paper.

gas molecules Mg, degrees of freedom of gas molecules, molar
mass of the solid surface material Mg, surface properties (rough-
ness, adsorbed molecules, impurities) and temperature. In the lit-
erature only a few data are available with partly significant devia-
tions. General agreement exists, however, on the tendency that the
accommodation coefficient decreases with increasing temperature
and decreasing molar mass of the gas. Some well-known formulas
for calculating the accommodation coefficient are given below.
The resulting TACs are plotted against the molar mass of the
gas particles in Fig. 2. From the solid sphere theory and the law of
conservation of momentum, an approximation of the TAC can be
derived from the masses of the gas molecules and the molecules
of the solid surface. According to Baule [38], if only translational
energy is transferred and each gas particle hits the surface only
once, Eq. (7) can be derived.
2McMs
0= — 7
(M¢ + Ms)? @
This equation was extended by Goodman [39], who used it to
obtain good agreement with measured values in the temperature
range 0 - 500 K. He postulated Eq. (8).
Mg
M (8)
Mo\ 2
(1+ %)
Another approximation mentioned by Kaganer [29] is shown in
Eq. (9).
Ms — Mg \*
(5 :
Ms 7 Mg 9)

Song [40] not only takes the masses of the molecules but also
the degrees of freedome of the gas molecules into account. He de-

a=24
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rives Eq. (10),

~ T-T, M
ot_exp[Co( To )](Cl-l-M’é)

ool () 2

where M{ = Mg for monatomic gases and Mg =1.4x Mg for di-
atomic or polyatomic gases and

G = -0.57 dimensionless
G = 6.8 units of Mg
To= 273 K.

Bauer, on the other hand, describes a negligible influence of the
surface properties and recommends for estimation a correlation of
the molar mass of the gas and the TAC at room temperature, which
is shown only graphically in his paper [41]. The relationship is best

described by a function of the form y = W For this particular
case, Eq. (11) could be derived from the figure.
144.6
=1- "= 11
“ (Mg + 12)2 (n

3.2. The knudsen number and the characteristic length

The Knudsen number is a measure of the dilution of the gas
and describes the ratio between the mean free path of the gas
molecules L to a characteristic length x (Kn = L/x). The higher
the Knudsen number, the greater is the dilution of the gas. The
mean free path of the gas molecules is the average distance a gas
molecule can travel before it collides with another one. It can be
calculated according to the kinetic theory of gases via Eq. (12) [42].

kT
[=—— 12
V2md p (12)

There are various interpretations in the literature for the char-
acteristic length in a porous material. The original definition by Ka-
ganer [29] refers to two opposing parallel plates. In this case, the
distance between the plates is the characteristic length. The situa-
tion is different in the void spaces of a porous material. The pore
shapes are usually very chaotic and deviate strongly from two op-
posite plates. Therefore, the aim of an analytical solution is to find
the best approximation to reality for different porous media. There
are different approaches to this purpose, which will be discussed
in the following. Many authors simply use the mean pore size as
characteristic length. This assumption deviates relatively strongly
from the real conditions, but represents a simple and fast estima-
tion method. Another common method is to use a correction factor
for the pore size or, if no pore size measurement data are available,
to calculate the pore size from the particle size. Details on this are
elucidated in Chapter 3.3. If available, it is possible to use the pore
size distribution dy;;; instead of the mean or peak pore size deq
for the calculation. In this case, a corresponding Knudsen number
must be calculated for each occurring pore size, and from this a
gas thermal conductivity. It can then be weighted according to the
volume fraction associated with the different pore sizes, as it is
shown in Eq. (13).

o= [ V_ix (13)

8 Vmax

With k’g as gas thermal conductivity in pores with pore size x,
dV as pore volume of the pores with size dx and Vi« as total pore
volume.
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Table 5
Summary of different methods to calculate gas thermal conductivity in pores.

Dimensionless parameter 3  TAC « Characteristic length x
Eq. (2) Baule (Eq. 7) dpeak
Eq. (3) Goodman (Eq. 8)  dgis
Eq. (4) Kaganer (Eq. 9) pea * =
Eq. (5) Song (Eq. 10) dgise * 5
Eq. (6) Bauer (Eq. 11) Dyggt & KC
Doger & KC
Dprim & KC

3.3. Corrections of the geometric parameters

In addition to the mentioned calculation methods, some sug-
gestions for the correction of the measured quantities exist in or-
der to either convert them into the required parameters or to
adapt them to the models. If, for example, no direct measured val-
ues for the pore size are available, the Kozeny’s correction (KC) for
calculating the average gap distance x for equal-sized spherical par-
ticles from the particle sizes Dy, Daggr OF Dggq and the porosity
¢ can be used [29,43,44]. It results from the ratio of pore volume
and particle surface area and is shown in Eq. (14).

2 ¢
X=--—-D 14
STo gD (14)

Even if measured values for the pore size or the pore size dis-
tribution are available, correction methods can be useful due to the
fact that measured pore sizes do not necessarily represent the av-
erage gap distance in pores. In our previous works [24,45], the av-
erage gap distance in spherical pores was calculated from the pore
size with Eq. (15).

T

X= gdpore (15)

3.4. Summary of possible calculation methods for the gas thermal
conductivity

The calculation options for the TAC «, the dimensionless pa-
rameter S and the characteristic length x described in the previ-
ous chapters are summarized in Table 5. The variations result in
175 possible combinations to calculate the gas thermal conductiv-
ity with Eq. (1).

4. Calculation of the effective thermal conductivity

The effective thermal conductivity A.s; is the macroscopically
observed, apparent thermal conductivity of a material composite
or a porous medium. It is composed of the thermal conductivi-
ties of the individual components, their proportion and the struc-
tural distribution. In the following, various models for predicting
the effective thermal conductivity of porous media are presented.
Basically, it is assumed that the total thermal conductivity is com-
posed of the four components: solid thermal conductivity As, ther-
mal conductivity by radiation Ar, gas thermal conductivity A and
the coupling term A, as it is shown in Eq. (16). Convection can
be neglected since the gases are not moving in such small pores
[46,47].

Aeff=As+Ar+Ag+Ac (16)

The two components As and A, are assumed to be independent
of gas pressure. Their sum can be determined by thermal conduc-
tivity measurements at very low pressures, since it can then be as-
sumed that the thermal conductivity of the gas is completely sup-
pressed. These two mechanisms are represented by the baseline
on the bottom of Fig. 3 and are summarized below as Ap,,. The
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Abase = As + Ar

Kn

Fig. 3. Schematic diagram of typical thermal conductivity versus Knudsen number
curve; x-axis is logarithmic and inverted.

gas thermal conductivity is a function of the Knudsen number Kn,
which in turn is a function of pressure as well as of the geometric
size of the void space. It can be determined as described in Chap-
ter 3. The coupling term A, can be understood as the interaction
between the other heat transfer mechanisms, primarily between
As and Ag. For example, having a unit cell of two ideal spheres in
contact with infinitesimally small contact area, the solid heat con-
duction in the direction of the line connecting the two centers of
the spheres is also infinitesimally small if the gas heat conduction
is completely suppressed. If the gas between the spheres now ob-
tains a non-zero thermal conductivity, the effective thermal con-
ductivity of the entire unit cell exceeds the pure gas thermal con-
ductivity (provided that A, is greater than Ag). Fig. 3 shows not an
actual measurement or calculation. It is only a schematic represen-
tation to visualize different heat transfer mechanisms.

Different types of prediction models for the effective thermal
conductivity of porous media are presented below. According to
their approach and complexity, they are divided into the categories
"Geometry independent models”, "Unit Cell Models” and "Models
with consideration of local Knudsen numbers”.

4.1. Geometry independent models

For this type of prediction model, one needs minimal knowl-
edge about the investigated materials. It is sufficient to know the
thermal conductivities of the two phases and the porosity. These
data are called primary parameters in some references. Accord-
ing to [13], these models work best for small solid/fluid thermal
conductivity ratios. Accordingly, they should be applicable in the
present investigation especially for pressure ranges close to atmo-
spheric pressure and gases with rather high thermal conductivity.

4.1.1. Series and parallel connection model

The simplest model for describing the thermal conductivity of
porous media is a serial or parallel connection of the thermal re-
sistances of the individual phases. The weighting of the individual
phases is usually done according to their porosity. The pure serial
or parallel connection represents the lower and upper limit case.
Combinations of the two limiting cases are usually used. The serial
part can be understood as the contribution of the coupling effect.
A well-known model of this kind was already developed by Rus-
sel [48] in 1935. He presented two versions of his formula which
differ in which of the two phases is disperse. In the case of pow-
dery substances, the fluid can always be regarded as the disperse
phase. The corresponding version is shown in Eq. (17). Since Rus-
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sel’s model does not provide for a continuous solid path, the ef-
fective thermal conductivity approaches zero when the gas ther-
mal conductivity disappears. In order to prevent this and to make
the model comparable with the others, the measured value Ay, is
added to the original equation.

A23 4 %(l _ A2/3)
P
A,
A3 — A+ 5(1- A3+ A)

)"eff = )\buse + )‘-g (17)

A is 1 —¢ and ¢ is the porosity, which is defined as the volu-
metric ratio of void spaces in a porous media.

4.1.2. Maxwell

Maxwell formulated two limiting cases for very large and very
small porosities in his composite medium problem as early as 1873
[49]. The first case mentioned assumes a fluid with suspended
sherical solid particles and the second a solid with widely spaced
sherical fluid-filled voids. In both cases, the spheres show no in-
teractions with each other. Therefore, A, is added to the result
again. In the present work only the first version is used which is
shown in Eq. (18).

26+ 3£ (3-2¢)

Py (18)
3-9+ 3¢

)‘eff = )‘base + )‘g

4.1.3. Scaling model

Swimm et al. [36] propose a scaling model that is developed
on the basis of simple interconnections of thermal resistances. It
provides for a linear dependence of the coupling effect on the gas
thermal conductivity for a wide range of solid to fluid thermal con-
ductivity ratios. The corresponding function is shown in Eq. (19).

)"eff = )‘base + )‘g(l +F¢) (19)

According to this, in one of our previous works [24], the rela-
tionship shown in Eq. (20) was determined for precipitated silica
with air as the pore gas and a porosity range between 0.76 and
0.92. For this purpose, the results were fitted to thermal conduc-
tivity measurements with F as the only fit parameter. Five differ-
ent precipitated silicas were used, each of which was compressed
to different degrees in order to include as large a porosity range as
possible.

Aeff = Apase + Ag(—18.68¢ + 18.94) (20)
4.2. Unit cell models

The models discussed in this chapter, consider particle geome-
try in some way. These are all unit cell models. A unit cell is a sub-
stitute geometry for the smallest structures that repeat over and
over again in a porous medium. The unit cell geometry is derived
from the porosity and/or the particle size.

4.2.1. Sphere model

Kaganer proposes a model for spherical backed beds based on
a cylindrical unit cell with two spheres in contact in his 1969 pa-
per [29]. A sketch of this unit cell is shown in Fig. 4. The heat flux

at each distance to the contact point is calculated as a series con-
. . 2 4 .
nection from the thermal resistances %}f and %, and weighted as
a parallel connection according to their circular area fractions per-
pendicular to the heat flux direction. The resulting thermal con-
ductivity is then assigned to a certain area fraction of the total
heat transfer area via porosity. In addition, the average number of
contact points of the spheres is also calculated from the porosity.
The effective thermal conductivity after integration over the radius
of the cylindrical unit cell finally results in Eq. (21). Again, Apge

is added, since the contact points of the spheres are infinitesimally
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A - R,

Fig. 4. Cylindrical unit cell of the sphere model.

small and thus the effective thermal conductivity together with the
gas thermal conductivity would otherwise approximate zero.

581-¢)2 (1, A k
Aeffszﬂse+xg[(k‘i’)<k1nxg—1—2)+1} (21)

Here k=1 — i—i.

Cunnington and Brodt [50,51] also use Eq. (21). In this model,
the gas thermal conductivity is independent of the location and is
either assumed as Ag = A for the case of continuum flow or de-
termined by taking into account the Soulochowski effect via a re-
lationship listed in Chapter 3. Particle size is not considered in this
type of computational model. Numerous authors [52,53] present
similar unit cell models. They are the attempt to take into account
the coupling effect between solid and gas thermal conductivity by
the simplified consideration of a geometry as close to reality as
possible. It is common to weight the coupling contribution and the
pure gas thermal conductivity with corrected porosities for exam-
ple by comparing the porosity of the unit cell with the real poros-
ity. Some different approaches to this are listed in [54].

4.2.2. Schumann and Voss
The model of Schumann and Voss [55] is based on a planar unit

cell with a particle geometry in the form of a hyperbola. The exact
function of the hyperbola is determined by a shape factor which is
denoted as P in the following. P is related to the porosity of the
unit cell ¢, as described in Eq. (22).
due =P(P+1)In (1%’3) _p (22)

Since this equation has a limit value of 0.5, the maximum pos-
sible unit cell porosity in this model is ¢y = 0.5. Most of the ma-
terials investigated here have a higher porosity than this. For this
cases P was assumed to be 200 which leads to a unit cell porosity
very close to ¢y = 0.5. Consequently, a corrected porosity ¢corr is
introduced in Eq 23. For the particular case of ¢, = 0.5 the term

fgfuc becomes one and the corrected porosity can be written as

Gcorr = — (1 = ). For ¢ < 0.5, ¢eorr = 0.

Geor = ¢ — (1 - )2 (23)
1 - ¢UC

The original Schumann and Voss equation for the effective ther-
mal conductivity is shown in Eq. (24).
( 14 P)
In -
P

(24)

Aeffsv
P( +P)(1 - %)

21-9%)
1+P(1_%)

1+P( —%;)

=Ag o> +

International Journal of Heat and Mass Transfer 187 (2022) 122519

Fig. 5. Unit cell of Luikovs model reconstructed after [15].

To include the corrected porosity and once again to account for
Apase At very low pressure levels, the formula was extended as can

be seen in Eq. (25).

)Leff = )\base + (1 - ¢corr) * )‘eff,sv + ¢corr * )\g (25)

4.2.3. Luikov
The unit cell presented by Luikov et al. [15] consists of a skele-

ton of thermal resistors, as can be seen in Fig. 5. The spot in the
middle accounts for the contact resistance between particles. The
geometric sizes of the unit cell L and [ can be calculated from the
particle size and the porosity of the bulk material.

In the original literature the relation ? is given in tabular
form only. In the present work the polynomic equation shown in
Eq. (26) with a coefficient of determination of 0.9995 was used in-
stead.

? =209.03¢% — 744.65¢> + 1054.40¢* — 762.77¢>

+304.07¢% — 68.73¢ + 8.70 (26)

Luikov’s method for the calculation of the effective thermal
conductivity is shown in Eq. (27).

2
1 h 2
)\‘eff:]—’_vg*(l_) +ﬁ (27)
ay +A L T+7+r
Where
1
A= A ve (h)2
)T;+4k,j<m(i) * 103
h %
L 141
and
Ag
Vo = —2
g )\p

The factors k;;, and k;, are an empirical coefficient and the coef-
ficient of particle adhesion, respectively. They are assumed to be
km =1 and k; = 1.5 according to an example calculation in the
original paper. For A. the following term is used to ensure that
the thermal conductivity at very low pressures corresponds to the
measured one. This is again due to comparability to the other

models.
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4.2.4. Zehner, Bauer, Schliinder

In their 1970 paper [56], Zehner, Bauer, and Schliinder devel-
oped what is probably the best-known model for bulk particles of
different geometries. They introduced the shape factor C which de-
termines the geometry of the model particle in a unit cell. The for-
mula for determining the particle geometry is shown in Eq. (28).

22
(B-—(B-1)x)2
Where

10

_(1-90\"
B‘C< s )

For spherical fillings, C =1.25 as suggested by the authors.
Since no recommendation was made for multi-scale geometries
and hierarchical structures, C = 1.25 is used in this work for all
materials. The resulting model particle geometry, however, does
not correspond to a sphere. This is explained by the fact that one
tries to compensate errors which are made by the assumption of
parallel heat flow lines in the following procedure. The final func-
tion for the effective thermal conductivity, obtained by integration
over the radius of the unit cell is given in Eq. (29).

)"Eff =)"base+)”g* {(] —‘/1 —¢> +,/] _¢1—%iB
Tp
Ay
(7ﬁ)ilnﬂ—ﬂ— B-1 }
(1_%3) Bhg 2 1-7£8
In Eq. (29) the pure gas thermal conductivity is weighted with
the corrected porosity (1 - 1= ¢>) and the coupling part deter-

mined with the unit cell with /1 — ¢ respectively. This relation-
ship was derived using the analogy of heat conduction and dif-
fusion and was determined by measuring diffusion coefficients of
porous media.

The Zehner, Bauer, Schliinder model is often called ZBS-model
and is used and sometimes modified by many researchers. Sih and
Barlow [57] for example postulated a modified form and compared
it with 424 measured data. The comparison shows the predictions
to be accurate within a range of + 30% relative error.

r’+ (28)

(29)

4.3. Unit cell models with consideration of local Knudsen numbers

In the models shown in 4.1 and 4.2, a homogeneous thermal
conductivity over the entire gas space is assumed. However, this
leads to an inaccurate representation of reality in the Knudsen
range, since the thermal conductivity depends on the distance to
the wall at each point. If one assumes locally different Knudsen
numbers in the void space, correspondingly varying gas thermal
conductivities result over the radius of the unit cell. Near the con-
tact point of the particles, small gap widths x; (Fig. 4) with high
Knudsen numbers occur. As one moves further away from the
point of contact in the x-direction, the gap width increases and Kn
decreases. This results in a variation of the total thermal conductiv-
ity of the unit cell that depends on the particle size. As in the unit
cell models without consideration of the local Knudsen number,
the coupling term determined over the unit cell and the pure gas
thermal conductivity is weighted according to corrected porosities.
In this particular case, decisions must therefore be made regarding
the characteristic geometry both when determining the gas ther-
mal conductivity and when designing the unit cell. Therefore, the
models following now are calculated for all materials with multi
scale geometry with corresponding multiple input parameters for
the particle size if available, i.e. for PS and FS for the primary parti-
cle, aggregate and agglomerate size and for SG for primary particle
and aggregate size.
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Fig. 6. Thermal conductivity progressions in a unit cell over the radius calculated

with local Knudsen numbers for different particle sizes. A, = 1%, A, calculated

with Eq. (1) using the material values of air at atmospheric pressure and 8 = 4.3.

4.3.1. Sphere model

Swimm et al. [58] propose to calculate the thermal conductivity
in a cylindrical unit cell with locally different Knudsen numbers.
The unit cell is divided into a finite number of cylindrical shells
and their thermal resistances are calculated as parallel connections.
Since the void distance in each cylindrical shell is different, differ-
ent Knudsen numbers and thus different gas thermal conductivi-
ties result. The void distance over the radius for a division into N
cylinder shells for the i-th shell results in Eq. (30). Accordingly, D
and R are the diameter and the radius of the primary particles, ag-
gregates or agglomerates.

(30)

The area perpendicular to the heat flow of the regarding cylin-
der shell is A; = 7 (2i — 1)(%)2. The coupling conductivity of the
entire unit cell can consequently be calculated via Eq. (31), in
which )Lg, is calculated as a function of x(i) for every i with the
respective formula from Chapter 3.

2 X (D-x()  x()\
AC_R]T;A,'(A;; t3,

To calculate the effective thermal conductivity of the bulk ma-
terial, the thermal conductivity of the pure gas phase Ay and that

of the unit cell A, are weighted according to a corrected porosity
dcorr as shown in Eq. (32).

)"eff = Apase + ¢corr)\g + (1 = Georr) Ac (32)

For the spherical unit cell Eq. (23) results in Eq. (33) as it was
used by the original authors.

¢corr = M)T] (33)

To illustrate the influence of the local Knudsen numbers, the
thermal conductivity curves in a unit cell with spherical particles
of different radii are shown in Fig. 6. For comparison, the curve
progression with homogeneous gas thermal conductivity in the en-
tire unit cell, as used by Kaganer, for example, is also shown.

(31)
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Swimm’s model was improved by Guo and Tang [37] especially
for aerogels by considering an overlapping of the spheres and tak-
ing into account a coupling not only in the gap between the parti-
cles but also between particle chains and air gaps. As this is aero-
gel specific, it was not further investigated in this paper.

4.3.2. Zehner, Schliinder

Zehner and Schliinder [34] further developed their well-known
model from [56] by also considering the Smoluchowski effect lo-
cally in the interparticle voids. For this purpose, a local Knud-
sen number is calculated at each location by correcting the global
Knudsen number Kn to Kn* = Ty X(r)) After integration over the
radius of the unit cell A can be written as shown in Eq. (34).

[N_(1+1<n).L°]B
A N
Ae = AoyTw { W I

B+ Kn) — BEL22 (1 — (N = M) -

(34)
(B— 1)1<n]}

with
Ao

M=B + Kn(1 + Nuj)
)\p

and
N = (1+Nu})(1+Kn)

The Knudsen number occurring here can be distinguished from
the Knudsen number used to calculate pure gas thermal conductiv-
ity. The particle size must be used to calculate the Knudsen num-
ber in order to adequately describe the size of the gap in which the
coupling thermal conductivity occurs. For materials with a multi-
scale structure, the decision between primary particle size, aggre-
gate size and agglomerate size is again of crucial importance. Nu,
is an empirical parameter to account for the radiation. The cal-
culation can be taken from the original literature. With the cor-
rected porosity 1 — /1 — ¢ one gets Eq. (35) for the effective ther-
mal conductivity.

eff— (l -/ 1= )()»g+¢)»0Nur)+ 1—(]5)» (35)
4.4. Slavin

In this unit cell model from Slavin [59] the roughness of the
particles is taken into account. The model treats the spheroids as
being perfect spheres, separated at their contact points by a short
cylinder of area d and length 2hr representing the surface rough-
ness. In the present investigation for multi scale structures the
radii of the next smaller structure was chosen as hr. For the pri-
mary particles a complete smooth surface and for the glass spheres
a constant roughness of 0.1 um was assumed. As in other models,
the unit cell is divided into different regions which are then con-
sidered as parallel or in series. The gas thermal conductivity in the
space between the particles is divided into an inner and an outer
region. Where the regions begin and end depends on the parti-
cle size and the mean free path. In the inner region, the Smolu-
chowski effect is considered with a global Knudsen number. The
individual calculation steps can be taken from the original litera-
ture. Eq. (36) shows the calculation of the effective thermal con-
ductivity of the unit cell as a parallel and series connection of the
individual heat resistances Gy of different parts of the unit cell.

_ GS(GI' + Go+ Gc) Ls
Aeff = {Grv+GgU|:Gr+Nc<GS+Gi+GO+GC Ay + Ay (36)

N is the average effective number of contact points of a par-
ticle which is 1.5 according to Slavin et al., the height of the unit

cell Ls = \/gR and Acp and Ay are the area of the particle and the
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void space respectively. To "fix” the low pressure conductivity and
for comparability with the other models the contact resistance was
set to Gc = AbaseA”,‘Z,jLA”. Slavin’s model does not include a classical
term Ag like the other models. Therefore, the results here do not
distinguish between the calculation methods for 8 and the geo-

metric size x.

5. Evaluation procedure

In order to evaluate the results obtained with the different
models and calculation methods, they need to be compared with
the measured ETCs. The mean-variance S of the calculated to the
measured thermal conductivity values for gas pressure levels j =
1: N as shown in Eq. (37) is used for this purpose.

N
. X [T 37)
=l

A () =hepr () ‘

This approach results in one S value for every solid gas combi-
nation. Thus, an average of the mean-variances S for all materials
and gases S,; can be calculated for every combination of calcu-
lation methods. For example the average variance for the sphere
model in combination with Eq. (3) for 8, Baules model for o and
the pore size distribution + sphere correction for x. In this way a
total number of 175 Sy; values are generated for every ETC model
and stored in a matrix called R,;. The S,; values provide informa-
tion to assess the suitability of the models for calculating the ther-
mal conductivity curves of any unknown silica-based porous mate-
rial. In order to be able to make a statement about the suitability
of the models for the calculation of individual material groups, av-
erage values of the corresponding variances Sps, Sgs, Ssc and Scg are
also calculated and stored in tables Rps, Rrs, Rsg and Rgs, respec-
tively. A summary of the calculation steps that were performed for
the evaluation using a MATLAB (Co. The MathWorks Ink.) calcula-
tion program is shown below. The entire code for one exemplary
ETC model is provided as supplementary material.

for Dpart = [Dyggts Dagers Dprim|
for o = [Eq. (7) : Eq. (11)]
for § = [Eq. (2) : Eq. (6)]
for Ag = f(x) - Six options for x (see Table 5)
for m = 1 : N (N = 15 materials)
fori=1:] (] =7 gases)
hefr = [Eq. (17), (18), (20), (21
(32), (34), (36)]
S = [Eq. 37]
end

< S(m,i)
S= ZN*]

). (25), (27), (29),

end
end
end
end B
S11
Rairs Rps. Res. Rsg, Rgs =

57,25

For each effective thermal conductivity model a total of five ma-
trices R are calculated, each with 175 S values, one with mean val-
ues for all tested materials and four more for each material class
(PS, FS, SG, GS). Each matrix consists of 7 x 25 mean-variances S
which were determined using the described combination of calcu-
lation methods. The lowest mean-variance in each case indicates
the best-suited combination for the corresponding material class.
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6. Results and discussion

After calculating the thermal conductivity progressions for all
porous medium-gas combinations with all mentioned combina-
tions of equations for «, B and x, the variances S (or matrices
R) were summarized in tables, which are accordingly available as
supplementary material. The smaller the S value, the better the re-
spective combination of calculation models works for the corre-
sponding class of materials (PS, FS, SG, GS) or, in the case of S,
for the totality of all materials. The best three combinations for
each ETC model were extracted and are called "favorites” in the
following. The lists of favorites for all material classes are shown
in the appendix in Tables B.1-B.5. To get an additional overview
of which GTC models lead to the most promising results in gen-
eral, mean values of all variances which have been calculated with
the different models for o, 8 and x are shown in Table 6. There is
one row for the totality of all materials and one for every material
class. Since all model combinations which include the respective
GTC models have been taken into account for the calculation of the
mean variances the absulut values are very high. But even if influ-
ences of the "good” as well as of the "worse” ETC-models can be
found here, it serves as an adequate measure to compare the in-
fluences of the calculation methods for «, 8 and x. The difference
between them, on the other hand, allows a statement to be made
about which GTC model provides good results for which material
class with the highest probability. On the other hand, the spread
of the data can be used to make a qualitative statement about the
sensitivity of the results to the different GTC models. The greater
the spread, the more important it is to choose the right model in
the corresponding category.

The compilation in Table 6 shows that in general it seems rea-
sonable to use one of the older models, e.g. Baule’s or Goodman'’s
for the calculation of the TAC. These models predict significantly
smaller TACs than the newer ones (Fig. 2). This finding does not
allow any statement about the actual thermal accommodation co-
efficients between a silica surface and the different gases. Only a
recommendation for the calculation of the gas thermal conductiv-
ity can be given here. The hypothesis that either recent literature
classifies TACs fundamentally too high (which is not suspected by
the authors) or that an adjustment is necessary in some common
models for the calculation of the gas thermal conductivity, is sup-
ported by the findings of our previous work [45], which indicates

Table 6
Average variances which were obtained with the calcula-
tion methods for «, 8 and the geometric size in percent.

all PS FS SG GS

o
Baule 46.8 386 516 403 647
Goodman 48.4 390 535 414  69.2
Kaganer 55.4 40.5 60.8 45.7 89.1
Song 56.6 412 63.0 46.9 906
Bauer 59.0 419 655 48.6  96.7
B
Eq. (2) 50.5 395 556 427 75.0
Eq. (3) 57.0 41.1 62.8 469 928
Eq. (4) 55.1 408 61.1 458 86.8
Eq. (5) 52.9 403 591 445 803
Eq. (6) 50.7 395 557 428 754
X
dpeak 46.0 362 34.2 40.1 82.8

dist 42.2 29.0 379 312 834
dpeak * 5 43.9 375 349 404  69.0
dgise * il 38.2 29.8 311 30.8 694
Dggq + KC 107.5 842 214.6
Dyggr + KC 48.9 292 317 64.1
Dprim + KC 46.1 357 276 41.1 89.9

10
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lower TACs as well. Taking into account that recent measurements
or simulations from the literature regarding the TAC [60,61] are
more in line with the newer models of e.g. Bauer or Song it can
be assumed that they are more physically correct than the older
ones even though they seem to have more accordance in the cur-
rent investigation.

The best equations to calculate the dimensionless parameter 8
are Eq. (2) and Eq. (6). They differ only slightly and lead to the
highest B-values as is shown in Fig. 1. In contrast, there is exactly
a factor of 0.5 between Eq. (2) and Eq. (3). Interestingly, Eq. (3)
occurs particularly often in the favorites in combination with the
newer models for «. This reinforces the tendency to even lower -
values and therefore higher gas thermal conductivities. This com-
bination occurs strikingly often for PS. A possible explanation for
this is a higher concentration of silanol groups on the surface of
PS compared to FS for example and potentially the clear differ-
ent particle shape. Silanol groups affect the molar mass of the sur-
face layer, by which the gas molecules collide, and thus the energy
accommodation between them. Different pore shapes or rough-
ness can have many effects on the thermal conductivity like mul-
tiple molecule collisions, changes of the mean free distance of gas
molecules, or of the coupling effect.

As expected, it is advisable to calculate the gas thermal con-
ductivity with the help of the pore size distribution and Eq. (13),
if corresponding data are available. Additionally, it can be recom-
mended for most materials to use the correction from Eq. (15). If
no measured data of the pore size distribution are available, the
Kozeny correction can be applied as described. It is essential to en-
sure that in this case the aggregate size is used for PS and the pri-
mary particle size for FS or SG. For precipitated as well as fumed
silica this procedure seems to be even more promising than the
use of the pore size distribution. However, the results shown in
Table 6 only indicate a rough trend and must not be overestimated.
The results may be overlaid by other influencing parameters and
do not necessarily coincide with the actual model combinations to
be favored for the different material classes as described below.
In the following subsections Fig. 7 shows the measured data for
all materials investigated in comparison to the calculated results
of the model combination, which fitted best on the over all aver-
age. Figs. 8 to 11 show the same measured values in comparison
to the favorite model combination for the different individual ma-
terial classes.

6.1. All materials

The best results for all porous materials on average were
achieved with the Sphere ETC model with consideration of the lo-
cal Knudsen number (Section 4.3.1) in combination with Bauer’s
model for «, Eq. (6) for B and the pore size distribution without
correction as the geometric size. Thus, if the material of interest
is from unknown nature or if a material is involved that was not
examined in this study, this model combination leads to the most
promising results. In this case the aggregate size should be used as
the geometric size parameter of the unit cell of the sphere model.
The calculated values have a mean-variance of 18.5% to the mea-
surements and are shown in Fig. 7 together with the measured val-
ues.

6.2. Precipitated silica

The measurement results of precipitated silica were also best
obtained by the sphere model with consideration of local Knudsen
numbers as it was presented by Swimm et al. (Section 4.3.1). The
local Knudsen number in the sphere model is best calculated using
the agglomerate size in case of PS. However, for the determination
of the gas thermal conductivity, the simple calculation via the peak
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Fig. 7. Results of the best model combination to forecast thermal conductivity over pressure progressions (solid lines) and according to measurement results (asterisks) for

an arbitrary silica material.
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Fig. 8. Results of the best model combination to forecast precipitated silica thermal conductivity over pressure progressions (solid lines) and according to measurement

results (asterisks).

of the mercury intrusion porosimetry measurements together with
the formula from Bauer for o and Eq. (4) for 8 is suitable. This is
one of the very few examples where the use of the peak size was
convincing. If the pore size distribution with correction is used in-
stead, the mean-variance is only 0.07% worse. Since the assump-

tion suggests that the good performance of the peak size could be
incidental, the use of the pore size distribution can also be recom-
mended instead. Thus, a mean accuracy of 10.6% can be obtained
for forecasting the thermal conductivity progression of precipitated
silica as it is shown in Fig. 8.
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Fig. 9. Results of the best model combination to forecast fumed silica thermal conductivity over pressure progressions (solid lines) and according measurement results

(asterisks).

12



S. Sonnick, L. Erlbeck, M. Meier et al.

SG.Gr.01

0.08

A [W/mK]

107 10
pressure [mbar]
SG.Gr.03

0.2

0.15

0.1

A [W/mK]

0.05

pressure [mbar]

International Journal of Heat and Mass Transfer 187 (2022) 122519

SG.Gr.02

107 10
pressure [mbar]

Air
SO2
SF6
Helium
CO2

Argon
Krypton

Fig. 10. Results of the best model combination to forecast silica gel thermal conductivity over pressure progressions (solid lines) and according to measurement results

(asterisks).

6.3. Fumed silica

The thermal conductivity progressions of fumed silica can be
predicted by many models with a very good accuracy. In the fa-
vorites, the Sgs value is mostly around 10%. There is a very clear
tendency to Baule’s and Goodman’s models for «, Eq. (2) and
Eq. (6) for B as well as the pore size distribution with correc-
tion for x. However, the very best result was achieved with the
Kaganer's model for «, Eq. (2) for B and the pore size distribution
for x in combination with the new model from Zehner and Schliin-
der (Section 4.3.2) and the aggregate size for the calculation of the
local Knudsen number in the unit cell. This combination leads to

GS.BI

pressure [mbar]
GS.Ba.02

pressure [mbar]

A [W/mK]

the mean-variance of 9.2%. The respective progressions are plotted
in Fig. 9.

6.4. Silica gel

An even more accurate prediction than with fumed silica could
only be achieved with silica gel. Although most of the Sg; val-
ues in the favorites are closer to 15%, the smallest value was just
8.7%. That is the most precise combination of prediction meth-
odes of the whole investigation. It was obtained, like for PS, by
the sphere model with consideration of the local Knudsen number
(Section 4.3.1). However, this time it was the aggregate size that
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pressure [mbar]
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802
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Helium
002
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Fig. 11. Results of the best model combination to forecast glass spheres thermal conductivity over pressure progressions (solid lines) and according to measurement results

(asterisks).
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Fig. 12. Flowchart for the selection of models to calculate effective thermal conductivity of different silica based porous materials.

was most suitable for the calculation of the local Knudsen num-
ber, not the agglomerate size. However, this is due to the fact that
this size scale does not exist for silica gels. Therefore, it is also the
"largest particles” that should be used for the calculation with the
sphere model.

6.5. Glass spheres

Surprisingly, glass spheres have turned out to be the most un-
predictable material class in terms of ETC, although the porous me-
dia offer the seemingly most straightforward structure. Best results
could be obtained again with the sphere model from Section 4.3.1.
This is not surprising, because the spherical shape of the unit cell
fits very well to the original shape of the particles. The sphere
model delivers the best results in combination with Eq. (6) for 8,
Song’s model for o and the particle size with Kozeny’s correction
for the calculation of the GTC. Results are shown in Fig. 11 accord-

ingly.
7. Conclusion

In the present study, 15 porous media which are all based
on silicon dioxide have been characterized in terms of pressure-
dependent thermal conductivity in combination with 7 different
gases each. Furthermore, the structural properties of the materials
have been investigated. Pore size distributions were measured with
mercury intrusion porosimetry and particle sizes with small angle
x-ray scattering, dynamic light scattering, laser diffraction and dig-
ital light microscopy. Ten popular analytical models from the lit-
erature to calculate the effective thermal conductivity of porous
media are presented and categorized as follows: Geometry inde-
pendent models, unit cell models and unit cell models with con-
sideration of local Knudsen numbers. Additionally, several models
to calculate the gas thermal conductivity in the pores of the ma-
terials have been presented. Altogether the study results in 2800
possible combinations which have been examined using a Matlab
code and compared with the measurements. The crucial finding
of the paper is probably that basically all models promise better
accuracy than is achieved in practice with the real measurement
data presented. This is not surprising, because most of the mod-
els have been created for special material groups or with regard
to some other measured data. The effective thermal conductivity
of an unknown porous silica material with an arbitrary Knudsen
gas inside of the pores can be forecasted with an average accu-
racy of about 18.5%, using the sphere model with consideration
of the local Knudsen number. In conclusion, this rather compli-

cated model, which requires the use of a computer performs best
on the overall average. But, also the simple models presented by
Russel or Maxwell still deliver an acceptable overall variance of
about 20%. However, it turns out that it is helpful to know about
the material class, because by selecting a suitable GTC and ETC
model combination, a significantly smaller average error of about
10% can be achieved. More precisely, for the material classes PS,
FS, SG and GS minimum average errors of 10.5%, 9.2%, 8.7% and
11.9% could be obtained, respectively. In all cases it was a unit
cell ETC model with consideration of the local Knudsen number
which performed best. The size scale of the unit cell should be
taken from the largest particle size scale for PS, SG and GS. That
means agglomerate size for PS, aggregate size for SG and the sim-
ple (primary) particle size for GS. One exception is FS, which is
best calculated using the aggregate size, even though FS tends to
form large agglomerates. The size scale that is decisive for the heat
transport does not seem to be that of the agglomerates but that
of the aggregates. This behavior can be explained by the unusual
structure of FS and makes clear why fumed silica is usually pre-
ferred in the production of vacuum insulation panels instead of
the cheaper precipitated silica, despite similar porosity and parti-
cle size. In most of the cases it can be recommended to use the
pore size distribution to calculate the gas thermal conductivity if
it is available. Additionally, it can be helpful to use the pore size
correction which is shown in Eq. (15) in some cases. If the pore
size distribution is not available, the particle size with Kozeny’s
correction (Eq. 14) can be used instead. If so, it is advisable to
use the aggregate size for PS and the primary particle size for FS
and SG.

The study has shown that different models for calculating ther-
mal conductivities have their justification because different models
fit best for different materials. Fig. 12 shows a scheme for one po-
tential selection of models for different silica based materials rec-
ommended by the authors of the study. If one follows the advice
given in this paper, gas pressure-dependent thermal conductivities
of silica-based porous materials can be predicted with fairly good
accuracy in most cases. The knowledge can be used in the devel-
opment of new thermal insulation or in all other areas where the
thermal conductivity of porous media in combination with a Knud-
sen gas is of interest.
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Appendix A. Pore size distributions

Taking a closer look at the pore size distributions which are

shown in Fig. A.1 one can see the different pore structures of the
materials. It is evident that different materials, even from the same

International Journal of Heat and Mass Transfer 187 (2022) 122519

material group, can show a significant difference in the position of
the pore peak even if porosity and thermal conductivity only differ
slightly. In the case of PS two samples (PS.Gr.02 and PS.Gr.05) show
a peak in the size scale of the aggregates and the other four in the
primary particle size scale. Nevertheless, they do not have much in
common in terms of porosity or thermal conductivity. This shows
that it can lead to inaccuracies to use the peak size only for the
calculation of the GTC. Instead, the whole distribution should be
taken into account if possible. Furthermore, the narrow distribu-
tion of the glass beads is striking. From this, it can be seen that the
pile structure is fundamentally different from the other materials.

PS.Gr.01 PS.Gr.02 PS.Gr.03
100 6 - -
10 -
, e 80 5 80
60 60
5 50 4
5 40 40
A 20 2 20
0 0 oLl ML g 0 0
10°
PS.Gr.05
10 100 20 —— 100 8 — 100
Ve
15 / 6
5 50 10 50 4 50
5 2
0 0 0 0 0 0
10°
c
5 FS.Ev 9
S6 = 100 6 = 100 6 100 B
° - Ve g
© /7 / “—
= / / [0)
o4 Y 4 / 4 £
£ y , =
5 50 50 50 S
[e) Ve >
>2 2 / 2 9]
o =
'; / // , <
Sot= 0 0 0 0 0o 2
2 10° 10° 10° 5
o
.Gr.01 .Gr.02 .Gr.
6 SG.Gr.0 100 8 SG.Gr.0 SG.Gr.03 100
. 6
50 4 50
2
2
0 0 0 0
10° 10°
GS.STR GS.Ba.01 GS.Ba.02
40 = 100 40 — 100 = 100
/ s 20 -
30 30 15
20 50 20 50 10 50
10 10 5
0 0 0 0 0 0
10° 10° 10°
dpore (W]

Fig. Al. Pore size distributions of all materials investigated, measured with mercury intrusion porosimetry. The primary and secondary axes represent the relative and the
cumulative volume fraction and are plotted in solid and dashed lines respectively. The x-axis shows the pore sizes in pum.
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Appendix B. Favorites of model combinations

Table B1
Over all favorites - three GTC model combinations with the lowest S,; values for every ETC model.
o B X St
Russel 1 Goodman Eq. (5) dgis * % 0.2003
2 Goodman Eq. (4) i * % 02012
3 Baule Eq. (2) dise 0.2014
Maxwell 1 Song Eq. (2) e * % 0.2092
2 Song Eq. (6) e * % 0.2092
3 Baule Eq. (5) dgist 0.2095
Scaling Model 1 Baule Eq. (6) i % 0.2206
2 Baule Eq. (2) i % 0.2207
3 Goodman Eq. (2) i % 02223
Sphere model 1 1 Baule Eq. (5) dgise * % 0.2476
2 Baule Eq. (4) i % 0.2480
3 Goodman Eq. (5) i * % 0.2488
Schumann and Voss 1 Baule Eq. (5) dgise * % 0.2132
2 Baule Eq. (4) i % 02139
3 Goodman Eq. (5) i * % 02166
Luikov 1 Baule Eq. (2) i % 0.4382
2 Baule Eq. (6) i % 0.4427
3 Goodman Eq. (2) i % 05018
Zehner, Bauer, Schliinder 1 Baule Eq. (6) dgise * % 0.2667
2 Baule Eq. (2) i % 0.2669
3 Goodman Eq. (2) i % 0.2670
Sphere model 2 1 Kaganer Eq. (5) dgist 0.2285
primary particles 2 Bauer Eq. (2) dise 0.2287
3 Bauer Eq. (6) dise 0.2287
Sphere model 2 1 Bauer Eq. (6) dygist 0.1849
aggregates 2 Kaganer Eq. (5) dygist 0.1850
3 Bauer Eq. (2) dise 0.1851
Sphere model 2 1 Bauer Eq. (6) peak 0.1860
agglomerate 2 Bauer Eq. (2) peak 0.1863
3 Kaganer Eq. (5) peak 0.1870
Zehner, Schliinder 1 Kaganer Eq. (3) dyise 0.3608
primary particles 2 Bauer Eq. (3) dise 0.3629
3 Song Eq. (3) dygist 0.3630
Zehner, Schliinder 1 Kaganer Eq. (2) dyist 0.3272
aggregates 2 Kaganer Eq. (6) dise 0.3273
3 Kaganer Eq. (3) i * % 0.3274
Zehner, Schliinder 1 Kaganer Eq. (2) peak 0.4790
agglomerate 2 Kaganer Eq. (6) peak 0.4790
3 Kaganer Eq. (3) et * % 0.4790
Slavin 1 Baule dpeak 0.6675
primary particles 2 Baule dise 0.6675
3 Baule peat * % 0.6675
Slavin 1 Baule peak 0.4759
aggregates 2 Baule dyist 0.4759
3 Baule e * % 0.4759
Slavin 1 Baule peak 0.5151
agglomerate 2 Baule dyist 0.5151
3 Baule e * % 05151
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::::iepil::ted silica favorites - three GTC model combinations with the lowest Sps values for every ETC model.
o B X Sps
Russel 1 Kaganer Eq. (4) dyise 0.1567
2 Bauer Eq. (5) Dyggr + KC 0.1581
3 Kaganer Eq. (3) dyise 0.1583
Maxwell 1 Bauer Eq. (3) Dyggr + KC 0.1432
2 Song Eq. (3) Doggr + KC 0.1507
3 Bauer Eq. (4) Dyggr + KC 0.1511
Scaling Model 1 Goodman Eq. (3) dgise 0.1551
2 Kaganer Eq. (4) dgise * % 0.1558
3 Goodman Eq. (4) dgise 0.1561
Sphere model 1 1 Bauer Eq. (3) Dyggr + KC 0.1415
2 Bauer Eq. (4) Dyggr + KC 0.1524
3 Song Eq. (3) Dyggr + KC 0.1528
Schumann and Voss 1 Bauer Eq. (5) Dyggr + KC 0.1403
2 Song Eq. (4) Daggr + KC 0.1423
3 Song Eq. (5) Dgggr + KC 0.1467
Luikov 1 Baule Eq. (2) daist * % 0.1927
2 Baule Eq. (6) daise * % 0.1941
3 Goodman Eq. (2) daise * % 02130
Zehner, Bauer, Schliinder 1 Bauer Eq. (4) Dyggr + KC 0.1382
2 Bauer Eq. (3) Dyggr + KC 0.1407
3 Song Eq. (3) Dgggr + KC 0.1416
Sphere model 2 1 Bauer Eq. (3) Dyggr + KC 0.2140
primary particles 2 Song Eq. (3) Dyggr + KC 0.2283
3 Bauer Eq. (4) Dyggr + KC 0.2290
Sphere model 2 1 Bauer Eq. (3) Dyggr + KC 0.1954
aggregates 2 Bauer Eq. (3) dyise 0.2062
3 Song Eq. (3) Dyggr + KC 0.2101
Sphere model 2 1 Bauer Eq. (4) dpeak 0.1051
agglomerate 2 Bauer Eq. (3) dpeak * % 0.1058
3 Bauer Eq. (3) dpeak 0.1064
Zehner, Schliinder 1 Baule Eq. (2) Dygg + KC 0.2073
primary particles 2 Baule Eq. (6) Dggg + KC 0.2089
3 Goodman Eq. (2) Dggg + KC 0.2280
Zehner, Schliinder 1 Bauer Eq. (3) Dyggr + KC 0.1908
aggregates 2 Bauer Eq. (3) dyist 0.1952
3 Song Eq. (3) Dgggr + KC 0.1998
Zehner, Schliinder 1 Kaganer Eq. (3) dpeai 0.2904
agglomerate 2 Kaganer Eq. (4) dpeak 0.2914
3 Song Eq. (3) dpeak 0.2916
Slavin 1 Bauer dpeak 0.4384
primary particles 2 Bauer dyist 0.4384
3 Bauer ek * % 0.4384
Slavin 1 Bauer dpeak 0.4294
aggregates 2 Bauer dgise 0.4294
3 Bauer e * % 0.4294
Slavin 1 Baule dpeak 0.4805
agglomerate 2 Baule dyist 0.4805
3 Baule et * % 0.4805
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Table B3
Fumed silica favorites - three GTC model combinations with the lowest S5 values for every ETC model.
o B X Sks
Russel 1 Baule Eq. (2) dyist * % 0.1020
2 Baule Eq. (6) dyiee % 0.1032
3 Goodman Eq. (2) gt * % 0.1221
Maxwell 1 Baule Eq. (5) it * % 0.0944
2 Goodman Eq. (6) dyie % 0.0945
3 Goodman Eq. (2) daist * % 0.0949
Scaling Model 1 Baule Eq. (2) dyie % 0.1119
2 Baule Eq. (6) Ayt * % 0.1130
3 Bauer Eq. (5) Dprim + KC 0.1228
Sphere model 1 1 Baule Eq. (5) dgise * % 0.0951
2 Baule Eq. (2) dgise 0.0957
3 Goodman Eq. (5) st * % 0.0959
Schumann and Voss 1 Baule Eq. (2) dgise * % 0.0951
2 Baule Eq. (6) dyist * % 0.0958
3 Goodman Eq. (2) dyist * % 0.1090
Luikov 1 Baule Eq. (5) Dprim + KC 0.1363
2 Baule Eq. (4) Dyrim + KC 0.1369
3 Goodman Eq. (6) Dyrim + KC 0.1396
Zehner, Bauer, Schliinder 1 Goodman Eq. (6) daise * % 0.0931
2 Goodman Eq. (2) daise * % 0.0932
3 Baule Eq. (5) daise * % 0.0960
Sphere model 2 1 Goodman Eq. (3) daise * % 0.1038
primary particles 2 Song Eq. (2) daise * % 0.1041
3 Kaganer Eq. (6) dgise * % 0.1041
Sphere model 2 1 Kaganer Eq. (6) daise * % 0.0988
aggregates 2 Goodman Eq. (3) daise * % 0.0989
3 Kaganer Eq. (2) daise * % 0.0992
Sphere model 2 1 Baule Eq. (2) peqk 0.1187
agglomerate 2 Baule Eq. (2) peak * % 0.1188
3 Baule Eq. (6) dpeak 0.1198
Zehner, Schliinder 1 Baule Eq. (3) dgist 0.0986
primary particles 2 Kaganer Eq. (4) daise * % 0.1003
3 Kaganer Eq. (5) daise * % 0.1004
Zehner, Schliinder 1 Kaganer Eq. (2) daise * % 0.0919
aggregates 2 Kaganer Eq. (6) daise * % 0.0920
3 Goodman Eq. (3) st * % 0.0928
Zehner, Schliinder 1 Song Eq. (3) dpeak 0.7584
agglomerate 2 Kaganer Eq. (3) dpeak 0.7585
3 Bauer Eq. (3) dpeak 0.7588
Slavin 1 Bauer dpeak 0.3411
primary particles 2 Bauer dgist 0.3411
b4
3 Bauer peak * 5 0.3411
Slavin 1 Bauer dpeak 0.3345
aggregates 2 Bauer dgise 0.3345
3 Bauer dpea * % 03345
Slavin 1 Baule peak 0.5514
agglomerate 2 Baule dgise 0.5514
3 Baule peq + % 05514
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Table B4
Silica gel favorites - three GTC model combinations with the lowest Ss; values for every ETC model.
o B X Ssc
Russel 1 Kaganer Eq. (5) dgise 0.1567
2 Song Eq. (3) it * % 0.1573
3 Song Eq. (6) dise 0.1580
Maxwell 1 Kaganer Eq. (3) dyist 0.1779
2 Song Eq. (3) dise 0.1798
3 Kaganer Eq. (4) dyist 0.1834
Scaling Model 1 Goodman Eq. (2) dise 0.1317
2 Goodman Eq. (6) dgise 0.1319
3 Goodman Eq. (3) daise * % 0.1322
Sphere model 1 1 Kaganer Eq. (5) dgist 0.1919
2 Kaganer Eq. (4) dgist 0.1922
3 Song Eq. (3) gt * % 0.1931
Schumann and Voss 1 Kaganer Eq. (3) dgis * % 0.1654
2 Kaganer Eq. (6) dgist 0.1656
3 Kaganer Eq. (2) dgist 0.1659
Luikov 1 Baule Eq. (2) it * % 0.1565
2 Baule Eq. (6) gt * % 0.1584
3 Goodman Eq. (2) dgis * % 0.1910
Zehner, Bauer, Schliinder 1 Kaganer Eq. (3) dgis * % 0.1762
2 Kaganer Eq. (6) dygise 0.1767
3 Goodman Eq. (3) dgise 0.1768
Sphere model 2 1 Baule Eq. (2) Dgggr + KC 0.2528
primary particles 2 Baule Eq. (2) Dyggr + KC 0.2528
3 Baule Eq. (6) Dygat + KC 0.2542
Sphere model 2 1 Bauer Eq. (3) it * % 0.0867
aggregates 2 Song Eq. (3) g * % 0.0901
3 Song Eq. (3) dgise 0.0906
Sphere model 2
agglomerate
Zehner, Schliinder 1 Baule Eq. (2) Dggg + KC 0.2419
primary particles 2 Baule Eq. (2) Dyggr + KC 0.2419
3 Baule Eq. (6) Dyggr + KC 0.2424
Zehner, Schliinder 1 Kaganer Eq. (3) Dprim + KC 0.2315
aggregates 2 Bauer Eq. (3) Dprim + KC 0.2315
3 Song Eq. (3) Dyrim + KC 0.2334
Zehner, Schliinder
agglomerate
Slavin 1 Bauer peak 0.4889
primary particles 2 Bauer dygise 0.4889
3 Bauer peat * % 0.4889
Slavin 1 Baule peak 0.5983
aggregates 2 Baule dgist 0.5983
b4
3 Baule dpeak * 5 0.5983
Slavin
agglomerate
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Table B5
Glass spheres favorites - three GTC model combinations with the lowest S¢s values for every ETC model.
o B X Ses

Russel 1 Baule Eq. (5) daise * % 0.1450
2 Baule Eq. (4) daise * % 0.1482
3 Goodman Eq. (5) daise * % 0.1511

Maxwell 1 Baule Eq. (2) Dgggr + KC 0.1274
2 Baule Eq. (2) Dyggr + KC 0.1274
3 Baule Eq. (2) Dyrim + KC 0.1274

Scaling Model 1 Baule Eq. (2) daie * 03123
2 Baule Eq. (6) gt * % 03158
3 Baule Eq. (2) peqt * % 03387

Sphere model 1 1 Baule Eq. (2) st * % 02121
2 Baule Eq. (6) daise * % 02144
3 Baule Eq. (2) peat * % 02212

Schumann and Voss 1 Baule Eq. (2) daise * % 0.1954
2 Baule Eq. (6) Ayt * % 0.1973
3 Baule Eq. (2) peat * % 0.2017

Luikov 1 Baule Eq. (2) peat * % 13121
2 Baule Eq. (6) dpeat * % 1.3258
3 Baule Eq. (2) it * % 13577

Zehner, Bauer, Schliinder 1 Baule Eq. (2) dgist * % 0.3360
2 Baule Eq. (6) gt * % 0.3398
3 Baule Eq. (2) peat * % 0.3432

Sphere model 2 1 Song Eq. (6) Dprim + KC 0.1185

primary particles 2 Song Eq. (2) Dprim + KC 0.1186
3 Bauer Eq. (2) Dprim + KC 0.1204

Sphere model 2

aggregates

Sphere model 2

agglomerate

Zehner, Schliinder 1 Baule Eq. (2) dpear * % 0.7804

primary particles 2 Baule Eq. (6) dpeai * % 0.7805
3 Baule Eq. (2) dyist * % 0.7807

Zehner, Schliinder

aggregates

Zehner, Schliinder

agglomerate

Slavin 1 Baule Apeak 1.5975

primary particles 2 Baule dgist 1.5975
3 Baule peai * 5 1.5975

Slavin

aggregates

Slavin

agglomerate

Supplementary material

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.ijheatmasstransfer.
2022.122519
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Chapter 7

Paper 4: Silica-based core
materials for thermal
superinsulations in various
applications

In Chapter @ (Paper 3), for the first time, specific recommendations could be
made regarding which analytical models are most useful for the prediction of
the gas pressure-dependent thermal conductivity of precipitated silicas, fumed
silicas, silica gels, and micro glass spheres. This newly generated knowledge
can be used in the development of superinsulations for various applications.
With the computational models and input parameters appropriate for the dif-
ferent powders, the gas pressure-dependent thermal conductivity of the core
materials can be predicted with an average accuracy of 10 %. This prediction
requires only industry standard measured values and no complicated and time-
consuming computer simulations. Furthermore, no adjustable fitting parame-
ters are required. However, in the previous study, only the pressure-dependent
gas thermal conductivity, including the coupling effect, was investigated. Solid
thermal conductivity A; and radiation A, were combined in the value A4, and
taken from thermal conductivity measurements at low pressure levels.

For the design of new thermal superinsulations, all heat transfer mechanisms
must be considered (i.e. also solid thermal conductivity and radiation). In
the following paper, which explores the determination of the optimum prod-
uct specifications of the investigated materials for superinsulations in various
applications, they are calculated accordingly. For their determination, com-
mon and literature-known models were first tested for their applicability and
finally combined with the A\, models to perform parameter studies. Since the
specific extinction coefficient FE,, is required to calculate the radiation con-
ductivity, spectroscopic investigations were carried out on the materials used.
This resulted in mean specific extinction coefficients of 12.9 and 50.6 for pure
silica powders and opacified silica, respectively. The E,, values are Rosseland
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averages and were determined using Equation 2.6 For comparison, Hrubesh
and Pekala [80] found a specific extinction coefficient of 22.7 for silica aerogel
and 84.2 for opacified silica aerogel.

To calculate the solid thermal conductivity A, a widely used model of Ka-
ganer which is shown in Equation [2.12] based on the Hertz contact theory,
was used. This requires not only the thermal conductivity of the particles and
their mechanical properties but also the load applied to the powder. In VIPs,
the difference between the internal pressure and the atmospheric pressure is
applied to the core material. This corresponds to approximately 1 bar. For
thermal conductivity measurements in the guarded hot plate (GHP) appara-
tus, the entire measurement chamber was vacuumed so that the load of the
atmosphere was absorbed by the surrounding stainless-steel tank and did not
apply to the samples. Thus, only the cold plate’s own weight and an additional
weight of a few kilograms to prevent gaps loaded the samples during the mea-
surements. For the silica samples with high porosity, the measurements could
nevertheless be reproduced well by the results calculated with 1 bar of external
pressure load (i.e. 10 -5). By contrast, the solid thermal conductivities of the
samples with lower porosities, especially the glass spheres, were greatly over-
estimated by the calculations due to the sample preparation. To produce a
smooth surface, a homogeneous density, and optimal contact with the heating
and cooling plates, the samples were pressed into shape before measurement.
The materials were compressed under a pressure of approximately 5 bar. While
this only resulted in a smooth surface for materials with smaller porosities, the
materials with larger porosities were plastically deformed by this process. The
reasons are explained in detail in this chapter (Paper 4). This leads to the
fact that the compacts had an increased solid thermal conductivity even with-
out a continuously acting load. Nevertheless, this behavior is desirable in the
production of VIPs, since this cohesion enables the formation of stable sheets
from the core material mixtures.

To consider the influence of the pore size distribution of the investigated mate-
rials without having to perform a mercury intrusion porosimetry (MIP) mea-
surement for each calculation, a model was developed within the scope of the
paper to estimate the pore size distribution of silica powders as a function of
their porosity. The model takes into account that larger pores disappear first
during mechanical compression of the powders, and it considers a threshold
value under which the pores are not affected by the compression at all. The
result of a single pore size distribution measurement is required as the input pa-
rameter for every material investigated. The measurement can be performed
at any porosity (preferably in the middle of the study’s range). Parameter
studies to calculate the gas pressure-dependent effective thermal conductivity
versus porosity and particle size for the materials could hence be conducted.
While the pore size distribution of silica depends not only on the particle size
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but also on many other factors (e.g. aggregate structure, van der Waals forces,
electrostatic forces), the sizes of the voids in glass spheres are directly related
to the particle size. This is evident in Paper 3, where the particle size con-
verted with Kozeny’s correction is recommended to calculate the gas thermal
conductivity. It is even preferable to directly measure pore size by MIP for
glass sphere beads. Accordingly, the pore size of the glass spheres was calcu-
lated using Kozeny’s correction rather than the newly developed model.

A high number of models exist in the literature for A.;; and A, and for the
influencing parameters. In the this chapter (Paper 4), however, it was possible
to use the favorable model combinations for the respective materials from the
preliminary study [81]. To classify the results of the parameter studies, criteria
for different applications of superinsulations were established and discussed
accordingly. As a result, specific material recommendations are presented in
Paper 4 for the construction sector, (medical) transport boxes, superinsulation
at atmospheric pressure, and switchable VIPs.



Paper 4: Silica-based core materials for thermal superinsulations in various
80 applications




Received: 11 March 2022

Revised: 30 June 2022

W) Check for upd:

Accepted: 12 July 2022

DOI: 10.1002/er.8453

RESEARCH ARTICLE

N Ivet] WILEY

Silica-based core materials for thermal superinsulations in
various applications

Sebastian Sonnick' © |

!Center for Mass Spectrometry and
Optical Spectroscopy, Mannheim
University of Applied Sciences,
Mannheim, Germany

?Institute of Mechanical Process
Engineering and Mechanics, Karlsruhe
Institute of Technology, Karlsruhe,
Germany

Correspondence

Sebastian Sonnick, Center for Mass
Spectrometry and Optical Spectroscopy,
Mannheim University of Applied
Sciences, Paul-Wittsack-Strafie

10, Mannheim 68163, Germany.

Email: s.sonnick@hs-mannheim.de

Funding information
Allianz Industrie Forschung, Grant/
Award Number: 4560219CL9

1 | INTRODUCTION

Hermann Nirschl? | Matthias Riidle’

Summary

Vacuum insulation panels (VIP) are usually manufactured using standardized
manufacturing processes based on empirical values and in most cases with any
fumed silica as the main component of the core material. However, not all
applications have the same requirements in terms of thermal conductivity and
service life. Therefore, it is useful to adapt the kind of core materials and their
product specifications, such as particle size and porosity, to the different appli-
cations. Furthermore, in some applications cheaper core materials, like precip-
itated silica, would be a reasonable alternative. To replace the time-consuming
series of measurements for this purpose, this work offers comprehensive
parameter studies to determine the optimum product properties of precipitated
silica, fumed silica, silica gel, and glass spheres for use in the building sector,
in transport boxes, as a superinsulation at atmospheric pressure, and as a
switchable VIP. As a result, not only the preferred materials but also their
porosities and particle sizes are presented. For atmospheric pressure and con-
struction applications, fumed sili