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ABSTRACT

An evaluation of scattering and absorbing abili-
ties of light heat insulating materials in the IR spec-
trum range is given. The generalized form of Fouri-
er equation application to such materials with taking 
into account radiant environment heat conduction is 
shown. Convection-less measurements of material 
specimen thermal resistance of different thickness 
are performed. Theoretical substantiations and ide-
as concerning heat-protective material properties 
are reliably confirmed. Exact values of total materi-
al heat conduction are obtained, and values of ma-
terial radiant heat conduction, as well as of thermal 
radiation penetration depth into them are estimated.

Keywords: thermal radiation, environment scat-
tering and absorption, Kirchhoff’s law, radiant heat 
conduction, Fourier equation, radiation­conductive 
heat transport, material thermal resistance

Tasks of diffuse radiation scattering are met 
in optics relatively seldom and, therefore, are rather 
complex. Nevertheless, sometimes they should be 
solved when influence of diffuse radiation is signifi-
cant. In this regard, this work is dedicated to distri-
bution of thermal radiation in an incidentally scat-
tering environment.

As it is known, there are three mechanisms of 
heat transfer: conduction, convection and thermal 
radiation. The latter only makes an essential con-
tribution to heat transport in transparent environ-
ment, which under nature conditions is air only. The 
conductive component contribution is essential at 
a small air layer thickness, about several millime-

tres. In the case of the bigger air thickness, the ra-
diation component dominates over the conductive.

Convection contribution to a significant extent 
depends on geometry of the system transferring heat 
and is extremely complex to be analysed. So, when 
measuring, we tried to make it insignificant.

Diffuse scattering occurs on environment ran-
dom non-uniformities. If non-uniformity typical 
size is less than radiation wavelength, then scatter-
ing is frequency­dependent; the lower wavelength 
is, the scattering is more. For this reason namely, 
sunlight scattering on microscopic dust particles 
in atmosphere within the short-wave spectrum part 
is more intensive, and we see the blue sky.

And on the contrary, if non-uniformity size as 
in the case of drops or snowflakes in clouds is much 
more than radiation wavelength, scattering intensi-
ty does not depend on frequency, and we see white 
clouds respectively.

Modern light heat insulating materials have 
on the average almost isotropic structure, and for 
thermal radiation they can be considered a random 
scattering environment. There are two main types 
of such materials: foamed and fibrous. In the either 
case, bubble typical size (of about 100 µm) and fi-
bre diameter (~ 20 µm) are more than the radia-
tion wavelength (~ 10 µm). For our measurements, 
specimens were selected as follows:

• Foamed polyethylene of 2.2 mm thickness of 
16.5 kg/m3 density, of (0.1–0.3) mm bubble size and 
with the volume portion filled with polyethy lene of 
1.74 %;

• Foamed polystyrene (foamed plastics) 
of 5.0 mm thickness of 32 kg/m3 density, 0.05–
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0.15 mm bubble size and with the volume por-
tion filled with polystyrene of 2.56 %;

• Nonwoven material manufactured under Hol‑
lowfibre brand of 6.0 mm thickness of 11.7 kg/m3 
density made of poliethylene terephtalate hollow 
fibres of 32 µ thickness and with the volume por-
tion filled with it of 0.9 %.

As non-uniformity dimensions of all specimens 
are much more than the wavelength, thermal ra-
diation scattering in them should be frequency­ 
independent.

Though polyethylene, polystyrene and poliethy-
lene terephtalate have a number of absorption lines, 
their transparency in the IR range is comparatively 
high (average penetration depth is about 1 mm) [1]. 
As portion of porous materials space filled with so-
lid substance is (1–2)% only, their thickness equi-
valent by absorption should be (5–10) cm. From 
the visual evaluation of porous materials characte-
ristics, it is easy to understand that radiation scat-
tering occurs at a “thickness” of about 5 mm, i.e. 
much lesser than 5 cm. In the case of a simultane-
ous presence of absorption and scattering, penetra-
tion depth of radiation is determined by two para-
meters: scattering factor ν and absorption factor χ 
[2]:

a = (ν + χ)–1.

The scattering factor ν of the selected materials 
is obviously much more than the absorption factor 
χ, and respectively, one should consider that a does 
not practically depend on the wavelength within the 
IR range, and each material can be considered as 
a diffuse grey environment.

Dynamics of radiant heat distribution in a diffuse 
grey environment is considered according to the 
Kirchhoff’s law for thermal radiation. The radia-
tion component of heat transport within such envi-
ronment is characterised by its radiant heat conduc-
tion [3]

L = 16·σ·T 3·a/3, (1)

where σ is the Stefan­Boltzmann constant and T is 
the absolute temperature. If to consider that optical 
environment thickness is big at the distances from 
the boundaries significantly greater than thermal ra-
diation penetration depths, radiant flux density Φ is 
directly proportional to temperature gradient ∇T, 
similar to the Fourier equation for conductive heat 
transfer. Therefore, in case of radiation-and-conduc-
tive heat transport in such materials, Fourier equa-
tion in a generalised configuration should be met

Ф = –  (L + D)∇T, (2)

where D is the environment conductive heat transfer.
Respectively thermal resistance R of a material 

layer should be proportional to its thickness d:

R = ΔT/Ф = d/(L + D).  (3)

Using an installation developed for convec-
tion less measurements of thermal permeability 
[4] “in plane-parallel geometry”, dependences of 
spe cimen pile thermal resistance on material layer 
number (thickness) have been determined. The re-
sults are presented in Figs. 1–3 (dependence #1). At 

Fig.1. Thermal resistance dependences of foamed 
polyethy lene specimen piles on thickness of the pile:

1 –  without foil, 2 –  for the pile interlaid from above, from 
below and between all layers with specula aluminium foil

Fig.2. Thermal resistance dependences of foamed polysty-
rene specimen piles on thickness of the pile:

1 –  without foil, 2 –  for the pile interlaid from above, from 
below and between all layers with specula aluminium foil
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the same place, to demonstrate presence of radiant 
heat conduction, thermal resistance dependences of 
the same specimen piles are given with the diffe-
rence that between the layers, the thin aluminium 
foil (10 µ) is laid from above and from below the 
piles and between all layers (dependence #2).

A feature of this installation is that opera-
tion plain elements, between which a temperature 
difference is created, are manufactured of the trans-
parent within the IR spectrum range single-crystal 
silicon. This significantly weakens surface effects, 
because of which environment boundaries influence 
is almost imperceptible.

The fact that thermal resistance dependence 
on environment thickness for all materials is close 
to a straight line with a high precision (of about 
1 %), confirms our ideas about properties of the stu-
died materials with a high reliability (3). Approx-
imation of radiant heat conduction (2) is quite ap-
plicable to such environments. A value reciprocal 
of inclination coefficient of straight lines, is equal 
to environment total heat conduction L + D. Its 
correspondent values for foamed polyethylene, 
polystyrene and for Hollowfiber are as follows: –  
0.0514 ± 0.0003, 0.0333 ± 0.0005 and 0.0610 ± 
0.0005 W / m ∙ K.

Aluminium foil almost completely (for 99 %) 
reflects thermal radiation. And with such a small 
thickness, its contribution to heat conductive trans-
port is negligible. Respectively a result of foil ad-
dition between material layer should only be re-
duction of the heat transport radiation component. 
Differences of the dependences for specimens with 
foil and without foil (Fig. 1–3) show that contri-
bution of the radiation component is comparable 
with contribution of the conductive. As well as 
in the event with specimens without foil, in the se-
cond case several specimens with identical ther-
mal resistance were installed sequentially. There-
fore diagrammes of thermal resistance dependences 
on pile thickness with foil were straight lines too. 
In this case, the diagramme inclination increased, 
and “heat conduction” decreased. Total heat con-
duction of materials with foil is 0.0353 ± 0.0003 for 
foamed polyethylene, 0.0305 ± 0.0005 for foamed 
polystyrene and 0.0490 ± 0.0005 W/m ∙ K for Hol-
lofiber. The less distance between the foil screens 
is, the more essential reduction of heat transport ra-
diation component should be. Therefore for foamed 
polyethylene of 2.2 mm thickness, relative “heat 
conduction” change (31.3 %) was significantly 

greater than for 5 mm thickness foamed polystyrene 
(8.4 %) and for 6 mm thickness Hollofiber (19.7 %).

Conductive heat transfer of polymers is compa-
ratevely low. Therefore among the studied materials, 
the main role in conductive heat transfer is played 
by air occupying 99 % of the total volume. Air heat 
conduction at average temperature measurements 
is 0.0272 W/(m∙K) [5]. Radiant heat conduction of 
foamed polyethylene and of the Hollowfibre is ap-
proximately equal to conductive. According to for-
mula (1), it is easy to estimate depth of thermal ra-
diation penetration into these materials: a ≈ 3.5mm. 
This rather good coincides both with visually ob-
served material transparency and with the measure-
ment results for specimen piles with foil. A more 
dense and finely­divided foamed polystyrene is sig-
nificantly less transparent for thermal radiation. Its 
radiant heat conduction is (3–5) times less than of 
two other materials, and, respectively, a ≈ 1 mm. 
So, despite a lesser thickness (5 mm) than of the 
Hollowfibre (6 mm), its “heat conduction” relative 
change (8.4 %) (for specimens with foil) was con-
siderably lesser than of the Hollowfibre (19.7 %).

Thus our measurement results demonstrate a role 
of radiant heat conduction in light heat insulating 
materials. The formed concepts and correct measu-
rements allow finding characteristics of heat­pro-
tective material properties exactly enough. At what 
it is possible to do by using visual material cha-
racteristics. In the attempts to make heat insulat-
ing materials as light as possible, the manufacturers 
have already reached such a level when the radia-
tion component contribution to the thermal trans-
port is comparable with the conductive component 

Fig.3. Thermal resistance dependences of foamed 
Hollowfibre specimen piles on thickness of the pile:

1 –  without foil, 2 –  for the pile interlaid from above, from 
below and between all layers with specula aluminium foil
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contribution. Material upgrade in respect of redu-
cing their heat conduction radiation component is 
a significant reserve of improving their heat­protec-
tive properties and an important direction of deve-
lopment of the correspondent production in the near 
future.
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