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A B S T R A C T

Understanding the interplay between the heat transport through the solid phase and the porous one may play
a vital role in the inverse design of open-porous (nano)materials for thermal superinsulation applications. In
this paper, we propose a mechanistic model using the finite element framework to independently describe the
thermal transport through the solid phase and the porous one. The proposed model considers heat conduction
through the solid and gaseous phases and does not account for convective and radiative effects. To this end,
a network decomposition model is proposed wherein the open-porous material is decomposed into a solid
network model (SNM) and a pore network model (PNM). An excluded volume concept is further introduced
within the PNM, and is driven by the Knudsen diffusion for modelling in the case of nanoporous materials.
The model predictions are validated with experimental data and the model is shown to accurately estimate
the total thermal conductivity for nanoporous materials where convection and, at room temperature, radiation
do not play any significant role.
1. Introduction

To meet the increasing demand for energy-efficient solutions, espe-
cially in thermal management, significant emphasis has been placed on
the rapid advancement of thermally superinsulating materials. A range
of materials can be considered as thermal insulators, namely, glass and
mineral wool, cork, expanded polystyrene (EPS) foams, polyurethane
foams, to name a few. However, very few materials are characterised as
thermal superinsulators, namely, microporous materials and aerogels.
These materials have demonstrated thermal conductivities below that
of air (around 0.025 W m−1 K−1 at standard atmospheric pressure and
room temperature). Rapid development of thermal insulating materials
demands a physics-informed yet computationally fast approach for
predicting material properties as well as for reverse engineering of the
materials design process.

What drives these materials to perform as thermal insulators is
their low thermal conductivity, which is a direct measure of heat
flow through the material. One common characteristic of the above-
mentioned materials is their open-porous nature. The term open-porous
implies the presence of at least two phases in a material, namely a solid
phase and an open porous phase. The latter is referred to as the gaseous
phase, as it is occupied by a gas, typically air. This phase, being open,
is in principle a 3D network of open channels. Thermal conductivity
in a material can be characterised by heat transport through three
modes, namely, conduction, convection, and radiation. However, since
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the open-porous material exhibits two phases, the conduction can occur
either through the solid network or through the pore network. By
pore network, it is meant that the gas flows through the open-porous
interconnected channels. The wider the channels, the easier and higher
the amount of flow of gas molecules, while the smaller the channels, the
sparser the flow. This in turn affects the molecular collision that results
in gaseous conduction. What factor dictates this effect? It is the mean
free path of the air, which is close to 70 nm. Thus, materials that exhibit
pore sizes larger (hundreds of nm) or significantly larger (𝜇m- or mm-
sized) than this value will undergo what we know as continuum flow.
The gaseous thermal conductivity is higher for these materials as the
probability of gas–gas molecular collisions is very high. On the other
hand, materials that exhibit pore sizes much smaller than the mean free
path of the air exhibit what we know as Knudsen flow.

Knudsen diffusion refers to the flow that includes only molecule-
pore wall collisions (at low pressure, small pores), in contrast to molec-
ular diffusion, which refers to flow involving intermolecular collisions
in the gas phase (for high pressures and large pores) [1]. Thus, Knudsen
flow occurs when the interactions between the gas molecules and the
restrictions in the path (pore walls in case of porous materials) are
much higher than the collisions between the individual gas molecules.
This necessitates a relative measure of the mean free path of the gaseous
medium to the physical length scale of the obstructions (path restric-
tions) which is defined as the Knudsen number. Knudsen diffusion is
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one of the reasons for the very low thermal conductivities in case of
anoporous materials (0.01–0.10 W m−1 K−1 [2–5]).

The low thermal conductivity of cellular materials and the promise
of excellent thermal insulation has led to the development of numer-
us theoretical, experimental as well as computational approaches to
redict the thermal properties of such materials. The modelling of the

solid and gaseous thermal conductivity could be categorised based on
empirical [5–7], analytical or numerical methods used [8,9]. For exam-
le, Fricke and Emmerling [6] surveyed different modelling approaches
escribing the transport properties and validated them based on the

scaling behaviour. This empirical scaling relation has been used to
coarsely validate the presented approach. In case of porous materials
with complex hierarchical microstructures, the coupling of solid and
gaseous thermal conductivity has also been investigated [10–12]. The
valuation of the thermal conductivity due to the solid–gas coupling is

beyond the scope of this paper.
Computational approaches have been extensively employed to

odel the thermal conductivity of porous materials. In such cases,
designing the microstructure plays an important role. For example,
Finney [13] investigated how fundamental statistical geometry could
be used as a powerful tool for tackling important problems in many
branches of science and engineering. Several authors developed models
accounting for the microstructure to analyse the heat transfer prop-
rties through porous medium [14–19]. For example, Bi et al. [16]
emonstrated for silica aerogel that simple structures can be used
or numerical or analytical studies if the structure is in spatial and
eriodic symmetry. Dan et al. [17] have used a hollow sphere model

independent of empirical parameters, with better agreement with ex-
perimental results. Chen et al. [18] modelled the microstructure of
ramid nanofiber aerogels using fractal geometry theory. Of particular
elevance to this work is the reconstruction of the 3D pore space
f cellular materials using Voronoi tessellations. The different forms
f Voronoi tessellations prove to be an effective tool to design and
redict the structure–property relations in case of open-porous cellular
aterials [20–25].

In our previous work [26], the porous fibrillar reconstructed mi-
rostructure was used for analysing the effect of the pore space on the
echanical properties of open-porous cellular materials. In this work,

he same computational method is used to first design the porous struc-
ture of a cellular material. A predictive model based on a mechanistic
approach is then developed to estimate the solid and gaseous thermal
conductivity of the cellular solid. For modelling the Knudsen diffusion
n flow, the model ansatz employs the concept of excluded volume,
articularly for modelling nanoporous materials. Such an addition can

be neglected in case of cellular solids with macropores. Finally, the
validation of the presented approach is reported for different porous
materials having pore sizes in different length scales.

2. Model definition and methodology

The thermal conductivity is an important parameter to quantify the
insulation capabilities as it is a direct measure of heat flow through
he material. Due to the two phase nature of the porous materials, the

thermal conductivity is accounted for by considering the conduction
through the solid skeleton of the material, gaseous conduction through
the pores, convection through the gaseous medium as well as radiation.
This can be expressed as the following equation,

𝜆𝑡 = 𝜆𝑠 + 𝜆𝑔 + 𝜆𝑐 + 𝜆𝑟, (1)

where, 𝜆𝑡 is the total thermal conductivity, 𝜆𝑠, 𝜆𝑔 , 𝜆𝑐 and 𝜆𝑟 are the con-
tributions to the thermal conductivity due to solid conduction, gaseous
conduction, convection and radiation, respectively. The principle of
superposition allows for the calculation of the individual components
of the thermal conductivity (as in Eq. (1)) independently. In this paper,
a simplified mechanistic approach is designed which does not account
for thermal conductivity due to radiation as it is relatively negligible
 c

2 
at room temperature. Furthermore, since this study is motivated by
nanoporous materials, the effect of convection is not considered. Thus,
total thermal conductivity is described by the contributions from the
remaining two components, namely, the solid and gaseous conduction,

𝜆𝑡 = 𝜆𝑠 + 𝜆𝑔 . (2)

The methodology of using resistor networks for modelling thermal
conductivity for composite materials has been presented in detail be

ue et al. [19]. This fundamental approach is applied here. The resistor
etwork is a simplistic representation of the microstructure with nodes
nd resistors between each node pair. The thermal resistance between
wo nodes (𝑟𝑖𝑗) is a function of the heat transfer coefficient (ℎ), thermal
onductivity (𝜆𝑖𝑗) and cross-section area (𝐴) of the individual resistor
𝑟𝑖𝑗 = ℎ

𝜆𝑖𝑗𝐴
) between the nodes. A temperature difference is applied at

the boundaries and the heat flow through the resistor system is calcu-
ated. For all nodes, except the boundary nodes, no heat is generated at

the nodes, i.e., heat entering the node equals the heat leaving the node.
Hence, using energy conservation at each node and solving a system of
linear equations for the nodal temperatures, the heat flowing into the
resistor network can be calculated. The effective thermal conductivity
of the network can then be calculated using the Fourier law of heat
conduction,

𝑄 = 𝜆𝐴𝑑 𝑇
𝑑 𝑥 , (3)

where 𝑄 is the heat flow through the resistor system which can be
imulated, 𝐴 is the cross-sectional area of the entire network, 𝑑 𝑇 is
he applied temperature difference and 𝑑 𝑥 is the size of the simulation
omain. With this ansatz, the network model can be easily adapted to
he microstructure of open-porous cellular materials.

The porous microstructure of an open-porous cellular material is
irst computationally designed [25]. In this method, the pore space

is reconstructed given an input pore-size distribution which is ob-
ained experimentally. A random close packing of polydisperse spheres

(Fig. 1a), with each sphere representing a pore is generated. The sphere
pack is the input for the Laguerre–Voronoi tessellations (Fig. 1b). This
retains the experimental pore-size information while designing the
keletal network with random-shaped pores. The heat transfer across

this material representation occurs through the solid network (Fig. 1c)
represented by the Voronoi-cell edges as well as the pore network
represented implicitly by the sphere pack. Hence, we can independently
derive the effective solid and gaseous thermal conductivity from the
solid and pore networks respectively (Eq. (2)). In the case of modelling
the effective solid thermal conductivity, material properties of the
ndividual struts (density, thermal conductivity) are defined for the
eometrical representation of the solid skeleton. The strut diameters
re calculated based on the porosity of the entire representative volume
lement (RVE) [25]. Since the RVE generated using this computational

method is isotropic [20,22,25], a temperature difference can be applied
only in one direction to produce a unidirectional heat flux. The effective
olid thermal conductivity of the microstructure can be then calculated

using Fourier law of heat conduction (Eq. (3)) where the heat flow,
ross-sectional area, temperature difference and length of the RVE is
nown.

While the conduction through the solid network is relatively
straightforward, the conduction through the porous space demands
further explanation. A 2D slice of the network models is shown in
Fig. 1d. The solid lines depict the solid skeleton forming the solid
network model (SNM) and the dotted lines depict the pore connectivity
or the pore network model (PNM). Thus, comparing the network
models with resistor networks, the nodes are the vertices (𝑣𝑖 in Fig. 1d)
of the Voronoi geometry in SNM and the pore/sphere centres (𝑐𝑖 in
Fig. 1d) in PNM. The resistors in the SNM are the edges of the Voronoi
ells while in case of the PNM, these are the connections between the
ell centres.
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Fig. 1. Network models for predicting the effective thermal conductivity: (a) Pore connectivity represented by the sphere pack, (b) microstructural representation with pores (spheres)
and fibrillar pore walls (edges), (c) representative volume element (RVE) of the solid network, (d) pore connectivity in 2D (represented by dotted lines), (e) approximation of the
pore cross-sectional area for the PNM, (f) RVE of the pore network.
Fig. 2. (a) Bulk diffusion, (b) Knudsen diffusion.

The pore network (as shown by the dotted lines in Fig. 1d) is
representative of the pore connectivity. In mathematical terms, the
pore network is the dual (i.e., the Delaunay tessellations) of the solid
network represented by the Voronoi tessellation. The PNM essentially
captures this pore connectivity of the microstructure and uses it to
model the effective gaseous thermal conductivity. The modelling of the
effective gaseous thermal conductivity is slightly challenging although
the ansatz remains the same. It is assumed that the heat transfer
occurring between the two pores takes place only through the Voronoi
face between them (see Fig. 1e). Thus, the smaller the adjacent pore,
the smaller is the cross-sectional area and correspondingly, the heat
flow to the pore. This heat transfer can be approximated by a resistor
channel (see Fig. 1e) between the pore centres. The length of this
resistor is the centre distance, its thermal conductivity is the thermal
conductivity of the medium and the cross-sectional area of the resistor
channel is a function of the area of the Voronoi face between the two
pores (𝑎12). The exact area of these channels depends on the porosity
and the size of the adjacent pore (see Fig. 1d and e). This cross-sectional
area is calculated considering the gas fraction of the RVE, which is the
total volume that can be occupied by the gaseous medium. It can be
expressed in terms of the solid fraction as 𝜙𝑔 = 1 − 𝜙𝑠. The actual RVE
as a network of pore channels of different cross-sectional areas is shown
in Fig. 1f.

In the case of continuum flow, the cross-sectional area of the resistor
can be approximated by the area of the Voronoi face between the
end nodes (sphere centres) of the resistor. However, for nanoporous
materials where Knudsen diffusion is predominant, the cross-sectional
area of the resistor channel is assumed as only a fraction of the area
of the corresponding Voronoi face. To understand this assumption and
model the heat flow through the resistor channels of the PNM, we
3 
evaluate the flow through these channels (refer Fig. 2). Firstly, the
Knudsen number is defined as,

𝐾𝑛 =
𝑙
𝑑𝑐

, (4)

where 𝑙 is the mean free path of the gaseous medium and 𝑑𝑐 is the
diameter of the channel. For very low Knudsen numbers, continuum
flow is observed while for very high Knudsen numbers we get molecular
flow. Secondly, to include the effect of Knudsen diffusion, a fraction of
the channel volume is excluded to account for the difference in the
volume occupied by molecules undergoing molecular collision through
the channel in comparison to the case of continuum flow. In the case
of high Knudsen numbers, (molecular flow) the probability of such
molecular collisions occurring in a pore is lesser as compared to that in
continuum flow. This is because the interactions between the molecules
and the pore walls will be much higher than the interactions between
the molecules. Hence, the excluded volume will be higher for larger
Knudsen numbers. The excluded volume can thus be seen as a factor
affecting the modelling of thermal conductivity in this porous space
and is shown to be calculated in direct correlation with the Knudsen
number.

The finite element model was principally similar for the SNM and
PNM, with minor modifications for the PNM to include the excluded
volume parameter. The resistors or cylindrical channels (Voronoi edges
in the case of SNM and pore channels in the case of PNM) were
modelled as 1D line elements with temperature degree of freedom. The
thermal properties of the solid material and air were used as inputs
to the finite element model based on SNM and PNM, respectively.
The temperature difference was effectively applied by maintaining the
boundary nodes of the RVEs at 300 K and 350 K. The heat flow
through the RVEs due to this temperature difference was subsequently
simulated under steady state conditions. In the absence of external
thermal loads, the surfaces of the cylindrical channels constituting
the SNM and PNM can be assumed as isolated in the finite element
model. Thus, the heat flow simulated using the finite element model
corresponds exclusively to the heat transfer through the SNM and PNM
channels. Due to this nature of the finite element simulation, the cross-
sectional area of the channels represented by these line elements have
a critical influence on the prediction of the thermal conductivity. The
methodology of determining the cross-sectional areas was described
earlier in this section. The sensitivity of the model to the excluded
volume along with other model parameters has been analysed and
reported in the following section.
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Fig. 3. Visualisation of finite element results: (a) Temperature distribution in SNM, (b) reaction fluxes for the temperature difference in SNM, (c) heat flux per unit area for the
temperature difference in SNM, (d) temperature distribution in PNM, (e) reaction fluxes for the temperature difference in PNM, (f) heat flux per unit area for the temperature
difference in PNM.
3. Results

This section presents the first results of the model and a parameter
sensitivity analysis followed by the validation of the model for different
materials with different length scales. To obtain the first results, the
porous microstructure was reconstructed computationally with an input
pore-size distribution. A normal distribution function with a mean pore
size of 50 nm and the standard deviation of 20 nm was used. The
porosity of the microstructure was maintained at 95%. These values
of the mean pore-size and the porosity are representative of commonly
known nanoporous materials. The SNM and PNM were developed using
the methodology detailed in Section 2. The RVE had a size of 450 nm
and was simulated by applying a temperature difference of 50 K across
the length of the domain in the 𝑥 direction using Abaqus. In this study,
air has been used as the gaseous medium and is modelled using the
characteristics at standard atmospheric pressure.

The finite element visualisations for the SNM and PNM can be ob-
served in Fig. 3. The variations in the nodal temperatures are illustrated
for the solid and gaseous networks in Fig. 3a and d. While simulating
the heat transfer using Abaqus, the output variables were the heat
fluxes. The heat flow can be calculated from the fluxes by simulating
for steady state heat transfer. The visualisations shown in Fig. 3 thus
correspond to the heat fluxes at steady state. The RFL11 represents the
reaction flux due to the applied boundary conditions in the 𝑥 direction.
The reaction fluxes are obtained only at the boundaries of the RVE.
Although the reaction fluxes can be used to calculate the heat flow
through the network, this calculation is more streamlined by using the
HFL, which is the heat flux per unit area. Owing to computational
convenience, in this work the HFL was used to calculate the thermal
conductivity from the Fourier’s law of heat conduction as follows:

𝜆 =

𝑛
∑

𝑖=0
𝑄𝑖 ⋅ 𝑑 𝑥

𝐴 ⋅ 𝑑 𝑇 (5)

where 𝑄𝑖 is the heat flowing through the 𝑖th node on the RVE boundary,
𝑛 is the total number of nodes on the RVE boundary, 𝑑 𝑥 is the length of
the RVE, in this case 450 nm, 𝑑 𝑇 is the applied temperature difference
4 
Table 1
Gaseous thermal conductivity values (in W m−1 K−1) for different excluded volumes.
𝐸 𝑣 0.02 0.10 0.20 0.40 0.60

𝐾 𝑛𝑒𝑓 𝑓 1.43 1.55 1.75 2.33 3.5
𝜆𝑔 0.018 0.015 0.013 0.009 0.006

of 50 K and 𝐴 is the cross-sectional area of the RVE. The heat flow (𝑄𝑖)
for the individual node is calculated from the HFL flux per unit area at
steady state (𝑄ℎ𝑓 𝑙) as follows:

𝑄𝑖 = 𝑄ℎ𝑓 𝑙 ⋅ 𝐴𝑐𝑖 ⋅ (1 − 𝐸 𝑣𝑖) (6)

where 𝐴𝑐𝑖 is the cross-sectional area of the corresponding channel and
𝐸 𝑣𝑖 is the excluded volume (𝐸 𝑣𝑖 is only applicable to PNM). It is to be
noted that even though the volume is excluded, this should not change
the length of the individual elements as a change in length would result
in a disconnected network. Therefore, the excluded volume is totally
reflected by the change in the cross-sectional area. For the above-
defined input values the solid thermal conductivity of 0.015 W m−1

K−1 was calculated using the SNM.
The gaseous thermal conductivity is influenced by the excluded

volume (Eq. (6)). The dependence of the gaseous thermal conductivity
on the excluded volume (𝐸 𝑣) and the corresponding effective Knudsen
number (𝐾 𝑛𝑒𝑓 𝑓 ) is tabularised in Table 1. As the excluded volume in-
creases, the channel cross-sectional area decreases, thereby decreasing
the heat flow through the network. Simultaneously, as the channel
cross-sectional area decreases, the effective Knudsen number increases.

3.1. Effect of excluded volume

The motivation of using excluded volume to map the predicted
thermal conductivity of nanoporous materials is derived from Knudsen
diffusion. Several theoretical models predicting the gaseous thermal
conductivity are formulated on the basis of the Knudsen number [27,
28]. Hence, it is important to evaluate the trends between the ex-
cluded volume, the Knudsen number and the predicted gaseous thermal
conductivity (refer Fig. 4).



S. Aney and A. Rege International Journal of Heat and Mass Transfer 236 (2025) 126316 
Fig. 4. Correlating the excluded volume with Knudsen number: (a) Effect of excluded volume on Knudsen number and predicted gaseous thermal conductivity, (b) verification of
the trend between gaseous thermal conductivity and Knudsen number, (c) effect of excluded volume on scaling exponents of empirical power law relation.
Fig. 5. Effect of the RVE size on thermal conductivity and comparison to the
consequent computing time.

In this work, three random microstructures were generated with
different pore-size distributions characterised by a normal distribution
function. The mean pore sizes of 40 nm, 50 nm and 60 nm were
considered and the standard deviation was kept constant at 8 nm.
The pore network was then simulated by excluding a portion of the
channel volume. This excluded volume was quantified as a fraction of
the total simulation volume. Thus, an excluded volume of 0.2 implies
that 20% of the total simulation volume is excluded from the channels
representing the pore network. As the excluded volume increases,
the diameter of the PNM channels decreases thereby increasing the
corresponding effective Knudsen number (Eq. (4)). This decrease in the
channel diameters implies that less heat flows through the channels
considering Fourier’s law of heat conduction (Eq. (3)). Therefore, the
gaseous thermal conductivity decreases with excluding more volume.
These results are shown in Fig. 4a. It is also observed that as the mean
pore size increases, the Knudsen number decreases and the gaseous
thermal conductivity increases. This trend is depicted in Fig. 4b and
is often found in theoretical models which predict the gaseous thermal
conductivity based on the Knudsen number. This further validates our
model.

While, the trends captured in the plots in Fig. 4a and b show
the expected correlations from the literature between the excluded
volume, Knudsen number and gaseous thermal conductivity, this does
not answer how the value of the excluded volume is determined. To
estimate the exact value or at least a range of the values of the volume
to be excluded, the influence of the excluded volume on the scaling
exponent is evaluated first. Open porous materials often exhibit power
scaling laws for the mechanical, thermal and acoustic properties with
respect to their densities [29–31]. In this case, the exponent (𝛼) with
which the effective gaseous thermal conductivity scales with the solid
fraction (𝜆𝑔 ∝ 𝜌𝛼) is studied. Since the gaseous thermal conductivity for
open-porous nanomaterials typically decreases with an increase in the
solid fraction, the scaling exponents obtained are negative, e.g., refer
to the article by Fricke et al. [6].
5 
Table 2
Effect of direction of applied temperature on 𝜆𝑠 (expressed in W m−1 K−1).

Solid fraction 0.02 0.08 0.16

𝑥 0.004 0.014 0.029
𝑦 0.004 0.014 0.028
𝑧 0.004 0.015 0.030

Table 3
Effect of direction of applied temperature on 𝜆𝑔 (expressed in W m−1 K−1).

Solid fraction 0.02 0.08 0.16

𝑥 0.007 0.006 0.005
𝑦 0.007 0.006 0.004
𝑧 0.007 0.006 0.005

The evaluation of the effect of the excluded volume on the scal-
ing exponent provides information on the range of the volume that
can be excluded. This is demonstrated by the results in Fig. 4c. The
correlations of the excluded volume with the Knudsen number and the
corresponding gaseous thermal conductivity, as exemplarily tabularised
in Table 1 along with the graphical representation in Fig. 4c, provide
important insights regarding the use of the excluded volume.

3.2. Effect of computational parameters

The computational parameters should not ideally influence the
model predictions. To this end, in this section, the sensitivity of the
model to the computational factors such as RVE size and the direc-
tional dependency of the applied temperature gradient, particularly
for isotropic materials, is evaluated. First, the negligible effect of the
directional dependency is verified. The solid and gaseous thermal con-
ductivities are simulated for three different solid fractions. An excluded
volume of 50% was used for the PNM.

The resulting solid and gaseous thermal conductivities are listed in
the Tables 2 and 3 respectively confirming that the computationally
reconstructed microstructure is isotropic.

The size of the simulation domain is also an important factor that
affects the accuracy of the predictions. The domain size is often a
trade-off between accuracy and computational efficiency. Normally, for
microstructure simulations, the RVE size is chosen such that it can ef-
fectively capture the variations in the pore sizes and remains insensitive
to the simulated properties. In this work, the RVE size was varied from
300 nm to 800 nm for the same pore-size distribution and the heat flow
through the network was simulated for three different solid fractions.
The resulting total thermal conductivity and the required simulation
time is shown in Fig. 5. The error in the predicted thermal conductivity
changes only marginally for larger RVE sizes, particularly beyond 400–
450 nm. In contrast the simulation time increases exponentially from
7 min for an RVE size of 300 nm to approximately 6 h for a RVE size
of 800 nm. The simulation time plotted in Fig. 5 consists of the time
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Fig. 6. (a) The different pore-size distributions considered, based on the variation of the mean pore sizes, (b) the influence of the mean pore size on the solid, gaseous, and
effective total thermal conductivity, (c) surface plot illustrating this change in the effective total thermal conductivity.
Table 4
Effective thermal conductivity values (expressed in W m−1 K−1) predicted for different
materials.

Material Mean pore size 𝜆𝑡 experiment 𝜆𝑡 predicted

Aluminium foam [32] 2.3 mm 4.6 3.528
Polyurethane foam [33] 3.1 mm 0.044 0.034
Polyetherimide nanofoam [34] 86 nm 0.015 0.014
Biopolymer aerogel [3] 50 nm 0.028 0.023

required for structure generation and the simulation in Abaqus. Since
the post-processing of the results is automated, the post-processing time
is not considered. The exponential increase in the simulation time is
mainly attributed to the exponential increase in the complexity of the
microstructure as a result of increasing the RVE size. For example, as
the simulation domain size increases from 300 nm to 800 nm, the
number of pores contained in it increases from 500 to 10 000. The
total nodes in the network increase from 3865 and 1751 to 65 672 and
19 636 for SNM and PNM, respectively. Similarly, the total elements in
the network increase from 8724 and 3542 to 139 201 and 70 329 for
SNM and PNM, respectively. Hence, the size of the RVEs used in this
study are in the range of 400–450 nm given that sizes beyond these did
not yield in significantly improved results.

3.3. Effect of the pore-size distribution

The pore-size distribution plays an important role while predicting
the material properties of polydisperse open-porous materials [26]. The
computational geometry used in this model is reconstructed using an
input pore-size distribution. Typically, a normal distribution function
can be used to describe the pore-size distribution. While the distri-
bution in typical nanoporous materials is non-Gaussian in nature, for
simplicity, in this work, the variation of the predicted solid and gaseous
thermal conductivities due to the change in the mean pore size and
the standard deviation of the pore-size distribution is analysed using
a Gaussian distribution of the pore sizes. Two sets of examples were
chosen where the mean pore size and the standard deviation in the
pore sizes was varied. First, the mean pore size was varied from 40 nm
to 60 nm as illustrated in Fig. 6a. The resulting thermal conductivities
are plotted in Fig. 6b for estimating the scaling exponent. The solid
thermal conductivity scales with an exponent of 1.0 while the gaseous
thermal conductivity scales with an exponent of −0.58. For all other
parameters kept constant, the mean pore size does not have a very
significant influence on the thermal conductivity especially for smaller
solid fractions. Although the scaling trend is observed to be similar
for all three pore-size distributions, the variations in the solid thermal
conductivity are larger for larger solid fractions. In case of the gaseous
thermal conductivities, the deviations with changing pore sizes are
marginal when the mean pore size is increased from 40 nm to 60 nm.
However, this may not be the case when the mean pore size is changed
significantly (for example from 40 nm to 150 nm, which changes the
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Knudsen number from 1.75 to 0.47). It is evident from the results that
although the mean pore size affects the predicted thermal conductivity,
it has no influence on the scaling exponent at all. Similar results were
obtained by varying the standard deviation for constant mean pore
sizes.

For the simulated cases, the total thermal conductivity varies from
0.006 W m−1 K−1 to 0.020 W m−1 K−1 as the porosity is changed from
98% to 85% in both sets of examples. This is due to the pore structure
and properties selected for the analysis. Thermal conductivities around
and below 0.020 W m−1 K−1 are known for aerogels and other su-
perinsulation materials [2–5]. However, the applicability of the model
remains for materials with lower porosities, those well below 85%.
Furthermore, in the case of the scaling exponents, the ratio of the elastic
(𝐸 vs. 𝜌𝑚) and thermal (𝜆𝑠 vs. 𝜌𝑡) scaling exponents (𝑚∕𝑡) was found
to be 2.0, which lies in correlation with the available literature [29].
Thus, with the thermal conductivity values in the expected range and
the universal scaling law empirically verified, we can safely conclude
that the novel approach presented in this paper can be used to model
the effective thermal conductivity for nanoporous materials. One may
even import material geometries from computer tomography scans or
other computational reconstructions to exploit this approach of SNM
and PNM for diverse use cases, and the network decomposition is not
restricted to the proposed modelling strategy of Voronoi tessellations.
To further validate the application of this method, the effective solid
and gaseous thermal conductivities were simulated for a wide range of
materials. These results are documented in the following section.

3.4. Model validation

The predicted thermal conductivity depends on various factors such
as the skeletal thermal conductivity, the skeletal density as well as the
actual pore-size distribution. Hence, to check the accuracy and applica-
bility of this model, it is validated for different materials with different
length scales. These include aluminium foam and polyurethane foam
with mean pore sizes in the millimeter range as well as polyetherimide
nanofoam and biopolymer aerogel with pore sizes in the nanometer
range. The microstructural details of the materials were found in the
literature and the thermal conductivities were calculated using the SNM
and PNM. The predicted thermal conductivity and its components are
noted in Table 4. It is observed that since the network models do not ac-
count for the thermal conductivity due to the convection, the predicted
total thermal conductivity is underestimated in case of conventional
foams with cell sizes in millimeter range (refer Fig. 7). Also for such
large pore sizes, the averaging of the cross-section area of the pore
channels will underpredict the thermal conductivity. Metal foams are
known to show high Nusselt number, thus quantifying the ratio be-
tween the (total heat transfer) to conductive heat transfer [35]. Several
studies have experimentally explored the contribution of convection
to heat transfer in aluminium foams [36,37]. Soloveva et al. [33]
studied the increasing effect of convection in PU foams with pore sizes
and temperature. As a consequence, for such larger pored-structures,
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Fig. 7. Model validation for the effective thermal conductivity for different materials.
The aluminium foam and polyurethane foam have pore sizes in mm, while the
polyetherimide nanofoam and biopolymer aerogel have pore sizes in nm. Thus, the
model predictions are more accurate for the latter two than the former two, in which
case convection may also play an important role.

convection may certainly play an important role. However, the net-
work model can still be used to predict the interplay between the
effective solid and gaseous thermal conductivity components even for
such conventional foams. In the case of nanoporous materials at room
temperature, the estimation of the total thermal conductivity using the
network models is very close to the actual value. Minor deviations
may always exist, e.g., in the case of biopolymer aerogels, there is a
small proportion of large pores (>200 nm) which are not accounted
for by the experimental setup to describe the pore-size distributions.
Thus, neglecting these tiny proportion of large pores may result in
under-predicting the thermal conductivity, as can be observed in the
presented results.

The presented approach is a physically motivated yet a mechanistic
approach that can describe 𝜆𝑠 and 𝜆𝑔 for any open-porous material
given the information of their microstructure is known. The model
is accurate for predicting 𝜆 for nanoporous materials, however, for
macroporous ones, the model may still be found useful.

4. Conclusions

The paper reports a novel approach to model thermal conductivity
due to solid and gaseous conduction in open-porous materials using
finite element calculations. The material network is decomposed into
a solid network model (SNM) and a pore network model (PNM). For
both models, Fourier’s law of heat conduction is applied to calculate
the heat transport through the skeletal backbone of the material as
well as through the channels of pores within the network. For the case
of nanoporous materials, an excluded volume concept is introduced
within the PNM which is calculated based on the Knudsen number. The
model has been validated against aluminium foams and polyurethane
foams, which exhibit pore sizes in mm ranges, and polyetherimide
nanofoams and biopolymer aerogels, which exhibit pore sizes in nm.
For the former two cases, while the trends are captured, quantitative
validation could not be achieved given the higher Nusselt numbers
exhibiting a higher contribution from convection. Another reason is
the averaging of the cross-section area of the pore network chan-
nels which underpredicts the thermal conductivity through the porous
phase in cases of continuum flow. On the other hand, for the lat-
ter two cases, very good agreement could be obtained. This is be-
cause convective effects do not play a role in the lower nanometer
range. Thus, the model successfully demonstrates predictive capabil-
ities for describing the effective thermal conductivity in open-porous
(nano)materials while considering the contributions from solid and
gaseous heat conduction.
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