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Gas Pressure Dependence of the Heat Transport
in Porous Solids with Pores Smaller than 10 pm
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Abstract To elucidate the gaseous heat transfer in open porous materials with pore
sizes below 10 wm, an experimental setup for hot-wire measurements at high gas
pressures was designed and tested. The samples investigated were organic, resorcinol—
formaldehyde-based aerogels with average pore sizes of about 600 nm and 7 um. The
range in gas pressure covered was 10Pa to 10MPa. To avoid effects due to mass
transport along the inner surface of the porous backbone of the samples, He and Ar,
i.e., gases with very low interaction with the sample surface at ambient temperature,
were chosen. The study reveals a significant contribution of coupling effects to the
thermal transport in nanoporous media. A model has been developed that qualitatively
describes the observed gas pressure dependence of the heat transport.

Keywords Aerogels - Coupling effect - Gas pressure - Thermal conductivity

1 Introduction

Porous solids with an average pore size below 10 wm, such as organic or inorganic
aerogels, are well known for their excellent thermal insulation performance [1]. This
is due to their high porosity and the fact that transport via the gas phase is partially
suppressed.
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Zeng et al. [2] developed an analytical solution for the gaseous thermal conductivity
within the pores of an aerogel up to 10 MPa,

he = =9y — 5. | M ® Pe (1
= — — C —_—,
e= TRm " 0.25SpE1pa/® + 115 /T

where y is the adiabatic exponent, M is the molar mass, Ry, is the universal gas con-
stant, SggT is the specific surface area, p, is the aerogel density, T is the temperature,
and @ is the porosity. Coupling effects were not taken into account. To date no exper-
imental data for the thermal conductivity of an aerogel at pressures above 0.1 MPa are
available to check the validity of the theoretical approach.

The aim of this work is, therefore, to provide experimental data as well as a theoret-
ical description of the thermal conductivity of organic aerogels, i.e., resorcinol-form-
aldehyde (RF) aerogels, at gas pressures above 0.1 MPa. RF-aerogels were used as
model systems, because they can be synthesized with different well-defined average
pore sizes. For practical reasons, related to the pressure range required, a minimum
pore size on the order of 1 wm had to be chosen. Within the framework of this paper,
all sol—gel-derived highly porous solids are called “aerogels,” independent of their
pore size and the drying method applied.

The results of this study are also important for future optimization of the materials
with respect to their thermal properties at different environmental conditions. Further-
more, experimentally derived thermal conductivity values over a wide gas pressure
range can be used to deduce information about mean pore size and pore size distribu-
tion of the porous system investigated [3].

2 Theory
2.1 Contributions to the Total Effective Thermal Conductivity in Aerogels

Aerogels are amorphous highly porous materials consisting of a three-dimensionally
interconnected solid backbone which is based on chains of primary particles (see Fig. 1)
[4]. The space in between these chains represents the so-called meso- or macropores.
The heat transfer in these materials is determined by heat transfer via the solid back-
bone, radiative heat transfer, and heat transfer via the gas phase in the pores [5]. The
thermal conductivity via the solid phase, A, depends on the backbone morphology,
its chemical composition, the density of the primary particles, and the connectivity of
the backbone. The radiative heat transfer within an aerogel sample can be described
as a diffusion process as long as the mean free path of the photons within the relevant
wavelength regime is small compared to the extension of the sample in the direction of
the temperature gradient; for infrared opacified aerogels, the mean free path is smaller
than several micrometers.

At moderate temperatures and atmospheric conditions, heat transfer via the gas-
eous phase within aerogels is well described [3,5]. Generally, the effective thermal
conductivity Ag of the gas within a porous material with a uniform pore size D as a
function of gas pressure py can be described by
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Fig.1 Sketch of the three-dimensional network of an aerogel consisting of interconnected chains of primary
particles. Between two adjacent primary particles, a thermal contact resistance occurs due to the constriction
of the heat flux in the surroundings of the contact area with radius r¢
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where Ag ¢ is the thermal conductivity of the free gas, f is a coefficient, which depends
on the accommodation coefficient and the adiabatic coefficient of the gas [6], [, is the
mean free path of the gas molecules, and py is the reference gas pressure. The thermal
conductivity of the free gas can be described by the gas diffusion model,

1
rgo(pg. T) = §Pg(Pg7 ey (T)v(T)lg(pg, T), 3

where pg is the gas density, cy is the specific heat at constant volume, and v is the
mean particle velocity.

For porous materials where the solid phase is given by an agglomeration of sin-
gle or partially interconnected particles (e.g., spheres or fibers) with a relative high
bulk thermal conductivity compared to the thermal conductivity of the pore gas, the
heat transfer mechanisms via the solid and gaseous phases may interact. This coupling
effectis very pronounced within beds of spherical particles and fibrous materials where
more or less ideal point contacts between the particles, and thus a high thermal resis-
tance at these contacts, are responsible for the low effective solid thermal conductivity
of the solid phase [6].

In many cases, the total heat transfer within porous, optically thick materials can
be described by the superposition of the single heat transfer mechanisms leading to
the following expression for the total effective thermal conductivity:

Aett (T pg) =As(T) + Ae(T) + )hg(T» Pg) + Ac(As, Pg), 4

where A; is the radiative thermal conductivity and A. is the fraction of the thermal
conductivity caused by the coupling effect.
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Fig. 2 Experimental gaseous thermal-conductivity values for different porous materials as a function of
gas pressure. The data were taken at room temperature in Np atmosphere. Lines represent fits of Eq.2 to
the data points

While the coupling effect is well investigated for macroscopically structured
materials, it is not discussed yet for materials with pores <10 pm; this is due to the fact
that it cannot be observed or well separated from other contributions under standard
measurement conditions. The gaseous heat transfer at ambient pressure in materials
with pores well below 10 wm, such as aerogels, is controlled by the fact that the mean
free path of the gas molecules at ambient conditions is larger than the effective pore
dimension. This leads to a thermal conductivity via the gas phase that is smaller than
the value of the free gas resulting in very low overall effective thermal-conductivity
values for this type of material [7,8].

Figure 2 shows the experimentally determined gaseous thermal conductivities A as
a function of gas pressure at ambient temperature for a macroporous glass fiber sample
and aerogels with different average pore sizes below 1 wm. For the glass fiber sample,
a coupling effect can easily be identified since the gaseous thermal conductivity at
ambient air pressure is about 0.032 W - m~! - K~! which is significantly higher than
the thermal conductivity of free air at 300 K, i.e., 0.026 W - m~!.K~!. However, for the
aerogels, a coupling effect cannot be identified in the experimental range investigated,;
this effect is rather expected to become significant at higher gas pressures. Under
these conditions, the thermal contact resistances between the primary particles of the
network can be bridged by heat transfer within the gas in the immediate proximity of
the contact area.

2.2 Modeling of Coupling Effect in Aerogels

A theoretical model, hereafter denoted as aerogel model (AM), was developed to
quantify the overall heat transfer through aerogels as a function of the gas pressure
within the pores. The new model is based on an existing model introduced by Zehner
and Schliinder [9] that describes the heat flow through close-packed particle beds.
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As aerogels are highly porous with a large amount of interparticle pore volume, the
Zehner model has to be modified.

The total experimentally determined thermal conductivity is given by Eq. 4, where
the terms, Ag + Ar, correspond to the offset of the measured s-curves in the low gas
pressure range where the gaseous thermal conductivity is totally suppressed. The gas-
eous contribution to the heat transport Ag pore in the interparticle pores can be calculated
via Eq.2, when the porosity and the average pore diameter Dyore Of the samples are
given. The used porosity IT is related to the interparticle pores only, which means that
the porosity @ derived from measurements was corrected by the volume of the small
gaps Vgp between the primary particles,

Volume of spherical particle, Vpax 2

Volume of cylindrical unit cell, Veer — 3
= Vgap = %Vcell = Vgap = %Vpart

ST=b-(1-®)L=13o-1). ®)

The coupling term X, can be calculated using Zehner’s cylindrical unit cell (Fig.3);
coupling occurs in the small gaps between two adjacent primary particles. The cou-
pling effect is due to a short circuit for the heat flow from one particle to the other
via the gas in the gap unless the gaseous heat transfer is completely suppressed. The
gap size, which is the distance between the particle surfaces in the direction of the
temperature gradient, rises with increasing distance from the central axis.

The aerogel model is based on a cylindrical unit cell (see Fig.3) which is divided
into 1000 hollow cylinders with a constant wall thickness. It is assumed that the
heat transport is strictly parallel in each of the hollow cylinders. Mathematically, the
coupling effect can then be accounted for by a series connection of the thermal resis-

v
>

—_—

» X

Fig. 3 Cylindrical unit cell for calculating the thermal coupling between the gas phase and the solid
particles (left: side view, right: top view). The cell was divided into 1000 hollow cylinders (the sketch
contains only five). A; is the heat transmission coefficient in the hollow cylinder with index i; the direction
of the heat flux is indicated by the arrows
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tances of the gas phase and solid phase in each hollow cylinder. The resulting heat
transmission coefficients A; (in W-K~!) of all hollow cylinders are connected in
parallel. Consequently, A. is given by

1000
2R
he = (1—H)E;Ai
1000 —1
2R D; ;
— - > (- ) ©)
R°m )\g,iAi )‘-partAi

i=1

where R is the particle radius; therefore, 2R is the height of the unit cell and R%7 is

its cross-sectional area.
R \2
=2 R — (i 7
Yi (l 1000) @)

is the total height of the solid phase in the hollow cylinder with index i, D; = 2R —y;
is the corresponding gap size and

R? R \?
Ar=nli 8
=7 ’5><105+(1000) ®

is the ring area of the respective hollow cylinder. The gaseous thermal conductivity
Ag,i is calculated for each gap size D; with Eq. 2. The thermal conductivity Apa of the
solid particles in RF-aerogel is equal to the thermal conductivity of bakelite, which is
about 0.23W -m~! . K~1 [10].

Unlike Zehner’s original model, the aerogel model takes only spherical particles
into account; however, SEM pictures show that this approximation is acceptable for
aerogels. It has to be pointed out that in addition the parallel heat flow along the z-axis
of the unit cell assumed for the derivation of Eq. 6 is only a coarse approximation for
the real heat flux lines in the contact region.

3 Experimental
3.1 Thermal-Conductivity Measurements

The effective thermal conductivity was determined by applying the hot-wire method
[11]. For this purpose, a platinum wire with a diameter of 100 p.m is embedded between
two half cylinders of the aerogel samples along the center axis of the cylinder. The
wire is heated with a constant electrical power, and the temperature increase of the
wire is determined using the relationship between the specific electrical resistance of
platinum and the temperature. Finally, the total effective thermal conductivity can be
derived by fitting a theoretical solution for the time-dependent temperature increase
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Fig. 4 Experimental setup; left: high vacuum arrangement, right: high pressure cell

of the hot wire on the experimentally derived data by applying a nonlinear regres-
sion routine [12]. The solution used takes into account heat losses of the hot wire via
the supply leads and a possible thermal contact resistance between the wire and the
sample.

For gas pressures below 0.1 MPa, the hot-wire experiment was performed in a
high vacuum setup (see Fig.4, left). This setup was placed in a climatic chamber to
control the temperature during the experiment at 21 °C. Different gas pressures were
realized by venting the evacuated cell with a defined amount of gas. The gas pressure
was determined in the range from 10Pa to 0.1 MPa by using two membrane pressure
transducers (Type MKS Baratron, range of 100 Pa and 0.1 MPa, resolution of 0.01 Pa
and 10Pa, respectively).

For thermal-conductivity measurements at higher gas pressures up to 10 MPa, a
temperature-controlled pressure cell (autoclave) was used. The vessel was also kept
at a constant temperature of 21 °C, using a water-filled jacket connected to a ther-
mostat. The gas pressure was measured with one membrane pressure transducer of
16 MPa range and a resolution of 0.04 MPa. The experimental setup is depicted in
Fig.4 (right).

3.2 Probing Gases

Two different gases, argon (purity of 0.99999) and helium (purity of 0.99999), were
used as pore gases. The relevant physical properties are compiled in Table 1. All values
for helium, i.e., mean free path, thermal conductivity, and specific heat, clearly exceed
the corresponding data of argon. Since helium and argon are inert gases, effects due to
adsorption at the inner surface of the aerogels can be neglected. At gas pressures above
0.1 MPa, the thermal conductivities of the free gases strongly increase with increasing
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Table 1 Physical properties, i.e., mean free path /g, thermal conductivity of the free gas Ag o, and specific
heat cy, of argon and helium at ambient conditions (7 = 300 K, pg = 0.1 MPa) [13,14]

Gas lg (nm) hgo (W-m=1-K~T) cy (ke KT)
Argon 64 0.017 317
Helium 180 0.154 3210
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Fig. 5 Thermal conductivities of free argon and helium as a function of gas pressure normalized to the
respective thermal conductivities at 0.1 MPa. Experimental data were taken at room temperature [15,16].
The lines represent fit curves to the data, that were later used for calculation of the theoretical gaseous
contribution to the total thermal conductivity by Eq.2

gas pressure (Fig.5). Particularly, the argon curve reveals a steep increase at high gas
pressures.

3.3 Samples Investigated

Two organic aerogel samples with different average pore sizes were investigated. They
were synthesized via a sol-gel process [17], starting with an aqueous solution of res-
orcinol and formaldehyde [18]. The addition of a basic catalyst controls the sol-gel
transition in which sol particles occur and interconnect to form a cross-linked polymer
network (see Fig. 1), the wet gel. In order to provide a porous solid, the gel is dried via
evaporation of the pore liquid at ambient conditions. To reduce the capillary forces and
therefore the amount of shrinkage upon drying, the water in the wet gel was exchanged
for ethanol prior to starting the drying step.

The two sample types were prepared with almost the same densities and porosities,
however, different average pore sizes of 0.6 um and 7 um (see Table2). Within the
framework of this paper, the two samples are denoted as RF0.6 and RF7, respectively.
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Table 2 Properties of the RF-aerogels investigated

Sample pa(g-cm™) ® (%) T1(%) dpar (1m) Dpore (km)  SpeT (m*-g7")  Sext(m? - g71)

RF0.6  0.33 78 67 0.2 0.6 322 15.9
RF7 0.32 79 69 3 7 - 1.33

pa, aerogel density; @, measured porosity; I1, corrected porosity (Eq.5); dpm, particle diameter; Dpore
pore diameter; SggT and Sext, specific surface areas determined by nitrogen sorption measurements

Fig.6 SEM pictures of the RF-aerogel samples investigated; left: RF0.6, right: RF7. Note that both pictures
were taken at the same magnification

The different structural dimensions of the two samples can be seen in the SEM pictures
in Fig.6.

The specific surface areas, Spgr and Sex, given in Table2 were obtained from
nitrogen sorption measurements. While Sggt represents the total specific surface area
determined via the BET model [19], the external surface area Sex¢, which is derived via
the so-called 7-plot [19], is the area of all pores larger than 2 nm. Assuming cylindrical
pores, the mean pore size Dyore can be derived from the external surface area Sey, the
sample density p,, and the density of the organic skeleton ps ~ 1500 kg - m—3 [20],
using the relation Dpore = 4(1/pa — 1/p5)/Sext. For pores larger than 1 um like in
the case of sample RF7, the specific surface area is very small and therefore cannot
be measured very accurately. In this case, Sex; was determined from the mean particle
diameter dpa, which was estimated using the SEM pictures; assuming a spherical
particle geometry, the following relationship holds: Sexc = 6/ (dpart0s)-

4 Results

Figure 7 shows the experimentally determined total thermal conductivity as a function
of gas pressure of the two aerogel samples investigated, both measured in argon and
helium at a temperature of 21 °C. At high gas pressures, the helium curves reach a
level up to four times higher than the argon data. This is due to the extremely high
thermal conductivity of free helium (Table 1). In all cases, the gas contribution to the
total thermal conductivity clearly exceeds Ag o at high gas pressures. This indicates
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Fig. 7 Measured total thermal conductivities for both aerogels and gases as a function of gas pressure at
a temperature of 21 °C. Dashed black lines mark the position As + Ar + ®Ag 0 He (300 K, 0.1 MPa); grey
lines including dashes and dots represent As + Ar + ®Ag 0, Ar(300 K, 0.1 MPa)

that even in aerogels, thermal coupling between the solid particles and the gas phase
is significant.

For RF0.6 and RF7, the inflection points of the thermal conductivities in the half-
logarithmic representation are clearly located at different pressures. On the other hand,
the offset of the s-curve, which describes the combined contribution of solid and
radiative conductivities, is almost equal for both samples; this is expected because of
the very similar densities and extremely high extinction coefficients [21].

The jump in all measured curves at 0.1 MPa is caused by the two different exper-
imental setups used below and above ambient pressure. By evacuating the vacuum
chamber, adsorbed water molecules can be removed easily from the aerogel back-
bone. However, flushing the sample in the autoclave with the probing gas for several
hours does not yield the same efficiency. Therefore, the data taken above 0.1 MPa
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include an offset, which is probably caused by thermal bridging via adsorbed water.
This is proved by the fact that venting and refilling of the autoclave reduces the ther-
mal conductivity value at a certain gas pressure. The amount of the offset, i.e., the
difference between the results measured with both setups at 0.1 MPa, is on the order
of 0.01W - m~! . K~! for helium and 0.002W - m~! - K~! for argon.

The error bars in Fig. 7 represent the expanded standard measurement uncertainty.
Uncertainties due to a temperature fluctuation of about +0.5 K were estimated to be
negligible.

5 Discussion

The first increase in A at gas pressures of about 10Pa to 50 x 10% Pa is due to the
gaseous conduction in the interparticle pores, Ag pore. According to the theory (see
Eq.2), the corresponding inflection point depends on the average pore size and the
mean free path of the probing gas. For a given probing gas, the curve for sample RF7
is, therefore, expected to be shifted by about a factor of ten to lower gas pressures
in contrast to sample RF0.6; a comparison of the two plots in Fig.7 shows that the
expected shift is actually observed. Comparing the experimental curves for a given
sample but different gases (e.g., Figs. 8 and 9), reveals a shift of the inflection point to
lower gas pressures for argon in comparison to helium. This corresponds to the effect
predicted by Eq.2 in combination with the different characteristic mean free paths
(Table 1). Theoretically, the amount of the shift is equal to the factor by which the
mean free paths differ. That means, in the case of argon and helium, a shift by a factor
of three in gas pressure can be expected. This quantitative behavior is also confirmed
by the experimental results.

For high gas pressures (pg > 10 Pa), the height of the expected s-shaped ther-
mal-conductivity curves is mainly determined by the coupling effect, i.e., the thermal
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Fig.8 Comparison of the experimentally derived thermal-conductivity values for sample RF0.6 in an argon
atmosphere with theoretical values predicted by the model of Zeng et al. [2] and the aerogel model
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Fig.9 Comparison of the experimentally derived thermal-conductivity values for sample RF0.6 in a helium
atmosphere with theoretical values predicted by the aerogel model

bridging in the vicinity of the particle contacts. However, the typical pronounced
plateau is not present. The experimental data rather exhibit a slightly increasing slope.
On the one hand, this is a result of the continuously decreasing gap sizes between
the particles, starting from the edge of the unit cell. When probing with growing gas
pressure, each gap size contributes to the heat transfer in the aerogel at another gas
pressure according to Eq. 2. This effect generally leads to a broadening of the transi-
tion region in the s-curve. In addition, the gas pressure dependence of Ag o has to be
taken into account (compare Fig.5), which shows a significant increase of the thermal
conductivity for gas pressures above 1 MPa, especially in the case of argon. The last
steep increase in the argon curves results from this behavior.

In Figs.8, 9, 10, and 11 the experimental data are compared to the theoretical pre-
dictions by the aerogel model; hereby, the structural parameters listed in Table 2 were
used. In Fig. 8, the theoretically expected curve according to the model by Zeng et al.
[2] (see Eq. 1) is exemplarily plotted in addition. The model of Zeng et al. shows a
large deviation from the measured curve, in particular, at high gas pressures, because
the gas pressure dependence of Az ¢ and the coupling effect are neglected.

All curves calculated via the aerogel model show a similar shape for the experi-
mental data plotted versus the gas pressure. However, the experimental data seem to
be shifted by about a factor of 10 toward lower gas pressures compared to the theo-
retical predictions. This means that the pore size values, derived from both nitrogen
sorption and SEM pictures, are about a factor of 10 smaller than the effective pore
sizes relevant for the heat transfer in aerogels. Moreover, the particle sizes taken from
the SEM pictures seem to be too small.

6 Conclusion and Outlook

The first pressure-dependent thermal-conductivity measurements on highly porous
materials with pores <10 wm, i.e., RF-aerogels, were performed over six pressure
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Fig. 11 Comparison of the experimentally derived thermal-conductivity values for sample RF7 in a helium
atmosphere with theoretical values predicted by the aerogel model

decades up to 10 MPa. The results provide important information about heat transfer
in RF-aerogels at high gas pressures. The thermal coupling between the gas phase
and the solid particles is significant in the RF-aerogels investigated and cannot be
neglected. It is expected that the derived results can also be observed for other nano-
porous materials.

In order to get a better understanding of the interaction of the different heat transfer
mechanisms, the established Zehner model was modified and compared to the exper-
imental thermal-conductivity curves as a function of gas pressure. Good qualitative
agreement was observed, i.e., the influence of the interparticle pores, the coupling
effect, and the gas—pressure dependence of the free gas at high pressure can be mod-
eled qualitatively. A quantitatively correct description by this model, however, failed.
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It seems that an effective pore size model is not sufficient to describe the heat transfer.
Therefore, in the future a more appropriate model which includes different pore sizes
(“multi-scale model”) needs to be developed. In addition, further nanoporous model
systems, e.g., pyrogenic silica, and gases, like CO, and N», will be investigated.
Since gas-pressure-dependent thermal-conductivity measurements can be used as a
convenient and non-destructive characterization method for nanoporous systems, it is
of importance that a reliable description of the heat transfer within these systems is
available, also at high gas pressures.
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