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Conductive heat in a fibrous material travels through both the air (interstitial fluid) and the fibers (solid
phase). The numerical simulations reported in this paper are devised to study the effective thermal con-
ductivity of fibrous media with different microstructural parameters. Simulations were conducted in 3-D
fibrous geometries resembling the microstructure of a fibrous material. Assuming that the heat transfer
through the interstitial fluid is independent of the geometrical parameters of the solid phase (for when
the porosity is held constant), the energy equation was solved only for the solid structures, and the result-
ing values were used to predict the effective thermal conductivity of the whole media. This treatment
allows us to drastically reduce the computational cost of such simulations. The results indicate that heat
conduction through the solid fibrous structure increases by increasing the material’s solid volume frac-
tion, fiber diameter, and fibers’ through-plane orientations. The in-plane orientation of the fibers, on
the other hand, did not show any significant influence on the material’s conductivity. It was also shown
that the microstructural parameters of fibrous insulations have negligible influence on the material’s per-

Keywords:

Conductive heat transfer
Fibrous materials
Insulation materials
Numerical simulation

formance if the conductivity of the solid phase is close to that of the interstitial fluid.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Insulation materials are often composed of glass fibers, poly-
meric fibers, or mineral wools. However, in some applications
involving high temperatures, steel fibers, alumina fibers, and/or
other similar temperature-resistance materials have also been
used for insulation [1,2]. Heat transfer in a fibrous insulation mate-
rial occurs through conduction, convection, and radiation. The con-
tribution of each of these modes of heat transfer varies depending
on the application. Convection heat transfer can often be neglected
since the friction between the fibers and the interstitial fluid may
suppress convective motions inside the media. While radiative
heat transfer is generally important in high-temperature applica-
tions (see [3,4] for instance), conductive heat transfer is often the
mechanism by which heat transfers through fibrous materials in
temperatures near or below room temperature [2].

Conductive heat transfer occurs through the fibers and the
interstitial fluid. Therefore, an effective thermal conductivity,
which includes the contributions of the solid and the interstitial
fluid, is often defined and used in discussing the performance of
an insulation material. The effective thermal conductivity of a fi-
brous material is greatly influenced by its microstructural param-
eters such as solid volume fraction (SVF), thermal conductivity of
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the solid fibers and the interstitial fluid, fiber diameter, and fiber
orientation. Obviously, for media consisting of more than one type
of fibers, i.e., composite insulation media, there are more parame-
ters influencing the insulation performance [5].

Conductive heat transfer through fibrous insulation materials
has been studied analytically, numerically, and experimentally.
Analytical models have been developed and compared with exper-
iment to predict thermal insulation properties in terms of SVF and
thermal conductivity of solid and interstitial phases by [6,7] among
others. There are also analytical studies dealing with the effects of
fiber orientation and fiber length on thermal conductivity (see for
instance [8,9]). There are also numerous predominantly experi-
mental studies reporting on the thermal insulation properties of
different fibrous materials obtained, for instance, by a guarded
hot plate apparatus [10,11]. In such studies, performance of the
material in blocking conductive and radiative heat transfer is often
lumped together in the form of an effective conduction-radiation
thermal conductivity [10,11]. Improved testing procedures and
more advanced macroscale numerical simulations have also been
developed for studying the combined conduction-radiation heat
transfer through fibrous media with a specific attention to the ef-
fects of operating temperature and pressure on the performance
of high-temperature insulations by [12,13].

To better investigate the effects of microstructural parameters
on the performance of fibrous insulation materials exposed to con-
ductive heat flow, microscale 3-D simulations are developed and
reported in the current paper. The study presented here completes
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Nomenclature

o solid volume fraction

ky conductivity of the interstitial fluid

ks fiber conductivity

ks conductivity of solid fibrous structure

kefr effective thermal conductivity of fibrous materials
T temperature

AT temperature difference

heat flux

thickness of the material

area of the hot or cold plates

fiber diameter

non-dimensionalized allowable distance between two
fibers at their crossover point

(ST~ Tite Sl )

*

the previous studies by the authors, in which an inexpensive
Monte Carlo Ray Tracing (MCRT) algorithm for simulating radiative
heat transfer through fibrous media have been developed [14,15].
Such a simulation methodology is valuable as it allows one to iso-
late the effect of each individual parameter and study its influence
on the performance of the whole media (i.e., the fibrous structure
and the interstitial fluid). Since heat transfer through the intersti-
tial fluid takes place independently from the geometrical parame-
ters of the solid phase (for a given porosity), the energy equation
was solved for the solid phase (fibrous structure) only. The conduc-
tivity values obtained for the solid structure can then be easily
combined with the conductivity of the interstitial fluid to predict
the effective thermal conductivity of the whole media if needed.
This treatment allows us to significantly reduce the computational
cost of such simulations, and thereby to make a comprehensive
parameter study feasible. In particular, with this treatment, one
can consider much larger (and so more realistic) Representative
Elemental Volumes (REVs) for simulation to reduce the statistical
errors associated with each simulation, and consequently produce
a large simulation dataset with less computational time.

The remainder of this paper is organized as follows. Complete
descriptions of the structure generation, structure characterization
and the heat transfer simulation setup are given in Section 2. The
results and discussions are given in Section 3 followed by conclu-
sions in Section 4.

2. Steady state conduction in fibrous media

Conductive heat travels through both the fibers and the intersti-
tial fluid (often air). Conductive heat transfer formulations for por-
ous media are often developed considering heat flowing in parallel
or series paths. When heat flow is assumed to occur in a series
mode, then flow of thermal energy is assumed to occur in sequence
through a series of layers. Conductive heat transfer is said to occur
in parallel mode if the flow of heat is described through simulta-
neous parallel paths through the medium. In calculations the ther-
mal conductance of each path is added to derive a total rate of heat
flow through the entire medium [6,7]. The most basic expression
(Eq. (1)) for defining an effective thermal conductivity in porous
media is developed based on a weighted average of the thermal
conductivity values of the fibers and interstitial fluid [6,7], and heat
transfer is assumed to occur in a parallel mode through solid and
the interstitial fluid.

ke = atks + (1 — a)kg (1)

The major problem with this equation is that it assumes the solid
phase to act like a solid block connecting the heat source to the heat
sink, neglecting the fact that heat has to flow through a number of
small fiber-to-fiber contact areas before it can reach the sink. There-
fore, one can expect that the term ok in the above equation signif-
icantly over-predicts the conductivity of the solid phase. The
second term in the right-hand side of Eq. (1), on the other hand,
is expected to be quite accurate in predicting the conductivity of

the fluid phase. This is because the interstitial fluid does connect
the source and sink plates with no considerable bottle-necks in
the heat flow path, at least for most practical fibrous structures
(i.e., porous media with very low solid volume fractions).

2.1. Modeling conductive heat transfer in fibrous media

The internal structure of most fibrous materials fall into one of
three main categories: unidirectional structures, where axes of all
cylindrical fibers are parallel with one another, layered structures,
where axes of cylindrical fibers lie randomly in parallel planes of-
ten perpendicular to the heat flow direction, and three-dimension-
ally isotropic structures, where fibers’ axes can be randomly
oriented in any direction (see Fig. 1) [16].

An in-house MATLAB code was developed to generate fibrous
structures with different structural parameters—virtual fibrous
media with controlled porosity, thickness, and fiber diameter, as
well as fibers in-plane and though-plane orientations. The media
generation process is based on the so called p-randomness algo-
rithm and is fully described in previous publications [16,17]. Due
to the randomness of the generation process, each simulation is re-
peated at least three times to reduce the statistical uncertainty of
the results presented. After each fibrous structure is produced, a
script file is produced for the GAMBIT software in which the actual
SVF of the structure is measured and also is meshed using tetrahe-
dral elements and exported to the Ansys Fluent code for heat trans-
fer calculations.

The fibrous structures were considered to be sandwiched be-
tween a hot and cold plate as shown in Fig. 2. A temperature gra-
dient is imposed across the thickness of the media by assigning
different temperatures to the hot and cold plates. The steady-state
heat equation is solved for the flow of conductive heat through the
fibers using the Ansys Fluent CFD code.
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Symmetry boundary condition has been considered for all lat-
eral boundaries of the simulation domain. Although no plane of
symmetry can actually exist in a disordered fibrous structure,
the error associated with such a boundary condition is negligibly
small when a large REV is considered for the simulations as the
heat flow is mainly in the direction of the macroscopic tempera-
ture gradient (i.e., through-plane direction) [18]. The boundary
conditions considered in the current simulations are shown in
Fig. 2. An arbitrary fiber thermal conductivity of 0.2 W/m K (poly-
propylene) and a fiber diameter of 8 pm were considered unless
otherwise specified. The temperatures of the hot and cold plates
are also arbitrarily chosen to be 330K and 300K, respectively.
Since no air is considered in the calculations, heat transfer
between the hot and cold plates is due only to conduction in
the solid phase.
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