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Abstract

Glass foams are attractive thermal insulation materials, thus, the thermal conductivity (1) is crucial for
their performance. Understanding the foaming process is critical for process optimization. Here, we
applied high-speed synchrotron X-ray tomography to investigate the change in pore structure during
the foaming process, quantifying the foam structures and porosity dynamically. The results can provide
guidance for the manufacturing of glass foams. The 3D pore structures were also used to
computationally determine 4 of glass foams. We used the simulated A to develop a new analytical
model to predict the porosity dependence of 1. The 4 values predicted by the new model are in excellent
agreement with the experimental data collected from the literature, with an average error of only 0.7%,

which performs better than previously proposed models.

Keywords: Glass foam; Thermal conductivity; 3D image analysis; Simulation; Porosity
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1. Introduction

Glass foams are attractive insulation materials as their high porosity results in a low thermal
conductivity, thus, a good thermal insulation ability, in combination with load-bearing capability,
resistance to humidity, very long lifespan, recyclability, and non-combustibility [1]. Capability to
predict the thermal conductivity is important for assessing the insulating behavior of porous materials,
e.g., glass foams. Focusing on glass foams, the thermal conductivity decreases roughly linearly with
decreasing foam density, or increasing porosity [2—4]. As the porosity increases, the contributions of
each phase and pore structure become increasingly important. The thermal conductivity of highly
porous glass foams is, therefore, highly dependent on the contribution of the glass phase [5] and its
susceptibility to crystallization or its crystal content from foaming residues [6,7], the composition of
the gaseous phase in the pores [8], the porosity type (open or closed) and the pore structure (pore size

and the thickness of the struts and walls) [2,3,7,9-11].

In order to obtain a high porosity, it is necessary to optimize the glass foaming process. The most
common foaming method is a chemical approach, where glass powder is mixed with foaming agents
that generate gas during heating, and the gas forms bubbles within the viscous glass [1]. Ex situ
measurements have been used to determine foaming conditions such as the optimum heating rate [12—
14], maximum foaming temperature [15-19], isothermal heating duration [2,13,20], and foaming agent
content [21,22]. The drawback of these measurements is the inaccuracy in obtaining the optimum
temperatures, for example the maximum foaming temperature is usually determined in steps of 25-50
°C. One in situ technique, hot stage microscopy that has been used to measure the change in the sample
size as it expands during heating, has proved useful [23-27]. However, this technique only gives

volumes, not providing any information on the pore structure.
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X-ray tomography can provide three-dimensional information on the porous structure with high
spatial resolution and quantitative structural details [3,10,17,28,29]. In these studies, analyses were
carried out on glass foams after cooling, and thus, the dynamic changes in the porous structure were not
revealed. Despite this limitation, new insights into the development of the structure were obtained by
the ex situ tomography. Recently, changes in the macro- and microstructure have been monitored in
situ in changing external conditions, e.g., during heating or pressing using high-speed synchrotron X-
ray tomography, which here refers to capturing tomograms within seconds or sub-seconds. The
technique has been used in monitoring liquid to solid transformations of metals [30,31], outgassing of
volcanic glass [32], heating of dough during breadmaking [33], melting of waste glass [34], and

foaming of metals [35].

In this study, cathode ray tube (CRT) panel glass is foamed using the mixture of manganese oxide
and carbon as foaming agents in a proper viscosity window (10*-10° Pa s) [36]. CRT glass is used for
producing glass foams for the following reasons. First, CRT glass is landfilled, and thus can be
recycled and reused, benefiting environment protection and cost reduction of raw materials. Second, it
has a lower thermal conductivity than most of commercial glasses. Third, it does not crystallize during
foaming, and this is advantageous for controlling foaming process and for suppressing thermal
conductivity of final product. We use high-speed synchrotron X-ray tomography to obtain tomograms
of a glass foam during the foaming process, and hence, dynamically monitor the expansion and
evolution of the porous structure. Using this technique, we reconstruct the macroscopic structure of the
glass foam at different temperatures and acquire the changes in pore size and porosity during heating.

Image-based simulations of the macroscopic structure are used to determine the thermal conductivity of

Page 3 of 28



Journal Pre-proof

the glass foams. This allows us to model the porosity dependence of the thermal conductivity of glass

foams.
2. Experimental

2.1. Sample Preparation

Cathode ray tube (CRT) panel glass powder was mixed with 2.50 mol% carbon and 1.99 mol%
Mn3;O, as described in Ref. [25]. A pellet of the powder mixture (13 mg) was uniaxially pressed by
hand to form a cylinder with a diameter of 1 mm and the height of approx. 4 mm. The pellet was

transferred to an alumina crucible that was inserted into a radiation furnace for foaming.
2.2 Foaming and in situ tomography

A bespoke PID-controlled resistance furnace measuring the temperature just below the sample
(described in Ref. [37]) was used at beamline 112 (Diamond Light Source, United Kingdom) to
perform in situ synchrotron tomographic foaming experiments. The sample was rapidly heated to 585
°C and further heated to 840 °C at 5 °C min™. Before heating, the chamber was flushed with nitrogen,
and a constant nitrogen flow (approx. 5 mL min™) was introduced during heating to ensure an inert
atmosphere. A 53 keVV monochromatic X-ray beam was used, and the radiographs were acquired using
a PCO.edge camera at camera module 3 [38]. High speed tomographic scans were carried out when the
sample was continuously rotating during heating. One 3D dataset with 1000 radiographs were obtained
in intervals of 5 s over an angle of 180°. The downloading of the 3D data was completed within the

next 5 s when the sample rotated another 180°. Hence, the cycle time was 10 s.

2.3 Image analysis
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The radiographs were utilized to reconstruct the structure of the glass foam during heating with a
voxel size of 3.24 um voxel™. The images were processed and analyzed using Avizo and Imagel
softwares. To ensure identical procedure for segmentation of all images, we applied a machine-
learning-based image processing plug-in in ImageJ (Trainable Weka Segmentation [39]). Pixels were
manually assigned to a distinct phase (solid or gas), through the trainable Weka Segmentation, creating
a model (or classifier) that was then applied to all images. The porosity was determined as the ratio
between the volume of pores and the total volume. The pore thickness (a measure of the pore diameter)
at different temperatures during heating was evaluated using the BoneJ plug-in [40] in Imagel. The

experiment was performed three times to ensure reproducibility.
2.4 Simulation of the thermal conductivity

The thermal conductivity experiment simulation built-in module in the Avizo software was used to
perform the image-based simulation of the thermal conductivity (1). The module uses the result of the
segmentation to rum image-based thermal simulation solving the Fourier’s law. The 3D pore structure
after segmentation was used for the 3D image-based thermal simulation. A representative 3D volume
of 1620 x 1620 x 1620 um was imported to Avizo for use in simulation. The heat flow was from the
top face of the volume with input temperatures of 373 K to the bottom face with output temperature of
298 K. Three series of simulations were carried out: the first series considers only the glass phase as the
gas phase is considered non-conducting (i.e. 2, = 0 W m™ K™), whereas the second and third series
consider both the glass and the gas phases conducting with the gas phase being either air or CO, The 4
of the solid glass (1s) was set to 0.925 W m™ K™ [2] (as calculated by the Choudhary and Potter model

[41]). The thermal conductivity of the gas was set to 0.026 W m™ K™ for air gas phase [42] and 0.016
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W m™ K* for CO, gas phase [43], respectively. The simulation was performed on 3D volumes at

different heating temperatures hence different porosities.
3. Results and discussion

3.1. Quantification of the foaming process

The reconstructions of the glass foams at different temperatures during heating show significant
changes in the porous structure (Fig. 1). At 776 °C, a nearly pore free sample is shown with only minor
degree of pores, but with increasing temperature, the number of pores increases until a temperature
around 803 °C is reached. Further heating up to 835 °C leads to a gradual increase in the pore size. The
foaming process during heating can be observed in the supplementary movie 1. The change in the
measured pore size is shown in Fig. 2. The significant increase in the porosity at temperatures below
800 °C (porosity increases from 5 to 60 %) is in major part caused by nucleation of new pores, as their
size does not change significantly (Fig. 2). The increases of the number of pores can be observed in
Figs. 1la to 1c. This mechanism was recently observed in foaming of metals [35]. Recently it was
observed in glass foam light-weight aggregates that the porosity increases without any change in pore
size before reaching a porosity around 60 % [11]. The higher porosities at the later stage of the heating
is thereafter caused by an increase in the pore size. The porosity increase is also visualized in the
reconstructed 3D structures in Fig. 3a-c and 2D slices in Fig. 3d-f, where the brightness increases due
to the larger pore size. The increase in the pore size above 800 °C results in a further increase in the
porosity (from 60 to 90 %) owing to the following factors. Firstly, the pressure inside the pores is
higher than that in the atmosphere due to the gases evolved by the foaming agent, and hence, the melt

expands. As the oxidization of the carbon and the reduction of the manganese progress, more gas is
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evolved, leading to a larger expansion [24]. At the same time, increasing temperature lowers the melt
viscosity, thus decreasing the opposing force for the expansion of the pores. Secondly, the initial pores
are mainly spherical [18] which minimizes the surface energy. However, as the melt viscosity
decreases, the pore walls become thinner and eventually break, triggering the coalescence process or
coarsening phenomena that increases the pore size and creates non-spherical pores [44]. The
coalescence also provokes incorporation of small pores into large pores, and thereby the small pores
disappear [45]. The non-spherical shape of the pores enhances the pore coalescence [46]. The non-
spherical pores should transform into a sphere to minimize surface tension, but there is not sufficient
time available as pore walls continuously break and small pores diffuse into the larger pores, thus, the
pore shape remains polyhedral. Fig. 4 shows how two non-spherical large pores combine into one due

to the rupture of the pore wall.
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b)
e)

Fig. 1. 3D rendering of glass foams (biue refers to the glass and the empty places in the image are
porosities) at different temperatures during heating, a) 776 °C, b) 787 °C, c¢) 803 °C, d) 811 °C, e) 819

°C, and f) 835 °C.
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Fig. 2. Changes of the average pore thickness and porosity (¢) during heating. The thickness

measurements were performed three times.
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Fig. 3. 3D (a-c) and 2D (d-f) rendering of the thickness of the pores showing the changing pore size
with increasing temperature at a) and d) 776 °C, b) and €) 800 °C, and c¢) and f) 827 °C. The color scale

shows the pore thickness in pm.

a) 819 °C b) 821 °C c) 822 °C

Fig. 4. Coalescence of the pores during heating (marked with a rectangle): a) two pores separated by a
pore wall, b) beginning of the rupture in the pore wall, and ¢) complete rupture of the pore wall,
forming a combined larger pore with irregular shape. Scalebar is shown in a) and is valid for all

images.

3.2. Image-based simulation of the thermal conductivity

The heat gradient through the reconstructed glass foam is visualized in Fig. 5. Based on the heat
gradients, the porosity dependence of the thermal conductivity (A) is simulated using image-based
simulation for glass foams based on the 3D pore structures (Fig.6). When considering the gas phase as
non-conducting, the heat is only transported through the glass phase (Fig. 5a), whereas when
considering the actual gas phase the heat is transported through both gas and solid phases (Fig. 5b).

Hence, the glass skeleton is only visible in the simulation when the pores are considered non-
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conducting. Simulations of 4 throughout the porosity range of 5-90 % are carried out for the three cases
taking into consideration the different gaseous contributions, i.e., 0, 0.016, and 0.026 W m™ K™ for the
thermal insulator, CO,, and air, respectively (Fig. 6). We note, that the pore structure changes as the
porosity increases. The thermal conductivity of the solid phase (i) is 0.925 W m™* K™ [2]. The gaseous
contribution is insignificant at low porosity as the dominant phase in the sample is glass with two
orders of magnitude higher thermal conductivity. However, with increasing porosity, the difference in 4
gets more pronounced, displaying an increase in 4 in the order of air > CO, > insulating, agreeing with
previous experimental findings [8]. This indicates the importance of considering the gas phase

contribution into simulations.
a) b)

100°C

25°C

76 ’h[h

M

Fig. 5. Simulated temperature gradient through a glass foam with a) the gas phase considered an

insulator and b) the gas phase included as air.
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Fig. 6. Simulation of the thermal conductivity (1) as a function of porosity (¢) and gas phase for glass
foams with glass a conductivity of 0.925 W m™ K™ and pores as thermal insulator or pores filled with

CO, or air.

The simulated A values at different porosities are compared to reported experimental values for the
glass foams derived from CRT panel glass [2,5,8,10,20,22,47] in Fig. 7. We note that in the literature
the porosities in some cases are not reported, and we therefore calculate it using the reported
bulk/powder density values or using a powder density (ps) of 2.76 g cm™ [24]. As expected the
simulated curves for real gas phases (CO, or air) describe the experimental values better than the
simulated curve, where the gas phase is assumed to be a thermal insulator, since in the real samples
CO,, Oy, CO, Ar, and/or N, are present in the pores. These data clearly show that the gas phase
composition is a crucial parameter for simulating 4 at high porosities. Some reported values are higher
than the simulated values, which is very likely linked to a higher solid contribution due to crystal
residues from foaming agents in the solid phase [6] or a difference in the pore structure, e.g., in pore

size [9-11]. Both differences increase the contribution of the solid phase to the effective thermal
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conductivity. The simulated A is roughly linearly decreasing with the porosity in the porosity range 55—
90 % (Fig. 7). A deviation from the general trend is seen at a porosity ~73 %. This is plausibly due to
changes in the porous structure, as it appears in the same porosity range where the pore size starts to

increase (Fig. 2).

= Ref. [22] ¢ Ref.[8]
0.3 e Ref. [5] « Ref.[10]
A Ref. [47] * Ref. [20]
v Ref. [2]
L 0.2+
F-'E Insulator
=
~ 0.1
--‘
0.0 T T T T
50 60 70 80 90 100
#(%)

Fig. 7. Comparison of the simulated thermal conductivity (1) and experimental A values in glass foams

based on CRT panel glass from the literature.
3.3. Modeling the porosity dependence of the thermal conductivity

The simulated /1 values are in good agreement with the experimental ones from the literature when
exceeding a porosity of 60 % (Fig. 7). Due to a lack of data for the lower porosity region, we fit a linear

equation to the simulated values for porosities of above 43 %. The fit is performed for the case of CO,-

filled pores. The porosity dependence of A can thus be expressed as Eq. 1:

A=—0.01+ (1— ¢)0.60 (1)
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Considering the A-values of the solid (0.925 W m™ K™) and gas phase (0.016 W m™ K™), Eq. 1 can

be converted to Eq. 2.
A=2g(p— 1) +=1— )i (2)

where 4, 44, and 4 is the thermal conductivities of the foam, the gas, and the solid, respectively, and ¢
is the porosity of the glass foam. The model is limited within a porosity range of 40-95 %.
Additionally, the influence of pore size was not investigated, but it is anticipated that the model
behaves well for pore sizes >0.1 um (Knudsen effect) and <4 mm (convective contribution). The
Knudsen effect results in significantly lower thermal conductivity, while the convective contribution

leads to higher thermal conductivity of porous materials.

To compare Eq. 2 with the existing models regarding the prediction quality of the porosity
dependent A value for porous materials, we test four other analytical models which have been widely
used to simulate the thermal conductivity, namely, the Russell (Eq. 3) [48], the Landauer (Eq. 4) [49],
the Schuetz-Glicksman (Egs. 5 and 6) [50], and the Doherty-Hurd-Lestor (Eg. 7) [51] models, against
the simulated A values (Fig. 8). We note that many more models exist based on theoretical or semi-
empirical work [52]. The Russell model works well for kaolin-based foams and calcium aluminate
foams with porosity > 65 % [53], while the Landauer model works well in open porous (< 65 %)
materials such as tin oxide, alumina, and zirconia ceramics [53]. Both the Schuetz-Glicksman and

Doherty-Hurd-Lestor models work on highly porous polymeric foams [52].

2
(s +93(1g—1s))
= 2
As+(Ag=2As)(p3—)

A 3)
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where s and Aq are the solid and gas conductivity, respectively, and ¢ is the porosity.
A= i[(lg(3¢ — 1) +24:Bds — 1) + ([A4,(3¢ — 1) + 4,35 — 1)]? + 84,2,)*] (4)

where ¢ is the solidity, i.e., fraction of the solid in the foam (#s=1— ¢).

A=25+K(1 - p)As 5)
K=T(§—% (6)

where 7 is the tortuosity factor and f is the fraction of the solid-located in the struts. The K-factor was
estimated to be close to 0.34 for glass foams prepared fromi CRT panel glass and MnO; by treating the

K-factor as a fitting parameter [2].
A= +2(1 - )i (7)

Among these models, the Schuetz-Glicksman (Eq. 5) [50] and the Doherty-Hurd-Lestor (Eq. 7) [51]
models are the same when K = 2/3 in the Schuetz-Glicksman expression. Both Eq. 5 and Eq. 7 are
similar expressions to Eq. 2, yet different from Eq. 2, in which we account for the porosity in both the
first and second terms in contrast to the previous models. These four models are, as Eq. 2, based on the
porosity and the conductions of the solid and the gas phase. All models treat the conduction through
solid (%) and gas (4;) as decoupled. We use the same values for 4 and .4; as described earlier
(4=0.925 W m™ K™ and .4,=0.016 W m™ K™). In other words, we assume there is pure CO; in the
pores and the solid matrix composes of CRT panel glass, where the solid conduction, i.e. 4=0.925 W
m™* K, is calculated based on a model developed by Choudhary and Potter [41]. The /4 of a glass

obtained by remelting CRT panel glass is measured to be 0.866 W m™ K™, while that of a CRT panel
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glass remelted with 4 wt% MnO; is 0.932 W m™ K™ [6]. Therefore, the calculated A of the solid phase
(4:=0.925 W m™ K™) already includes the contributions from the incorporation of manganese oxide

into the glass phase and a low degree of Mn3O4 or MnO crystal residues in the glass matrix [2].

The simulated A is well described by the Landauer model for porosities <40 % and by the new
model (Eq. 2) for porosities >40 % (Fig. 8a). Glass foams for insulating purposes are highly porous and
therefore, the new model is promising. This is supported by Fig. 8b, showing that the new model (Eqg.

2) depicts the A trend much better than the four other models.

a) 10 by 03
Models: DHC = Ref.[22]
—— Russell Russell o Ref.[5]
0.8- —— Landauer New A Ref. [47]
' —— Schuetz-Glicksman model v Ref. [2]
— ——— Doherty-Hurd-Lestor ~ 0.2 * Ref. [8]
¥ 06- —— New model v ¢ e < Ref.[10]
o) Pores are: @ Landauer » Ref. [20]
S o CO,filled £ S 4
2 04- s Air-filled = LN
< ) * \d
< ~ 0.14 PO\
v oS>
0.2 .
0.0 T T T T 0.0 T T T T
0 20 40 60 80 100 60 70 80 90 100
¢ (%) ¢ (%)

Fig. 8. Comparison of the ability of five models (Russell, the Landauer, the Schuetz-Glicksman
(SG), Doherty-Hurd-Lestor (DHL), and the new model (Eq. 2)) to describe the simulated thermal
conductivity (1) based on the porosity (¢) (a) and the experimental 4 data of glass foams based on CRT
panel glass from various studies (b) (see labels). The 4 values used in the models for solid and gas are

0.925 W m™ K™* and 0.016 W m™ K™, respectively.

Glass foams based on CRT panel glass were used for the initial comparison of the models since

these are similar to the simulated glass foams. To make a broader comparison of the models, we model
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the ¢ dependence of A for glass foams based on different types of glasses and containing different gases
and compare them with their experimental A values from the literature (Fig. 9a). The comparison was
made for the porosity >40 %. Experimental A data are taken from Refs. [2,3,54—
57,4,5,8,10,20,22,27,47], and the average difference between the modeled and experimental values is
shown in Fig. 9b. In order to model the ¢ dependence of A, we have made the following assumptions
regarding As and Aq. The A5 contributions of CRT panel glass, funnel glass, and soda-lime silica glasses
(window, flat, bottle) are 0.925 [2], 1.046 [58], and 1.1 W m™ K™ [3], respectively. For glass mixtures,
we presume a linear relation between the A and the fraction of the specific glass, and thereby calculate
the approximate As. Ag of CO,, Oz, Na, Ar (mixture with CO,), N2 (mixture with CO,), H,O, and SO,
are 0.016 [43], 0.026 [42], 0.026 [42], 0.016 [8], 0.023 8], 0.019 [59], and 0.0099 W m™ K™ [60],
respectively. The gas might be a multicomponent phase as reported previously [5,8], but to predict 4,
we assume one-phase gas compositions uniess A4 of the multicomponent gas phase is reported. For
simplicity, we do not consider the ratio of the closed and the open pores in modeling, but assume 100
% closed pores filled with the gas evolved during foaming, e.g., CO; released from carbonaceous
substances, N, from TiN, and O, from MnO,. In the case of a lack of porosity data, we acquire data by
calculations based ori the foam density and bulk solid density, where the solid density is 2.76 [8], 3.00
[61], and 2.48 g cm™ [36] for CRT panel glass, CRT funnel glass, and soda-lime silica glasses,

respectively.

To illustrate the difference between the new model (Eq. 2) and the four existing models analyzed in
this paper, we plot the difference in the experimental and the modeled A data against ¢ (Fig. 9). Eq. 2

is, in general, closer to the experimental values (Fig. 9a). In contrast, the Russell model underestimates,
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whereas the Landauer and Schuetz-Glicksman models overestimate 1. Eq. 8 describes the difference

between the modeled (Amogel) and the experimental (dexp) thermal conductivity values.

Dif ference = 2exp~tmodel 1 (8)

Aexp

The average difference between the modeled and the experimental 4 values, calculated for all the data,
implies that the Russell model overestimates 4 by 31 % (as the experimental value is 31 % lower than
the predicted) and the Doherty-Hurd-Lestor overestimates by 24 %, while both the Landauer model and
the Schuetz-Glicksman models underestimate A by 60 % and 26 %, respectively. In contrast, the new
model only exhibits a difference of 0.7 % on average for glass foams with porosity >40 % (Fig. 9b).

The comparison suggests that Eq. 2 performs better than other models in terms of prediction of A of

glass foams.
a) = Russell b)
1504 , Landauer 804
A Schuetz-Glicksman —
1004 v New g 601
’O\a 50 . DohAerty-Hurd-Lestor 8 40
8 2 2 201
e od---m- - 2_ _ o
o 3 £
@ S 01
£ 504 °F Y o
[a] . 2 -20
-1004 " . g ]
2 40
-1504 60
40 50 60 70 8 90 100 N - ' ' '
¢ (%) Russe! | ppdan® G o wew

Fig. 9. a) Difference (Eq. 8) in the thermal conductivity (1) between experimental values and those
obtained through different models at different porosities (¢) for various types of glasses including, e.g.,
CRT and window glasses; b) Average difference in thermal conductivity for the Russell, Landauer,

Schuetz-Glicksman (SG), Doherty-Hurd-Lestor (DHL), and new (Eq. 2) models.

Page 18 of 28



Journal Pre-proof

4. Conclusions

The foaming of a glass melt is monitored using synchrotron X-ray tomography. The developing and
growing pores cause an increase in the sample volume due to the gas formation, thus, the porosity of
the sample increases. The initial increase in the porosity is caused by the formation of new small pores,
while at higher temperatures the pores start to expand due to increasing internal pressure and
decreasing viscosity. The highest porosity determined for the investigated glass foam is 90.2 %. Based
on the 3D reconstructions of the glass foam structures at different temperatures, image-based
simulations of the glass foam structures are used to determine the thermal conductivity (1). The

simulated A decreases with increasing porosity and with a decreasing gas conduction.

Finally, we propose a new empirical model (Eq. 2) to effectively describe the porosity dependence
of 1 of glass foams (and plausibly other porous materials) as a function of porosity for the case of ¢ >40
%. The new model exhibits an -average difference of only 0.7 % between the modeled and
experimentally obtained A values, compared to the average difference of 26-60 % achieved by the four

considered analytical models.
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