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Heat Transfer in Thermal Insulations 
Progress in Analysis I 

J. Fricke 2 and R. Caps 2 

Recent 

Thermal insulations made of fibers, powders, or porous gels are characterized 
best with respect to their infrared optical thickness. (i) In optically thick 
insulations, where diffusion of infrared radiation occurs, the contributions from 
solid conduction and radiative transport are superimposed additively. (ii) For 
optically thin insulations a complex coupling mechanism causes the total heat 
transfer to be larger than the sum of the components; this holds especially for 
low emissivity boundaries. In this paper recent progress in the investigation of 
evacuated thermal insulations is reviewed. 

KEY WORDS: diffusion of radiation; insulations (thermal); insulations 
(optically thin); radiative heat transport. 

1. I N T R O D U C T I O N  

Cons ide rab le  efforts have been made  to invest igate  and  to reduce thermal  
t r anspor t  in po rous  insula t ions  consis t ing of  fibers, powders ,  or  po rous  
gels. A col lect ion of i m p o r t a n t  results was publ i shed  roughly  20 years ago 
by K a g a n e r  [1 ]. In  recent research p rog rams  the op t imiza t ion  of thermal  
resistance has been a ma jo r  goal  [2 ] .  A deta i led under s t and ing  of  infrared 
( IR)  rad ia t ive  t ranspor t ,  of solid conduc t ion  and of gaseous  the rmal  con- 
duct ion,  and  of  the mu tua l  in te rac t ion  between these heat  transfer  channels  
is a prerequis i te  for sys temat ic  improvements .  Studies on this subject  have 
included opt ica l ly  thick loaded  f ibrous insula t ions  [3, 4 ]  and  prepressed 
boa rds  of opacif ied fumed silica [-5], as well as opt ica l ly  thin insulat ions,  
for example ,  t rans lucent  silica aerogels  I-6] and  low-dens i ty  fiber mats  1-7]. 
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2. THERMAL TRANSPORT IN OPTICALLY THICK INSULATIONS 

2.1. The Total Conductivity and Its Components 

The total conductivity 2 as a function of external load Pext, tem- 
perature T, or internal gas pressure pg can be derived from calorimetric 
measurements using a suitable hot-plate system [8]. For evacuated 
specimens the conductivity 2 can be split into its components, the radiative 
conductivity 2r and the so|id conductivity 2~, which are additively 
superimposed in optically thick insulations, where the diffusion 
approximation holds: 

,~(T) = ~ ( T )  + '~r(T) 

16n2~T 3 (1) 
2r(T)-  3E(T) 

Here n is the average index of refraction of the porous system and E is the 
extinction coefficient. From the caloric measurements often a dependence 
)4Tr) = A + B T  3 results, with Tr = [(T1 + T2)(T~ + T2)/4] 1/3 being a mean 
radiative temperature, averaged over the specimen. The extrapolation of 
2(Tr) toward T~ = 0 in a 2 versus T~ plot produces reliable results only if 
2sc and E are independent of T. In other cases additional information on 
the IR radiative transport has to be extracted from IR extinction 
measurements using a FTIR spectrometer [9]. Another approach is to 
start from the complex index of refraction in the IR and to calculate the 
extinction coefficient along the lines of Mie scattering theory [9]. 

The results of a recent investigation of ground diatomite powder [10] 
demonstrate how to proceed. The total thermal conductivity 2 of evacuated 
diatomite was measured in a typical hot-plate system [11 ]. A temperature 
dependence 2 oc T7 is observed, with e being somewhat smaller than 3 
(Fig. 1). In order to extract the solid conductive and the radiative con- 
tributions the following procedure is employed. 

(i) The solid conduction of diatomite 2s~ is assumed to be propor- 
tional to the solid conduction of massive, nonporous amorphous silica 2o 
[12], with both conductivities having the same dependence on the absolute 
temperature T: 

2~(T) = C1.2o(r) (2) 

In a zeroth-order approach the constant C1 can be determined from a com- 
parison of 2 and )~o at below-ambient temperatures. At 250 K the radiative 
contribution to the total conduction is estimated to be only a few percent. 
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Fig. 1. Dependence of the total thermal conductivity 2 of evacuated 
diatomite powder on the cube of the mean temperature Tr. The density 
of the specimen was p~345 kg.m -3 and the exlernal pressure load 
P~xt = 1 bar. Also the contributions from radiative and conductive trans- 
port, 2r and 2so, respectively, are shown. 

Thus 

2sc(250 K)  8.7 • 10 -3 
C1 = 20(250 K) = 1.28 = 6.8 • 10 -3 (3) 

It should be pointed out that  it is not  correct  to determine Ct merely from 
the density ratio of diatomite powder  and fully dense silica. This ratio 
would be 345/2200 = 0.16, i.e,, much  too large. 

(ii) Subtract ion of 2sc(Tr) = 6.8 • 10 -3 20(T0 from 2(Tr) then allows 
for deduct ion of 2r(Tr) (Fig. 1). In order to check the correctness of this 
procedure,  2r(Tr) was also derived from IR optical extinction 
measurements  and use of Eq. (1). The index of refraction of  the powder  is 
determined as follows: 

n = 1 + ( p / p o ) ( n s i o 2 -  1) (4) 

with nsio2 = 1.4 for nonporous  SiO2 glass. The specific extinction coefficient 

= ( 5 )  
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Fig. 2. Effective specific extinction e=E/p as a function of 
wavelength A for compressed diatomite powder and nonscattering 
SiO2 aerogel [10]. 

is determined from IR transmission measurements.  The wavelength depen- 
dence of e is depicted in Fig. 2. Above 8 y m  strong absorpt ion bands, 
which are typical for SiO2, occur. Below this wavelength scattering is 
observed. This can be seen from a compar ison with extinction data  of 
SiO2-aerogel  (Fig. 2), where the largest structures are of the order  of 
50 nm and therefore scattering in the IR  is negligible [13] .  
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Fig. 3. Averaged effective specific extinction coefficient 
as a function of temperature T for compressed diatomite 
tablets from IR data (+) as well as for diatomite powder 
from caloric measurements, with Pext = 1 bar ((3) and 
P,x~ = 5 bar ( Q ). 
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The extinction coefficient e(A) has to be averaged over the diffusing 
thermal spectrum. The derived Rosseland mean ~(T) is shown in Fig. 3. 
The decrease in 6 with T is considerable, thus 2r is expected to increase 
more strongly than proportional to the third power of T. The concave 
curvature of 2r indeed can be recognized in Fig. 1. 

Due to the strong compression of the diatomite powder into a tablet, 
the character of the scattering might have changed from independent into 
dependent scattering [14]. In the latter case clusters of diatomite particles 
instead of separate grains act as scatterers for the thermal radiation. As a 
consequence the specific extinction coefficient for the tablets is expected to 
be smaller than for low-density fills. This effect can be seen precisely from 
Fig. 3, where 6 from the tablets is lower than Y derived from the caloric 
measurements at Pext = 1 bar. 

2.2. The Variation of the Solid Conduction with the External Pressure Load 

Upon compression load-bearing fiber or powder insulations generally 
show a marked variation of their solid conduction. This is to be expected, 
as with increasing pressure load, first, the thermal resistance between 
touching fibers or grains decreases, and second, the number of contacts 
grows. 

In order to suppress the radiative heat transfer in the caloric 
measurements, the temperature ought to be chosen as low as possible 
(Tr,~270 to 280K).  Radiative contributions to the total conduction 
generally amount  to a few percent under these conditions. The dependence 
of 2so on Pext is shown in Fig. 4 for the diatomite powder and for a layer of 
glass-fiber papers [15]. It is obvious that the latter shows a much smaller 
solid conductivity. The difference in the conductivities can be 
unders tood--at  least qualitatively--in terms of the phonon diffusion model 
[4].  According to this model the solid conduction is proportional to the 
density p and the sound velocity v of the insulation system. Thus one 
would expect 

P/) / powder \ p U J fiber 

At Pext ~ 1 bar the fiber paper system has a density p ~ 250 kg. m -3 and a 
longitudinal sound velocity v ~  110 m-s  a, while for the powder layer 
p ~ 4 0 0 k g . m  3 and v ~ 3 0 0 m - s  -1 are determined. Thus Eq. (6) is valid 
within a factor of 2 or so. 
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Fig. 4. Measured solid conductivity ~sc 
upon change of external pressure load Pext: 
( �9 ) diatomite powder; ( + ) glass-fiber paper. 

3. OPTICALLY THIN INSULATIONS 

Here infrared photons in certain wavelength regions may penetrate the 
insulation without multiple scattering or absorption. The boundaries then 
communicate radiatively with each other in a very direct way [16, 17]. 

3.1. Low-Density Organic Fiber Mat 

The optical thickness ~0 = ED of a d = 40-mm-thick organic fiber mat 
with a density of 8 kg .m -3 is of the order of 4. In this case the radiative 
heat transfer cannot be considered as a conduction process, which depends 
only on the local temperature gradient. The radiative flux qr at a given 
point is also influenced b~r the emitted and scattered intensities further off 
this point and by the boundaries. The most convenient way to solve this 
problem is to use an approximate representation of the combined conduc- 
tion-radiation transfer problem (see also Ref. 18). This is accomplished by 
starting from a three-flux representation of the equation of transfer for 
isotropic scattering proposed by Kaganer (cosine directions y 1, #o, and 
#t and weight factors a_] ,  a0, and a l )  [19],  which includes the 90 ~ 
sideward direction (/t o = cos 90 ~ = 0). The equations for the three intensities 
/~ ( i=  - 1 ,  0, 1) are reduced to two differential equations plus an equation 
for the conservation of total flux. Assuming small temperature differences 
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T ~ - T 2  it is possible to linearize the emission term aT4/g to 
(aT4/g) . (40-3) .  The intensities Ii are expressed in units of a .  T4/~z: 

d i  i (D O + 1 
# i - ~  = --I i  + - f  . Z a i l i  + 4 0 ( 1 - ( D o )  

,= -1 (7) 

U~-7~ =-(1-(Do) F~ aili-40 
i = 1  

where Nr = 2sGE/4an2T 3 is the conduction-radiation parameter, z is the 
optical depth, (D is the albedo, 0 = TIT r, ktl = -/~-1 = 2, al = a _ l  =3,  and 

1 
a 0 =  ~. 

After solving this system of linear differential equations and applying 
appropriate boundary conditions (emissivity of the sidewalls e~ =e2 =e), 
the following expression for the total heat flux q or the thermal loss 
coefficient k is obtained: 

k = q 2 ~ / d  

with 

and 

T 1 - T2 4/3{Nr(pzo/2)coth(pr0/2)+ [ e%/ ( 2 - e ) ] ( ] Nr  + 1 )} -1+  1 

(8) 

P = 2 [_1-----~o/4 

2~ = ~-~ n 2 ~ 
T + 2s~ 

2sG here denotes the solid and/or gas conductivity. 
Anisotropic scattering is included by proper scaling of the optical 

thickness to and the albedo (D0 [7]. 
Equation (8) has been derived for a gray medium. If the spectral 

variation of the effective extinction cross section and albedo is not too 
large, the parameters to and (Do can be interpreted as the spectrally 
averaged values. This gray solution closely fits experimental results for the 
loss coefficient k of organic fiber mats in air for different mean tem- 
peratures, fiber densities, boundary emissivities, and thicknesses [7]. 

As an example, measurements are presented for a low-density fiber 
mat (p = 7 kg. m-3, thickness d =  39 mm, fiber diameter ~b ~ 40 ktm) with 
low emissivity boundaries and where the gas pressure PeAS was varied from 
high vacuum to ambient pressure (Fig. 5). At gas pressures below 10 1 Pa 
gas conduction is negligibly small. As contributions from solid conduction 
via the fiber mat are also negligible, the thermal transport under these 
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Fig. 5. Thermal loss coefficient k for a low-density organic fiber mat 
as a function of gas pressure Pgas for T = 305 K, d = 0.039 m, s = 0.05, 
p ~ 7.1 kg. m-3: (+) experiment; ( ) calculation with Eqs. (8) 
and (9); ( ) five-flux solution; (...)kgas=J.~Jd with 2ga~ from 
Eq. (9). 

conditions is governed by IR radiation. The low emissivity (e ~ 0.05) of the 
aluminium foil boundary  is responsible for the small loss coefficient 
k,~krad ~ 0 . 1 W . m - 2 . K  1 

For  N2 pressure above 100 Pa gas conduct ion is fully developed. For  
,~GAS ~ 0.026 W - m  -1 -K -1 and d =  0.039 m, k6As ~0 .65  W .m -2 -K -1 is 
calculated. The measured loss coefficient in this pressure range is 
k ~  1.6 W .m - z -  K -~ and thus considerably larger than expected from an 
additive superposit ion of the conductive (k~As) and the radiative (k~ad) 
contr ibution:  

k>k~o+kGAs=(O.l+O.65)W.m 2 . K - t = 0 . 7 5 W . m - 2 - K  ] 

This phenomenon  can be explained by the assumption that there is a 
radiative boundary  layer in front of the low-emissivity foil [20] .  Within 
such a layer an enhanced temperature gradient will increase significantly 
the heat conduct ion into or  out of the low-density insulation system. 
Further  inside the fiber mat  heat is t ransported by conduct ion and 
radiation. 

Equat ion (8) can be used to model  the complex interaction of gas 
conduct ion and radiation. The gas conduct ion 2ga~ is obtained from 

,~g~, 0 
2ga~ = 1 + (const/pg~) (9) 
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where 2 g a s ,  0 : 2 6 - 1 0 - 3 W  �9 m 1. K-1.  We used the same fiber optical data 
as found in Ref. 7, i.e., albedo ~o0=0.54, e =  13.5 m 2.kg 1, and density 
p = 7 . 2 k g . m  -3. 

Experiment and calculated data are compared in Fig. 5. The best fit is 
obtained with const = 20 Pa. Further verification of the reliability of Eq. (8) 
can also be shown by performing a five-flux calculation. Both theoretical 
curves differ by less than 3%. Although the experimental data and the 
calculations agree well above 10 Pa, at low gas pressures the calculated loss 
coefficient is twice as high as the measured one. This may be caused by the 
discreteness of the fiber system (the average pore size is about 8 mm), 
which is not included in the basic continuous transfer models. 

3.2. Silica Aerogels 

Silica aerogel, a translucent highly porous insulating material [ 16], is 
another example. The IR transmission spectrum is shown in Fig. 2. The 
low absorption region between the wavelengths of 3 and 5/~m causes 
considerable leakage of IR radiation, especially at elevated temperatures. 
Consequently, the thermal losses vary strongly with the emissivity of the 
boundaries. In addition, the coupling between the radiation field and the 
heat flux caused by solid conduction must also be taken into account. 
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Fig. 6. Loss coefficient k of an aerogel tile (p=77kg.m -3, 
d=9mm) as a function of mean temperature Tr: (+) x 
measurement; ( ) numerical solution of general heat transfer 
equation; (---) appropriate spectral three-flux equation. 
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The heat transfer for combined radiation and conduction is described 
by an integrodifferential equation. It is very tedious to solve the exact 
equation numerically for a nongray medium such as aerogel, where the 
optical thickness ~0(A) is a function of the wavelength. However, it was 
possible to generalize the approximate three-flux solution for gray media 
[Eq. (8)] to nongray media. Instead of the constant optical thickness %, 
its spectral value zo(A ) is used and Eq. (8) (with O9o= 0) is integrated over 
the thermal spectrum with the Rosseland distribution OeA(T)/~eb(T) as a 
weight factor [eA(T) being the spectral and e b ( T ) = f f T  4 the t o t a l  
blackbody emissive power]. 

In Fig. 6 the loss coefficient of an aerogel tile ( p = 7 7 k g . m  -3 and 
d =  9 mm, boundary emissivities e = 0.05 and 0.9) is compared to numerical 
solutions of the general integrodifferential equation and to the simple 
three-flux approach described above [ 13 ]. A solid conductivity 
)~s = 5 . 5 . 1 0 - 3 W - m  -1 .  K -1 used as input in both methods is most con- 
sistent with the experimental data. It should be noticed, however, that the 
spectral generalization of the three-flux equation is only an approximation 
and ought to be used with care. 

4. C ONC LUS I ON 

The thermal transport in optically thick and optically thin insulations 
is now sufficiently well understood to allow data interpretation and 
optimization of insulating systems with respect to radiative transport and 
solid and gas conduction. However, some discrepancies between 
experiment and theory are still large enough to encourage future research. 
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