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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 0.0204.025 W mm’ Km’ for CFC-blown insulating polyurethane foams and with 0.035 W m-’ 
Km’ for the best fiber insulations. Our investigations allow us to quantitatively determine the gaseous, 
solid and radiative conductivities I,, 1, and 1,, respectively. The derived variations with aerogel density p 
are: Ig z p-Oh, 1., z p” and /I, cc (p*e)-’ in the range 70 < p/kg mm3 < 230. The total conductivity shows 

a minimum around 120 kg m-j. 

1. INTRODUCTION 

SILICA aerogel [l-3] is a highly porous material made 
in a sollgel process with subsequent supercritical 
drying. Transparent aerogels 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 cm3 [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 efficient opaque insulations in 
refrigerators, freezers and heat storage systems [9]. 
For this application the gel has to be opacified with 
TiO?, iron oxide or carbon soot. Silica aerogel powder 
is 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 ’ 
Km’ 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 mm ’ Km ‘. It can thus 
compete with fibrous superinsulations from a 
conductivity point of view [lo] ; 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 

silica aerogels, which show low infrared absorption in 
the 3-8 pm spectral region [1 I]. 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 

[]]I. 

2.1. Radiative transport 

Pure silica is an effective i.r. absorber for wave- 
lengths above 8 pm (Fig. 1). The specific extinction 

here is e 3 100 m2 kg-’ [9]. Below 8 ,nm 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’aT:/[e(T,).p]. (1) 

The product e-p = E is the extinction coefficient, 

FIG. 1. Spectral specific extinction e(A) of pure and opacified 
SiOZ aerogel. (- ) Pure SiOZ aerogel, baked ; (- --) 
pure SiOZ aerogel; (-.-.) aerogel plus 0.1% soot; 

(----) 0.5% soot; (, ” ,) 5% soot. 
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NOMENCLATURE 

e mass specific extinction 
E extinction coefficient 

Y ratio between solid ~ondu~tiviti~s of 
vitreous silica and aerogei 

Kn Knudsen number 
1 mean free path 
n index of refraction 

P gas pressure 
T temperature. 

Y scaling exponent 
ii scaling exponent 
3” thermal conductivity 
A wavelength 

P density 
0 Stefan-Boltzmann constant 
4 diameter of pores or particles. 

Greek symbols 
scaling exponent 

; d’ tmensionless parameter in Knudsen’s 

formula 

Subscripts 

g gaseous 
r radiative 

s solid. 

which is equal to l/lrhotonr with Iphoton the photon mean 
free path. In optically thick insuiations 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 n is close to 1. CT is the Stefan- 
Boltzmann constant. T, is the radiative temperature 
calculated from the boundary temperatures T, and TZ 

T; = (1~4).(~~+~~)*(T~+~*). (2) 

From equation (1) we learn that the radiative con- 
tributions are smaller, the larger the extinction 
coefficient E is. An effective diminution of A, 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 
spectra] measurements, which were performed with 
platelets less than 1 mm thick. For aerogels of density 
p z 100 kg m-’ with 5% carbon soot one thus expects 

200 400 600 800 
T/K 

FIG. 2. Rosseland mean of specific extinction e of pure and 
opacified monolithic aerogels 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 is 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 1121. The 
absolute amount of the conductivities can be 

described by a geometric factor (Fig. 3), g = 
i, (vitreous silica)/& (aerogel). 

For low density aerogels with p r= 100 kg rn. ’ the 
factor y is typically of the order of several hundred. 
Between p = 70 and 300 kg m ’ a variation 

i,, x p’, with CL = 1.5 (3) 

can be found. This agrees well with earher predictions 

113. 141. 

2.3. Gaseous conduction 
Monolithic aerogels have pores in the l-100 nm size 

regime. According to Knudsen’s equation the gaseous 
conductivity 1, within these pores varies with 

100 

FIG. 3. Geometric factor y = R, (vitreous silica)/& (aerogel) 
as a function ofdensity p [12]. (i-) Aerogel, 71 kg mm’; (0) 
124kgm-3;(x)235kgm-‘;(~)262kgm~‘;(0)Vycor; 

(0) vitreous silica. 
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&, is the gaseous conductivity of a free gas and p 2 2 

for air. The Knudsen number is 

Kn = /,I$, (5) 

where 1, describes the mean free path of the gas par- 
ticles and 6, is an effective pore diameter. As Kn is of 
the order of 1 for aerogels at 300 K and pa = 1 bar 

(I, z 70 nm), the gaseous conductivity i., remains con- 
siderably below the value LpO. As a rule of thumb 
d,<O.Ol Wm ’ K ~’ at 1 bar is observed. 

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

with p0 = density and 4” = diameter of aerogel sub- 
units. Here a random distribution of subunits is 
assumed. For a more regularly built network, 

4 x P ;, with l/2 < 1~ < 1, is valid. 
After insertion of equation (6) into the above equa- 

tions we get 

(7) 

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

2.4. Torul conductirit~ 

All three contributions to the heat transfer 

described above are superimposed linearly; thus the 
total conductivity of air-filled monolithic aerogels 
becomes 

i. = I., + i, + i., z r.,,;,, + 1,. (8) 

i.,,,, is 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 mm7 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 [ 151. 

0 
1 10 100 1000 

gas pressure lmbar 

FIG. 4. Thermal conductivity i of various monolithic acrogels 
at T = 300 K as a function of air pressure pg. (+) p = 230 
kg rn~-‘, 2.5% soot; (A) p = 150 kg m ‘, 10% soot: (0) 

p = 120 kg mm’, 5% soot; (+) p = 75 kg rnm2. 5% soot. 

4. RESULTS 

The conductivity I. of monolithic aerogels with den- 
sities p = 230, 150 and 120 and 75 kg mm7 was deter- 
mined for 300 K as a function of air pressure (Fig. 4). 
At pg = 1 bar we found I z 0.017, 0.014, 0.013 and 
0.016 W mm’ K-’ for the four aerogels. To our know- 
ledge, 0.013 W mm’ Km’ 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 atp, = 10-50 mbar the gaseous conduction 

becomes negligible ; the corresponding conductivity 
values at 300 K are i.,,,, z 0.011, 0.008, 0.006 and 
0.005 W mm ’ 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 i,,,, 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 i,, can be 
derived. These are found to be around 0.009, 0.004, 
0.003 and 0.002 W mm’ Km’ 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 m2 kgg’ result for the four specimens. As 
indicated above, these values are considerably below 
the spectroscopically derived data from thin samples. 

300 LOO 500 T/K 
3omu-I I I 8 I 
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100 200 

T:/ lo6 K3 

FIG. 5. Thermal conductivity j+, of various evacuated opac- 
ified monolithic SO, aerogels vs T:. (+) p = 230 kg m-l, 
2.5% soot; (A) p = 150 kgm-‘, 10% soot; (0) p = 120 kg 

me3, 5% soot; (+) p = 75 kg mm3, 5% soot. 
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FIG. 6. Total conductivity for non-evacuated and evacuated 
aerogel, 1. (0) and I,,;,, ( x ), respectively, as well as gaseous 
and solid conductivity, ,$ (A) and I, (O), respectively, as a 

functron of density p. 

5. DISCUSSION 

The total conductivities before and after evacu- 
ation, /, and A,,,,., respectively, for four different aero- 
gel densities at T % 300 K are shown in Fig. 6. The 

difference i-I,,,, equals the gaseous conductivity i,. 
The radiative conductivities 1, are derived from the 
slopes in Fig. 5. If these values are subtracted from 
i,,,,, i, is finally obtained. 

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

1, cc p--&, with 6 zz 0.6 

4 = Pm> with tl w 1.5. 

6. OUTLOOK 

We have shown that the total conductivity 1. as a 
function of aerogel density p displays a minimum with 
i = 0.013 W mm’ K-’ at p = 120 kg mm’. A slight 
further decrease of ,4 seems possible, if the specific 
extinction e can be improved by a better distribution 
of the opacifier. However, we want to emphasize that 

g I kg.m-3 

FIG. 7. Logarithm of I, and I, vs logarithm of aerogel density 
p. From the slopes scaling exponents G( N 1.5 and 6 = -0.6 

can be derived. 

the extremely small conductivities achieved up to now 
are not reached by other insulation systems in air. 

The data for 1, 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 kO.001 W m ’ K -‘) and the fact that the 
aerogels 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 

RksumGOn &die systematiquement le transfert thermique dans des silica-aerosols monolithes opacifies 
en changeant leur densite et la concentration de I’opacifiant d’infrarouge. Le but est de diminuer la 
conductivitt thermique de ces mattriaux inorganiques fortement poreux. Les plus faibles conductivites 
thermiques obtenues a 300 K sont proches de 0,013 W mm’ Km ’ pour des specimens non evacues, valeur 
a comparer avec celles comprises entre 0,02 et 0,025 W mm ’ Km ’ pour les mousses de polyurethane soufflees 
aux CFC et avec 0.035 W mm ’ Km ’ pour les meilleurs isolants fibreux. Cette etude permet de determiner 
quantitativement les conductivites thermiques de conduction dans le gaz et le solide et de rayonnement, 
respectivement /1,. 1, et E., Leurs variations avec la masse volumique de l’aerosol sont : i, cr P--“,~, 1, cc P’.~ 

et i, cx (p-e)- ’ dans le domaine 70 < p/kg mm1 < 230. La conductivite totale est minimale vers 120 kg mm ‘. 

OPTIMIERUNG VON WARMEDAMMUNGEN AUS INFRAROT-GETRtiBTEN 
AEROGELEN 

Zusammenfassung-Im Rahmen dieser Arbeit wurde der Warmetransport in infrarot-getriibten Aerogelen 
als Funktion der Dichte und Konzentration des Triibungsmittels systematisch untersucht. Zielsetzung war 
die Minimierung der Warmeleitfahigkeit solch hochporoser anorganischer Materialien. Die bisher geringste 
Warmeleitfahigkeit im beliifteten Zustand bei 300 K war etwa 0.0 13 W m _ I K- ‘dies mu0 mit Werten 
von 0.020 bis 0.025 W mm ’ Km ’ fur FCKW-geblahte PU-Schaume und 0.035 W m- ’ K- ’ fiir die besten 
Faserdlmmaterialien verglichen werden. Unsere Untersuchungen erlauben die quantitive Bestimmung von 
Gas-, Festkiirper- und Strahlungswarmeleitfahigkeit i,, ?,, bzw. i,. Es zeigt sich, da0 diese GriiDen mit der 
Aerogeldichte im Dichtebereich von 70 < p/kg mm’ < 230 wie folgt variieren : I, cc pm” 6, i, cc p’.’ sowie 

i, x (p . e) ‘. Die Gesamtwarmeleitfahigkeit zeigt bei einer Dichte von ca. 120 kg mm3 ein Minimum. 

YJIYrIIIIEHBE CBOnCTB MOHOJIHTHbIX H3OJIRLJH~ W3 KPEMHE3EMHOFO 
ASPOFEJDI 

AtmoTaqnvRccnenyeTcr TennonepeHoc B 3aMyTHeHHbtx KpeMHe3eMHbIx asporennx ~OC~CACTB~M 

I13MeHeHHII BX IIJIOTHOCTA H KOHUeHTpaLViH 3aMyTHKIoUWO BeIlIeCTBa. UenblO HCCAeAOBaHBII IBJllITCIl 

MAHAMA3aAHI TenJtO"pOBOAHOCT&f ACnOAb3,'eMbIX BbICOKOnOpWZTbIX HeOpraHWIeCKHX BeLlleCTB. HanBo- 
Jlee H113KBe K03i#~HUACHTbI TeMOnpOBOAHOCTl4 6buni nOJly~eHbI npS4 300 K &lta HeOTKa'iaHHbIX o6pa3- 
UOB II cocrannnnn npnMepno 0,013 BT M-I K-‘, STO oTnw?aeTcII OT sHa9eHEiii, paBHblx 

npn6nU3UTeJIbHO 0,020-0,025 BT M-' K-i, n.itn HsonnqeoHHbrx nonaypeTaHosbIx neH, npoAysaeMblx 

CFC, n OT 3HaqeHEill0,035 BT M-’ K-’ JTJIS nymmix BonoKHHcTbIx a3onrmiii. KOJWIeCTBeHHO onpene- 

ACHbl3Ha'feHAll TeIInOIIpOBOAHOCTB ra3a,TBepAOti @a3bI A TeIInOnpOBOAHOCTB H3npeHNeM &,I, A A,. 

B HHTepBane 70<p/1cr M-~ i 230 nonyrenbr cnenyromae u3MeneHna nnOTHOCTU asporenn p: 1, cc 

P -“.6, 4 = P1,5 II &cC(p 'e)-'. CyMMapHaX TenAOnpOBOAHOCTb AOCTHraeT MBHHMYMa n6nn3n 3HaW- 
HBP 120 KrM-'. 


