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Heat transfer for most thermal insulation materials occurs via both
conduction and radiation. Thermal radiation has long been recognized as an
important mechanism of heat transfer in glass-fiber and other low-density
insulation materials. Convection, previously thought to be a significant
component of the thermal performance of these materials, was shown to be
negligible.

Low-density thermal insulation materials, which permit significant
heat transfer by radiation, show some increase in thermal conductivity (or
decrease thermal resistance value per unit thickness) as thickness is
increased. This so-called “thickness effect” in glass fiber building materials
for a change from 1.5 to 6.0 inches (3.8 to 15.2 cm) was found to be in the
range of 1.5% to 3% [1]. Some authors contend that radiation effects are
responsible for 30 to 50 percent of the total heat transfer in low-density
fibrous insulations. The “thickness effect” usually appears only at the low-
density (less than ~30 kg/m3 or 1.9 lb/ft3) materials. The higher-density foam
materials (e.g. Expanded Polystyrene –EPS, which has density about 55.4
kg/m3 or 3.45 lb/ft3) generally are too dense to show the effect at moderate
temperatures [2].

Equipment used by vast majority of laboratories, including National
Institute of Standards and Technology –NIST (former National Bureau of
Standards - NBS), are able to measure only 1-inch (2.54 cm) samples.
Relatively few laboratories have capabilities to test at greater thicknesses.
The few apparatuses capable of testing at greater thicknesses were limited to
test at 4 inches at most. NIST provided reference standards whose thermal
conductivity was determined for 1-inch samples only [2].

Fig.1 illustrates the “thickness effect”. Apparent thermal conductivity 
of polyurethane samples of different thickness measured by FOX200
instruments is plotted versus thickness for four values of temperature.
Density of the material is about 28 kg/m3.

When two infinite parallel plates are considered, all the radiation
leaving one plate reaches the other one and the radiative heat flow per unit
area (heat flux) between the plates is equal to [3]:
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where is emissivity of the surfaces (0.9 for blackened surfaces,
supposed to be same for both plates),  is Stefan-Boltzmann constant
(5.67x10-8 W m-2 K-4 ), T is absolute mean temperature (K), T is
temperature difference (K), (T<<T). Note that the radiative heat flux
depends on the temperature difference T and does not depend on the
distance x between the plates.

Conductive heat flux between the parallel plates without radiation is
equal to:

qcond = cond (T/x)

where cond is conductive (“true”) thermal conductivity of the material 
placed between the plates, T is temperature difference, x is distance
between the plates.

Conductive heat flux becomes much larger than radiative one at small
values of the x (at constant T). Therefore, measuring apparent thermal
conductivity at different x and extrapolating it to zero thickness x0 one
can exclude the radiative deposit and get true conductive value of thermal
conductivity of the material. This is the most reliable, simple and widely
used way to determine the true value of thermal conductivity.

Under steady-state conditions, the apparent thermal conductivity of a
slab of material of thickness x is normally computed as

= q x /T = (qcond + qrad )x/T

where T is the temperature difference corresponding to the measured heat
flux.

Heat transfer through thermal insulation materials can be considered
as having following components:
- true thermal conduction through the continuous and discontinuous

phases;
- thermal radiation;
- thermal convection within the pores or cells of the material (for materials

with small cells or pores heat transfer due to convection usually can be
neglected).

Radiative heat transfer through insulation can involve both:
1) scattering of thermal radiation from the solid phase of the

insulation, and



2) absorption of radiant energy within the insulation, with an
attendant change in temperature and re-radiation of energy.

For simultaneous conduction and radiation in a medium there are two
limiting cases for which simple solutions can be obtained:

At one extreme, it is assumed that all of the heat transmitted through a
slab of material flows in accordance with Fourier’s law, i.e. the heat flux is 
proportional to an effective thermal conductivity times the spatial
temperature gradient:

qcond = eff (dT/dx)

This situation can occur either:
1) if all of the heat is transferred by true conduction, or
2) if some of the heat is radiated, absorbed, and re-radiated with a mean free
path that is shorter than specimen thickness (so-called “optically thick” 
specimen).

In this case both heat fluxes are coupled and an effective thermal
conductivity can be used in computing the total heat flux.

At the other extreme, it is assumed that the conductive heat flux is in
accordance with Fourier’s law but that the radiative heat flux takes place 
with scattering but without absorption or radiation in the medium. In this
latter case the heat flux by radiation is uncoupled from that by conduction
so, the two heat fluxes can be computed separately and added [4].

Rigorous solution of the mixed conductive-radiative heat transfer in
absorbing and transmitting medium is very complicated and cumbersome
(see e.g. [3], pp.446-451).

Exact solution of the mixed conductive-radiative transfer problem can
only be obtained numerically and is not necessary to describe heat flux
adequately in insulation materials. Generally, a simplified model can be used
[5]. The model fits the data well if the optical parameters are properly
chosen. Two-flow model is most common, either with a single absorption
parameter, or with separate absorption and scattering parameters. A
diffusion model is also frequently used, usually with absorption only, or
with isotropic scattering.

All of these models use absorption and scattering parameters, which
are averaged over incident and scattering angles according to different
prescriptions. For thermal transport problems the model equations can be
averaged over wavelength if thermal weight functions are used to integrate



the wavelength-dependent cross-sections [5]. Some numerical models for
coupled conduction and radiation steady-state heat transfer in insulation
materials were developed and comparison with experimental data was made
in [6], [7] and [8].

Radiative heat flux (energy per unit time and area) qrad in a medium,
which is partially opaque, is often expressed in the form [6]

qrad = (-grad T) 4n2 T 3l

where  is Stefan-Boltzmann constant, T is absolute temperature, n is
average index of refraction, and l is the mean free path of photons.

The mean free path of photons is limited by absorption and scattering
inside the medium, as well as by the finite dimensions of the medium.
However, scattering and absorption cross-sections usually vary with the
photon frequency f, so one must use in place of l a spectral integral, i.e.:
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where z=hf/kT is the reduced dimensionless frequency, h is Planck constant,
(h= 6.626x10-34 J sec), k is Boltzmann constant (k=1.381x10-23 J/K). Integral
in denominator is equal to≈26 [6].

For a slab of thickness x with a temperature gradient normal to the
slab, comparing l with the standard expression for the radiative heat
transport between two parallel and perfectly emitting surfaces, one finds
lB=4x/3.

Absorption, scattering and the external dimensions act additively to
limit l:

l(f)=1 / [1/la(f) + 1/ls(f) + 1/lB]

where la is the mean free path due to absorption, ls is scattering mean free
path, and lB is boundary mean free path [6].

In general, almost all thermal conductivity test methods actually
measure the thermal resistance or conductance of a specimen for a particular
set of test conditions. In fact, these can be sufficient to characterize
insulating material well enough for their selection for the proper end use: the
“true” thermal conductivity is usually not necessary. If a comparison is 
desired between different specimens, then it is necessary that measurements
be made for the same thickness and temperature difference and that these be
typical of the applications considered for the materials [9].
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