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Abstract—In this work we systematically investigate thermal transport in opacified monolithic silica
aerogels by changing their density and the concentration of infrared opacifier. The goal is to minimize the
thermal conductivity of these highly porous inorganic materials. The lowest achieved thermal conductivities
at 300 K are about 0.013 W m~' K~' for non-evacuated specimens, which have to be compared with values
of about 0.020-0.025 W m~! K~! for CFC-blown insulating polyurethane foams and with 0.035 W m~'
K~' for the best fiber insulations. Our investigations allow us to quantitatively determine the gaseous,
solid and radiative conductivities 4, A, and 4,, respectively. The derived variations with aerogel density p
are: Agoc p=*¢, A oc p'*and 4, o« (p-e) " in the range 70 < p/kg m~* < 230. The total conductivity shows

a minimum around 120 kg m

1. INTRODUCTION

SiLica aerogel [1-3] is a highly porous material made
in a sol-gel process with subsequent supercritical
drying. Transparent acrogels in monolithic or granu-
lar form are valuable materials for passive solar usage
[4] and thus for energy conservation. Silica aerogels
are known for their high optical transparency [5] as
well as their excellent thermal insulation [6] at ambient
temperatures. Today, monolithic aerogel tiles of sizes
up to 40 x 40 x 2 cm” [7] are available in small quan-
tities. Granular aerogel is more easily and cheaply
produced [8]. We have demonstrated that aerogels
can also serve as cfficient opaque insulations in
refrigerators, freezers and heat storage systems [9].
For this application the gel has to be opacified with
Ti0,, iron oxide or carbon soot. Silica aerogel powder
1s most attractive as an insulant, as it can be easily
filled into hollow spaces. In air, this material has a
surprisingly low conductivity of about 0.020 W m '
K" at 300 K [9]. It can thus be considered a non-
flammable, non-toxic and environmentally favorable
substitute for CFC-blown polyurethane foam. Evacu-
ated, load bearing aerogel powder has a thermal con-
ductivity of only about 0.004 W m~' K ~'. It can thus
compete with fibrous superinsulations from a
conductivity point of view [10] ; the handling of aero-
gel powder is much easier and does not cause the
health problems apprehended for fiber systems.

A prerequisite for the further improvement of aero-
gel powders is the optimization of the thermal resis-
tance of monolithic aerogels. This goal was pursued in
our laboratory ; the results are presented in this paper.

2. DESCRIPTION OF HEAT TRANSFER

The addition of an infrared (i.r.) opacifier is impor-
tant for the reduction of radiative heat transfer in
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silica acrogels, which show low infrared absorption in
the 3-8 um spectral region [11]. In addition, opac-
ification makes data interpretation much easier, as the
radiative conductivity is linearly superimposed on the
gaseous and solid conductivity in this case, while com-
plex coupling phenomena occur for pure SiO, aerogels

[11].

2.1. Radiative transport

Pure silica is an effective i.r. absorber for wave-
lengths above 8 um (Fig. 1). The specific extinction
here is e 2 100 m* kg™' [9]. Below 8 um the absorp-
tion, however, is extremely small. An improved i.r.
extinction in this range can be provided by the
addition of opacifiers with strong i.r. absorption, e.g.
soot, or efficient scattering, e.g. titania.

If optically thick media are considered, the tem-
perature dependence of the radiative conductivity is

i = (16/3)n%a T [[e(T))  pl. M

The product e-p = F is the extinction coefficient,
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Fi1G. 1. Spectral specific extinction e(A) of pure and opacified

SiO, aerogel. ( ) Pure Si0, aerogel, baked ; (———)

pure SiO, aerogel; (—-—-) aerogel plus 0.1% soot;
(———) 0.5% soot; (- ) 5% soot.
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NOMENCLATURE
e  mass specific extinction y  scaling exponent
£ extinction coefficient &  scaling exponent
g  ratio between solid conductivities of 7 thermal conductivity
vitreous silica and aerogel A wavelength
Krn  Knudsen number p  density
/ mean free path o Stefan-Boltzmann constant
n  index of refraction ¢  diameter of pores or particles.
p  gas pressure
T  temperature.
Greek symbols Subscripts
o scaling exponent g  gaseous
f  dimensionless parameter in Knudsen’s r  radiative
formula s solid.

which is equal to 1/ pu0n» With Lo the photon mean
free path. In optically thick insulations the photon
mean free path is very small compared to the thickness
of the specimen. The specific extinction coefficient
e(T,) is derived from the spectral specific extinction
e(A) by proper spectral averaging (Rosseland mean).
n is the mean index of refraction of the insulation ; for
low-density insulations # is close to 1. o is the Stefan—
Boltzmann constant. T, is the radiative temperature
calculated from the boundary temperatures 7, and T

T} = (18) (T3 +TH (T, +T2). @

From equation (1) we learn that the radiative con-
tributions are smaller, the larger the extinction
coefficient E is. An effective diminution of 4, is thus
expected from an increase of both density p and spec-
ific extinction e. The latter can be realized by increas-
ing the amount of opacifier integrated into the aerogel
skeleton. The optimal distribution of the opacifier is
important in this respect.

The achieved specific extinction of a pure and an
opacified aerogel as a function of temperature is
shown in Fig. 2. The data were calculated from the
spectral measurements, which were performed with
platelets less than 1 mm thick. For aerogels of density
p ~ 100 kg m ™ with 5% carbon soot one thus expects

LANE S e Sy Son as Bem S e S 2

SC
.. pure Si0; aerogel
i i PR e tt T TR P
200 400 600 800
T/K

FiG. 2. Rosseland mean of specific extinction e of pure and
opacified monolithic acrogels vs temperature.

a specific extinction of around 100 m” kg '. As we
shall see later, such high extinction values are not
achieved in larger specimens necessary for calori-
metric measurements. Possibly the opacifier, which was
added to the chemical solution prior to gelation, had
agglomerated, thus lowering the specific extinction.

2.2. Solid conduction

The solid conductivity 4, of SiO, aerogels is con-
siderably smaller than the one for non-porous vitreous
silica. Above about 50 K the variation of A, with
temperature is the same as for vitreous silica [12]. The
absolute amount of the conductivities can be
described by a geometric factor (Fig. 3), g=
A (vitreous silica)/A, (aerogel).

For low density aerogels with p ~ 100 kg m™* the
factor g is typically of the order of several hundred.
Between p = 70 and 300 kg m' * a variation

Aoocp*, withax 15 3

can be found. This agrees well with earlier predictions
[13, 14].

2.3. Gaseous conduction

Monolithic aerogels have pores in the 1-100 nm size
regime. According to Knudsen’s equation the gaseous
conductivity 4, within these pores varies with
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FiG. 3. Geometric factor g == A, (vitreous silica)/4, (aerogel)

as a function of density p [12]. (+) Aerogel, 71 kgm™; (Q)

124 kgm~?; (x)235kgm~>; (A) 262 kgm—; (O) Vycor;
() vitreous silica.
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Ago 1s the gaseous conductivity of a free gas and § ~ 2
for air. The Knudsen number is

Kn = lg/¢s (5)

where /, describes the mean free path of the gas par-
ticles and ¢ is an effective pore diameter. As Kn is of
the order of 1 for aerogels at 300 K and p, = 1 bar
(I, &= 70 nm), the gaseous conductivity 2, remains con-
siderably below the value 4,. As a rule of thumb
Ay < 0.01 Wm 'K~ at ] baris observed.

Upon vanation of aerogel density one expects a
change of effective pore diameter :

&~ 2/3)(po/pYpocp', (6)

with p, = density and ¢, = diameter of aerogel sub-
units. Here a random distribution of subunits is
assumed. For a more regularly built network,
¢ oc pi, with 1/2 <y < 1, is valid.

After insertion of cquation (6) into the above equa-
tions we get

, 3L, |
Ag = /»go{l*{-pzpf(;o} . (7)

Thus 4, is expected to decrease with increasing aerogel
density.

2.4, Total conductivity

All three contributions to the heat transfer
described above are superimposed linearly ; thus the
total conductivity of air-filled monolithic aerogels
becomes

5= D et A R et )

‘e 18 the conductivity of an evacuated aerogel
specimen.

3. SAMPLE PREPARATION AND
EXPERIMENTAL METHODS

A Pt hot wire probe was mounted in a glass tube,
which was then filled with a mixture of TMOS,
CH,OH, water and finely dispersed carbon soot. A
silica gel was formed under basic conditions, generally
within 5 min. Supercritical drying in an autoclave was
performed with respect to methanol. The density of
the resulting aerogel cylinder was controlled by the
TMOS-CH,OH ratio, which is about 1:3 for a 100
kg m~* aerogel. In crack-free specimens the Pt wires
were rigidly connected to the aerogel body; thus a
good thermal contact was guaranteed, even under
evacuation.

The thermal conductivity was determined by feed-
ing a constant electric power into the filament and by
observation of its temperature increase [15].
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FiG. 4. Thermal conductivity 4 of various monolithic acrogels

at 7= 300 K as a function of air pressure p,. (+) p = 230

kg m™?, 2.5% soot; (A) p = 150 kg m ", 10% soot: (@)
p=120kgm>, 5% soot; (@) p = 75 kg m~. 5% soot.

4. RESULTS

The conductivity A of monolithic aerogels with den-
sities p = 230, 150 and 120 and 75 kg m~* was deter-
mined for 300 K as a function of air pressure (Fig. 4).
At p, = 1 bar we found 4~ 0.017, 0.014, 0.013 and
0.016 W m~' K~ for the four aerogels. To our know-
ledge, 0.013 W m~' K~! is the smallest conductivity
ever reported for a non-evacuated solid body at 300 K.
Whether this value is already the minimal conductivity
achievable with opacified aerogels is currently being
investigated.

Already at p, = 10-50 mbar the gaseous conduction
becomes negligible; the corresponding conductivity
values at 300 K are /... =~ 0.011, 0.008, 0.006 and
0.005W m~' K ~'. We want to point out that pressures
of 50 mbar are easy to obtain and maintain in evacu-
ated insulation systems.

The variation of /., of various evacuated mono-
lithic aerogels with temperature is shown in Fig. 5.
From the intersection of the fit line with the approxi-
mate ordinate values, the solid conductivity 4, can be
derived. These are found to be around 0.009, 0.004,
0.003 and 0.002 W m~' K~' for the four aerogels.
From the slopes in Fig. 5 the specific extinction for
the opacified aerogels can be estimated: e = 15, 43,
40 and 60 m? kg~ result for the four specimens. As
indicated above, these values are considerably below
the spectroscopically derived data from thin samples.
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Fi1G. 5. Thermal conductivity 4., of various evacuated opac-

ified monolithic SiO, aerogels vs 7. (+) p = 230 kg m 2,

2.5% soot; (A) p = 150kgm~, 10% soot; (@) p = [20 kg
m~3, 5% soot; (@) p = 75 kg m~?, 5% soot.
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F1G. 6. Total conductivity for non-evacuated and evacuated

aerogel, A (O) and A, (%), respectively, as well as gaseous

and solid conductivity, 4, (/) and 4, (O), respectively, as a
function of density p.

5. DISCUSSION

The total conductivities before and after evacu-
ation, 4 and A..,., respectively, for four different aero-
gel densities at T ~ 300 K are shown in Fig. 6. The
difference 4 — A, equals the gaseous conductivity 4,.
The radiative conductivities A, are derived from the
slopes in Fig. 5. If these values are subtracted from
Aevacs 45 18 finally obtained.

As anticipated, 4, and A, decrease with increasing
p. while A, increases. The experimentally derived
dependences can be approximated by (see Fig. 7)

AgoC p™°, withd =~ 0.6

Asoc p*,  witha = 1.5,

6. OUTLOOK

We have shown that the total conductivity / as a
function of aerogel density p displays a minimum with
2=0013Wm' K at p=120 kg m~*. A slight
further decrease of A seems possible, if the specific
extinction e can be improved by a better distribution
of the opacifier. However, we want to emphasize that

. L i n 1 I
50 100 200 300
a/kgm3

FIG. 7. Logarithm of 4, and A, vs logarithm of aerogel density
p. From the slopes scaling exponents o« ~ 1.5 and é = —0.6
can be derived.
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the extremely small conductivities achieved up to now
are not reached by other insulation systems in air.

The data for 4, shown in Fig. 6 are somewhat higher
than those used for Fig. 3. This may be due to inac-
curacies of the caloric measurements (which we esti-
mate to be +0.001 Wm ' K~') and the fact that the
acrogels were grown under different conditions. It
would be worthwhile concentrating on the com-
parison of differently grown aerogels in future caloric
investigations.
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OPTIMISATION DES SILICA-AEROSOLS MONOLITHES ISOLANTS

Résumé—On étudie systématiquement le transfert thermique dans des silica-aérosols monolithes opacifiés
en changeant leur densité et la concentration de I'opacifiant d’infrarouge. Le but est de diminuer la
conductivité thermique de ces matériaux inorganiques fortement poreux. Les plus faibles conductivités
thermiques obtenues a 300 K sont proches de 0,013 W m~' K~ ' pour des spécimens non évacués, valeur
4 comparer avec celles comprises entre 0,02 et 0,025 Wm™ ' K~ ' pour les mousses de polyuréthane soufflées
aux CFC et avec 0,035 W m~' K~ pour les meilleurs isolants fibreux. Cette étude permet de déterminer
quantitativement les conductivités thermiques de conduction dans le gaz et le solide et de rayonnement,
respectivement 4, 4, et 4,. Leurs variations avec la masse volumique de I'aérosolsont: A, oc p~ 06 Aoocp'?®
et 4, oc (p-e)~ ' dans le domaine 70 < p/kg m~> < 230. La conductivité totale est minimale vers 120 kg m ™.

OPTIMIERUNG VON WARMEDAMMUNGEN AUS INFRAROT-GETRUBTEN
AEROGELEN

Zusammenfassung—Im Rahmen dieser Arbeit wurde der Wirmetransport in infrarot-getriibten Aerogelen
als Funktion der Dichte und Konzentration des Tritbungsmittels systematisch untersucht. Zielsetzung war
die Minimierung der Wirmeleitfahigkeit solch hochporéser anorganischer Materialien. Die bisher geringste
Wiirmeleitfahigkeit im beliifteten Zustand bei 300 K war etwa 0.013 W m~' K~ '—dies mul3 mit Werten
von 0.020 bis 0.025 W m~' K~ fiir FCKW-geblihte PU-Schiume und 0.035 W m~' K~ ! fiir die besten
Faserdimmaterialien verglichen werden. Unsere Untersuchungen erlauben die quantitive Bestimmung von
Gas-, Festkérper- und Strahlungswirmeleitfihigkeit 4,, A, bzw. 4,. Es zeigt sich, daB diese GroBen mit der
Aerogeldichte im Dichtebereich von 70 < p/kg m~> < 230 wie folgt variieren: A, oc p= %, 4 ac p'* sowie
i (pre)~ ', Die Gesamtwirmeleitfihigkeit zeigt bei einer Dichte von ca. 120 kg m™? ein Minimum.

VJIYUIIEHUE CBOMCTB MOHOJWUTHBIX M30JISILIMNA U3 KPEMHE3EMHOI'O
A3POT'EJIA

Annoramas—HccrnenyeTcsi TEIUIONEPEHOC B 3aMYTHEHHBIX KPEMHE3EMHBIX a3pOTENifAX IOCPENCTBOM
HU3MEHEHHs MX IUIOTHOCTH M KOHUEHTPAlMH 3aMyTHsoLIEro Bemecrsa. Lenblo MccienoBaHUS ABIATCA
MHHHMH3A1HS TEIUIONPOBOAHOCTH MCIIONB3YEMBIX BBICOKOMOPHCTHIX HeopraHmueckux Bemects. Haubo-
Jiee HU3KHe KO3(PHULIHEHTH! TEUIONPOBOAHOCTH ObUIH nmony4eHsl npy 300 K ms1a HeoTkauyaHHBIX 06pas-
moB u cocTapisiim npumepHo 0,013 Bt mM~' K7!, u4ro omimuaeTcas OT 3HAYECHHH, paBHBIX
npubamsurenasno 0,020-0,025 BT M~ K™, g H30ISUMOHHBIX MOJHYPETAHOBBIX MEH, MPOLYBASMBIX
CFC, u ot 3ra4enns 0,035 Br M~ ! K™! ans nyqiunx BOJIOKHHCTBIX H30sumit. KomnyecTBeHHO onpene-
JIeHbI 3HA4YCHUS TEIUIONPOBOJHOCTH Ta3a, TBepHoH $assl H TEMJIONPOBOAHOCTH M3NYYEHHEM A , A, H 4,.
B untepsane 70 < p/xI’ M™3 < 230 mostyueHs! ClieqylOlIHe H3MCHEHHS IUIOTHOCTH a3pores p: A, o
p~ %% A, oc p'5 u 4, oc (p-e)” . CyMMapHas TEMIONpPOBOLHOCTh JOCTHracT MHHHMYMa BOJIH3H 3Haue-
uus 120 kT M3,
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