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Abstract-The apparent thermal conductivity I of evacuated SiO,-aerogel tiles was measured with our small 
guarded hot plate vacuum system LOLA II. In order to study the influence of the boundary emissivity on Iz the 
plates (20 x 20 cm’) were either used with their plasma-sprayed surfaces (E z 0.5) or with low-emissivity 
aluminum (6 x 0.05) foils as covers. The difference in the apparent conductivity already showed at room 
temperature and rose to about SoO/, for radiative temperatures T, = 570 K. An important consequence is that 
superinsulating SiO,-aerogel systems should always be provided with low-emissivity boundaries around the 
aerogel. The calorimetric results for 1 are compared with radiative conductivity values derived from spectral 

ix. transmission measurements. 

1. INTRODUCTION 

THERE ARE two main possibilities to improve the 
thermal insulation of double-pane window systems : 
radiative losses can be considerably reduced if the 
panes are covered with low-emissivity layers. In order 
to suppress convection and conduction the space 
between the panes would have to be evacuated. This is 
not feasible without rigid supports as the panes would 
fracture under the external atmospheric pressure load. 
The situation changes if transparent and highly porous 
silica-aerogel tiles were to be used as a rigid spacer. In 
order to pursue such a possibility data on the optical 
transparency [l] and the insulating properties of 
aerogel have to be collected. 

The apparent thermal conductivity 1 of evacuated 
SiO,-aerogel tiles has been measured recently [2] in 
our large guarded hot plate system LOLA I. With 
‘black’ boundaries (large i.r. emissivities) the effective 1 
for a 22-mm-thick aerogel tile is as low as 8 x 10m3 W 
m-1K-1atT,x280Kbutrisestoabout25x10-3W 
m-l K-’ at T, z 380 K. This increase is caused by 
radiation leakage in the weak absorption wavelength 
region below A = 8 pm and especially in the 
transmission window below A = 5 pm. This was 
revealed by measuring the spectral i.r. absorption of 
aerogel tiles and by solving the radiation transport 
equation [3]. 

If aerogel thus were to be used as superinsulating 
spacer not only in windows or in covers for low 
temperature passive solar use but also in evacuated 
solar collectors, the i.r. radiation transport would have 
to be diminished. This could be attained by increasing 
the i.r. extinction within the aerogel tiles or/and by 
reducing the i.r. emission from the boundaries around 
the aerogel. Experimental and theoretical values for the 
apparent thermal conductivity under variation of 
boundary emissivity are presented and discussed in this 
report [4]. 

2. EXPERIMENTAL SET-UP AND RESULTS 

Aerogel tiles of sixes 160 x 160x22 mm3 and of 
density p x 100-110 g dmm3 were inserted into our 
small guarded hot plate system LOLA II (Fig. 1). It is 
suitable for thermal conductivity measurements up to 
temperatures of 800°C and allows for mechanical load 
variations onto the evacuated samples of up to 50 bar. 
Its principal use is to determine the load dependence of 
the solid conductivity of fiber or powder insulations 
[S]. For the aerogel measurements the external load 
was varied only up to 1 bar, which was enough to 
guarantee proper solid contact between the tiles and the 
plates. The vacuum in the hot plate system was always 
below 10e6 mbar. The temperature TH of the hot plate 
was varied between 40 and 400°C. The temperature 
difference AT = TH - TC between the hot plate and the 
colder reference plates was between 20 and 30 K. The 
measured thermal conductivities are presented as 
function of the average temperature T,, with T: = 

(T$ + T$) - (TH + T,)/4. The outer rims of the aerogel 
tiles had to be carefully shielded thermally by a reflect- 
ing aluminum foil and adjacent fiber insulations. 
Otherwise a strong i.r. flux is radiated not only off the 
rims of the aerogel tiles but also off their inner 
volumina-due to the low optical thickness below 
8 pm. Without these precautions this loss flux could 
easily be many times as strong as the ‘main’ flux 
between the hot plate and the reference plates. With 
proper shielding the losses amounted to about 30% at 
the highest temperature (T, = 570 K). These losses were 
determined by additionally adjusting hot plate and 
reference plates to the same temperature T = T, and 
measuring the power input into the central section of 
the hot plate. 

It should be mentioned that for all aerogel 
applications it is important to reduce the radiative 
losses by using boundaries with low emissivities. 

The effect of the emissivity of the hot plate and the 
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NOMENCLATURE 

d sample thickness 
E extinction coefficient 

eb total black-body emissive power 

eA,b spectral black-body emissive power 

fR Rosseland mean weight function 
n index of refraction 

N1 conduction-radiation parameter 

4 total heat flux 

49 solid conduction heat flux 

4, radiative heat flux 

QR dimensionless radiative flux 
T temperature 
T’, T, temperature of hot, cold boundary 

T, average radiation temperature 
x depth. 

Greek symbols 
1: emissivity 
E’ effective emissivity 
A wavelength 
il total (apparent) thermal conductivity 

Ah solid conductivity 

fir radiative conductivity 

P density 

TO optical thickness 
c7 Stefan-Boltzmann constant. 

reference plates on the apparent conductivity was 
investigated by first using plasma-sprayed surfaces 
with E c 0.5 in the i.r. region and afterwards repeating 

3. OPTICAL AND i.r. PROPERTIES 
OF AEROGEL 

the measurements with an aluminum foil (E z 0.05) as a 
cover on the plates. The emissivities were determined 
with a radiation thermometer (KT4-Heimann). 

The apparent I-values for the 22-mm aerogel tiles are 
depicted in Fig. 2. They are accurate to within 5%. As 
our data show for T, = 570 K, 1 can be reduced by a 
factor of two if low-emissivity boundaries are used. For 
glass panes with E close to 1 the effect of low emissivity 
In,O, layers would be even more pronounced. 

Aerogel is transparent in most of the visible part of 
the spectrum. Due to small particle diameters and pores 
in the order of 10 nm, however, Rayleigh scattering 
occurs for small wavelengths, especially for blue light 
[l]. In the i.r. spectral region aerogel only absorbs 
radiation. The absorption coefficient is similar to that 
one of fused silica, with strong absorption above A = 
8 ,um (up to 40 /*m), medium absorption between 5 and 
8 pm and low absorption below 5 pm as shown in 

FIG. la. Guarded hot plate vacuum system LOLA II. The numbers refer to the following items : 1-3, vacuum 
chamber; 4, hot plate with two guard rings; 5, reference plates; 6, aerogel samples ; 7, ceramic insulating 
tubings ; 8, thin metal connectors; 9, bottom plate; 10, piston ; 11, vacuum seal ; 12, holder for piston ; 13-l 5, 

parts for cooling; 16 and 17, vacuum flanges. 
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FIG. lb. Hot plate system with central metering section, two guard rings and corner sections; the overall 
dimensions are about 20 x 20cmz, 10 PtlOO thermo-resistors aredistributed within the hot plate system. In the 

hot plate system 6.5 m of coaxial heater are used. 

FIG. 2. Apparent thermal conductivities for 22-mm aerogel tiles with density p = 105 g dm- 3 under variation 
of average radiative temperature T,; n results from measurements for a boundary with E z 0.5; 0 
measurements for a highly reflecting boundary (s z 0.05) ; + measurements from LOLA I with highemissivity 
glass paper boundary around the aerogel tile [2]. The solid lines are the corresponding calculated pseudo- 
conductivities according to equation (8) using the concept of effective emissivities E’, the dashed lines are 

calculated without the coupling of radiation and solid conduction [E’ = E in equation (S)]. 
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wavelength A//urn 

FIG. 3. Specific extinction coefficient E/p for aerogel. The influence of adsorbed water can especially be seen 
within the low absorption region below A = 5 pm : solid line is for samples heated to 400°C under vacuum, 

dashed lines are for aerogel exposed to air for 0.5 h, 12 h and 2 days. 

Fig. 3. At room temperature the maximum intensity 
of thermal radiation is at A = 10 pm, where the 
large absorption region of aerogel is also located. A 
considerable part of the thermal radiation, however, 
may penetrate aerogel within the radiation window 
below 5 pm. Here the i.r. transmission is strongly 
influenced by the water adsorbed by the aerogel 
skeleton. Water strongly absorbs i.r. radiation at 3 pm 
(another absorption band occurs at A = 6 pm). In Fig. 3 

the specific extinction coefficient E/p (with E = 
extinction coefficient, p = density) is shown for aerogel 
samples, which have been heated up to 400°C under 
vacuum (solid line below A = 5 pm) and then were 
exposed to air for 0.5 h, 12 h and 2 days (dashed lines). 

The extinction data up to A = 15 pm have been 
determined with the apparatus described in [3], the 
data above A = 15 pm have been derived from 
transmission measurements of fused silica in KBr with 

a convectional spectrometer. 
Due to its high porosity the index of refraction n of 

the aerogel tiles is very low. It was determined to about 
n = 1.02 with a He-Ne laser by a minimum deviation 

technique. 

4. THEORY OF HEAT TRANSFER 

IN AEROGEL 

In all high temperature fiber or powder insulations 
tested in our hot plate systems so far (see for example 
[S, 61) the optical thickness r0 = E -d (with d = sample 
thickness) was of the order ofa few hundred. Thus it was 
possible to treat the radiative transport as a diffusion 
process and to add the solid conductivity 1, and the 
radiative conductivity 1, according to 

1 = 1,+1, = &+(16/3)*n2.a*Tf’/E, (1) 

where c is the Stefan-Boltzmann constant. Data 
analysis is simple in this case and the determined L- 
values neither depend on sample thickness nor on 
boundary emissivity. The temperature profile is in 
between the linear case [solid conduction (TH - T) K x. 
with x being the distance between hot plate and cold 
plate and T the temperature at position x] and the 
hypothetical pure radiative case [( Tn - Q4 rc I]. 

The simple form of equation (1). however, doesn’t 
hold in silica-aerogel. This is due to the i.r. transmission 
window with values of z0 of the order of 1 for a 22-mm 
tile (Fig. 3). In this wavelength region radiative 
transport is not a local phenomenon any more, as some 
ir. photons may completely penetrate the tiles and 
allow for direct radiative ‘communication’ between the 
boundaries. As a consequence the measured iU-values 

strongly vary with the sample thickness and the 
emissivity of the boundaries. In this case the coupling 
between the radiation field and the heat flux caused by 
solid conduction has to be taken into account. If one 
considers low-emissivity walls (E x 0.1) the radiation 
flux close to the walls is weak. Further inside the aerogel 
increasingly more radiation is produced by ir. 
emission. In order to conserve the total thermal flux the 
temperature gradient thus has to change across the 
aerogel tile : a more or less steep gradient is expected 
close to the boundaries, which enhances energy 
transport via solid conduction, while deep within the 
aerogel the gradient is small (Fig. 4). Here the 
contribution of solid conduction is reduced. 

In an exact treatment the heat transfer for combined 
radiation and conduction is described by a complicated 
integro-differential equation [7,8]. It is in general 
dependent on the temperatures TH and T,, the 
emissivity E of the side walls, the amount of solid 
conduction compared to radiative conduction. 
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hot side rel. position x 
1 

cold side 

FIG. 4. Temperature profile for pure conduction (N, -+ co, dotted line), the hypothetical case with pure 
radiative transport (N, = 0, q, = co, dashed line) and temperature pro&% for a medium with optical 
thickness T,, = 4 and boundary emissivity E = 0.05 for diiTerent conduction-radiation parameters N, (solid 

lines). 

described by the parameter N, = & * E/(4trT$), and the 
optical thickness Q(A). As it is very tedious to solve this 
integro-differential equation numerically for a non- 
gray medium as aerogel, we developed approximate 
analytical expressions for the total heat flux 4. 

A well-known approximation for the total heat flux q 
in a gray medium is the addition of solid conduction 
heat flux qs and radiative heat flux qr [compare with 
equation (l)] : 

4 = %+a = &*(T,-W~+e. (2) 

The radiative contribution qr in a gray insulation with 
black boundaries (E = 1) can be approximated by 

qr = E&T. (T$ - T$‘(l + 3,‘4 * Q), (3) 

The above expression is exact for zero and large optical 
thickness r0 and correct within 4% for arbitrary rO. The 
influence of the emissivity E in the case of pure radiative 
heat transport (N, = 0) can be described by a similar 
equation [8] 

qr = n% * (T$ - 7’;)/(2/s - 1 + 3 /4 * zo). (4) 

This equation will give wrong results in the general case 
of non-zero solid conduction (N, > 0) and emissivity 
E < 1, where a considerable amount of radiation 
emerges from layers near the boundary. Due to the 
strong temperature gradient near the wall (Fig. 4) the 
energy can effectively be delivered into the boundary 
layers via solid conduction. 

The amount of radiation emitted from the boundary 
layer depends on its optical absorption thickness t. 
Furthermore, the lower theemissivity s ofthe walls for a 
given z the more radiation, compared to the emission of 
the walls, will proceed from the boundary layers into 
the aerogel tile. To take care of the boundary-layer 

effect the emissivity E in equation (4) may be substituted 
by a (higher) effective emissivity E’. 

In a zero-order approach this effective emissivity e’ of 
the wall plus the boundary layer of optical thickness T 
can be derived from a semiempirical relation : 

E’= 1-(1-s)=exp(-iV,/(2*N,+0.04) 

xarctan [z0*(l+0.02/N,)]). (5) 

For E = 1 we get sr = 1, for E c 1, however, s’ > E 
results. We restricted the boundary layer to a certain 
limit r’, a behavior which can be simulated by the 
introduction of the arctan function. We also included a 
suitable dependence of the argument on the 
conduction-radiation parameter Pi1 to get the correct 
results in the pure radiative case (N, = 0). The free 
parameters were adjusted according to the results ofan 
exact numerical calculation in a gray absorbing 
medium. The range of the optical thickness re was 
varied between 0.1 and 10, the emissivity E between 0.01 
and 1. N, was chosen either 10, 1, 0.1 or 0.01. By 
inserting the effective emissivity E’ from equation (5) 
into (4) the approximate total flux q can be calculated 
with an error of about 5% in the average and maximum 
deviations of 15% compared to the exact numerical 
calculations. Compared to other approximate methods 
[9] the above empirical expression has a relatively 
simple form and includes the general case of arbitrary 
conduction-radiation parameter N,. An alternative 
expression for the total heat flux q is given in [lo], 
however, it yields large errors for the case E << 1. 

If N, is larger than 0.1, equation (5) can be simplified : 

E’ = 1 -(l-s) sexp [ -arctan @J/2]. (6) 

Furthermore in the case of large ra (> 5) and small 
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2 4 
optical thickness to 

FIG. 5a. Dimensionless radiative flux Q, according to equation (4) using the effective emissivity E’ of (6) as a 
function of optical thickness zO. The parameter is E, the emissivity of the walls. For low c-values the radiative 

flux increases with rising T,,! 

emissivity E (~0.2) E’ becomes about 0.5 and the 
radiative flux according to (4) is 

qr = (4/3)& * (T$ - T;)/(q, f 4). (7) 

The effective emissivity in equation (6) (with N, > 0.1) 
was used to calculate the dimensionless radiative flux 
Q, = q,/[n2a * (T$- T:)] as a function of optical 
thickness re and wall emissivity F as shown in Fig. Sa. 
The remarkable result is that for low emissivity the 
radiative flux may become larger ifthe optical thickness 
re is increased! This is due to the coupling of radiation 
and solid conduction near the boundary. The same 
calculations for the case ofpure radiative heat transport 

[N, = 0, equation (4)] generally yield lower heat fluxes 
especially for low emissivities E as shown in Fig. Sb. 

As the optical thickness in aerogel is strongly 
wavelength dependent (Fig. 3), equation (5) has to be 
generalized to a non-gray medium. The total emissive 
power eb = oT4 then is replaced by the spectral 
emissive power of a black body e,,,(T). Assuming small 
temperature differences AT = TI - T2 and integrating 
over all wavelengths the total flux q is given by 

q = 3.;ATldf4*n2aT3*AT 

x n &(A, T)/[2/s’(A)- I+ 3/4 - z,(A)] dh, (8) 

d= E 

-i:_ 

_z_i 

,0.2 ,O.l 
/ 

/0.05 
/ 

L ‘) 

optical thickness 5O 

FIG. 5b. Dimensionless radiative flux Q, according to equation (4) (pure radiative case) as function of optical 
thickness with parameter E. For small E the flux is considerably smaller than in Fig. 5a. 
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where s’(A) is calculated according to equation (5), 
however, using spectral optical thicknesses and 
emissivities. f&A, T) is the Rosseland mean weight 
function [l 11, i.e. the change ofspectral emissive power 
with total emissive power: {~e,,,(T)/~e,(T)},. For the 
conduction-radiation parameter N, an average 
extinction coefficient E,,(T) has to be used. It was 
derived by comparing the dimensionless flux of a gray 
medium with extinction coefficient E,, to the radiative 
flux of the non-gray medium [equation (8)] with black 
boundaries: Qr(a = 1) = 1/[1+(3/4)*E,;(il. 

Equation (8) and the optical data of Fig. 3 were used 
to calculate the pseudo-conductivity 2 = q - dJAT of 
the aerogel tiles measured with LOLA II. The solid 
conductivity of aerogel was taken L, = 4 mW m-l 
K- ‘. The parameter N,(T) of the aerogel tiles then 
variesbetweenN,=latT=3OOKtoN,=O.O15at 
T = 600K. At higher temperatures thus radiation is the 
main channel for heat transfer in aerogel. For wall 
emissivities E = 1, 0.5 and 0.05 the results of the 
calculation are shown in Fig. 3. They agree well with the 
conductivitymeasurementsofaerogel.Theuncertainty 
ofthe theoretical results is estimated to be about + 20% 
(including the uncertainty of the wall emissivity E and of 
the i.r. transmission data). For comparison the results 
of the simpler model with an unmodified emissivity 
[taking E’ = E in equation (8)], where the coupling of 
radiation and solid conduction is neglected, have been 
included in Fig. 3. Especially for low emissivity 
boundaries (s = 0.05) the predicted conductivities are 
about twice as low as the measured ones. This may 
demonstrate the usefulness of the above introduced 
effective emissivity E’ in combined radiative and 
conductive heat transfer calculations over a wide range 
of N, values. 

5. CONCLUSIONS 

The heat transfer in silica-aerogel tiles has been 
studied in detail. Especially the influence of the 
boundary emissivities and the wavelengths dependent 
optical thickness on the combined radiative and solid 
conduction was investigated theoretically and experi- 
mentally. Furthermore we could show that for 
evacuated silica-aerogel installed between low- 
emissivity envelopes, the reported extremely low 
apparent thermal conductivities 1 x 10m2 W m- 1 K- l 
not only occur at ambient temperatures (T, x 28& 

300 K) but also up to T, x 350 K. Thus not only win- 
dows or covers for low temmrature Dassive solar svstems 

could be superinsulated with transparent aerogel but 

also evacuated solar collectors with about 100°C plate 
or pipe temperatures. 

As the extinction coefficient within the radiative 

‘window’ influences the insulating properties of aerogel 
severely, it will be necessary to study the influence of 
adsorbed water more closely. 
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CONDUCTIVITE THERMIQUE APPARENTE DE TUILES SiO,-AEROGEL SOUS DES 
CONDITIONS AUX LIMITES RADIATIVES VARIABLES 

Resume-La conductivite thermique apparente i de tuiles SiO,-Atrogel est mesuree avec le systeme a vide 
LOLA II, de la petite plaque de garde. De facon a etudier l’influence de l’emissivite de la frontiere sur ?., les 
plaques (20 x 20 cm’) sont utilisees avec leurs surfaces soit revetues par plasma (E = 0,5), soit couvertes par des 
feuilles d’aluminium a faible emissiviti (E = 0,05). La difference de conductivite apparente est constatee a la 
temperature ambiante et elle augmente d’environ 50% pour les temperatures radiatives T, = 500 K. Une 
consequence importante est que les systemes superisoles SiO,-Aerogel doivent toujours etre fournis avec des 
front&es a faible Bmissivite autour de l’aerogel. Les risultats calorimetriques pour i, sont compares avec les 

valeurs de conduction radiative dtrivees des mesures de transmission spectrale IR. 

WARMELEITFAHIGKEIT VON EVAKUIERTEN SiO,-AEROGEL KACHELN 
UNTER VARIATION DER BERANDUNGSEMISSIVITATEN 

Zusammenfassung-Die effektive WBrmeleitf;ihigkeit I von evakuierten SiO,-Aerogel-Kacheln wurde mit 
unserer kleinen evakuierbaren Zweiplattenapparatur LOLA II vermessen. Urn den EinfluD der 
Berandungsemissivitaten aufl zu analysieren, wurden die MeDplatten entweder mit ihren Plasma-gespritzten 
Oberflachen (Emissivitlt E z 0.5) eingesetzt oder mit Aluminiumfolien (E u O.OS)abgedeckt. Unterschiedeinl 
zeigten sich schon bei Zimmertemperatur ; sie wuchsen bei Strahlungstemperaturen T, = 570 K auf etwa 50”/, 
an. Eine wichtige Konsequenz hieraus ist, daB superisolierende SiO,-Aerogel-Systeme Berandungen mit 
kleinem E aufweisen sollten. Die kalorimetrischen r2-Messungen wurden mit Werten fiir die 
Strahlungsleitfiihigkeit verglichen, die aus spektralen IR-Transmissionsuntersuchungen gewonnen wurden. 

3@@EKTMBHAR TEIlJlOIlPOBO~HOCTb BAKYYMMPOBAHHblX IlJlMTOK. 
M3I-OTOBJIEHHbIX I43 OKHCM KPEMHMFI M A3POI-EJIR, IlPM M3MEFfEHMM 

PAAMAUMOHHbIX YCJIOBHH HA IPAHHHE 

Armoramn--C ttOMOU,bt‘I H&O;lbt"Oti BilKYY.MHOil CWCleMb, LOLA 11 C 3aLUttUIeHtrOii tU&WtCti n.tacttt- 

HOA A3MepSUtaCb 3+@KTABHtiR TC"JtO"pOBOIU,OCTb i BaK~~,MM,,OR~t,Hb,X ,UtMTOK. M3t~~tO"JtCHWbtX tt< 

OKllCM KpeMHH,, M a3pOR%t. &a M3y'iCHMll BJIll~HAIl Ha ; kt3nyWTe:tbHOti CnOCO6HOC'tM tpaHH"bt HC- 

t,OJlbJOBanACb ItJKlCTMHbl (20 X 20 CM') C nOBCpXHOCTbt0, JtM6O "OKpb,,Oi? "JlaSMCHHtJM tt2~btJtCttlZCM 
(E Z 0,5), JIM60 aW,MkfHAeBOi? +OJtbrOs, o6nananxueR HMSKOi? M3_1YSiTeJlbHOi? CttOCO6tiOClt>tO (8 Z 0,051. 
nOKa3aHO,YTO npH KOMHaTHOfi TeM"QaTypC 3t$+t'ZKTHBHa5t I-CttJtO"pOBO~HOC,b t,2t 50”,, Mettbttte COO,- 
BeTCTBylOtd B&'lll'IllHbI &7ll ~a~PiaUkiOHHOti TCMnepaTypbI (T, = 570 K). BPW(HbIM L‘.7C,!lCTBMCM 11B- 

JtReTCIl TO, 'ITO CynepH30JtHpOBtiHHbtC CMCTCMbl OKMCb K,YSMHW-a',pORJtb LlOJtmHbt MMCIb tpZiHllt,bt 

BOKPY,- a3pORnR C HM3KOil M3J‘yWTe.ZbHOfi COtIOCO6HOCTbK,. &iJtOpHMqWteCKtie ;l~HttbtC,I.tR i Cpa"- 

HUBBtOTCII CO 3Ha',CHUIIMB panHaW,OHHOti "pOBO,JHMOC,tf, "OJtyVCHHblMt, aJIll pe7y.'tb,:ttOB tt'~MC,-Etttt~ 

CnCKTpanbHOrOnpOnyCKaHMn ttH+paKpaCHOrO ~3JtyWHtt% 


