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Effective thermal conductivity and thermal tortuosity are crucial parameters for evaluating the effectiveness of heat conduction
within porous media. The direct pore-scale numerical simulation method is applied to investigate the heat conduction processes
inside porous structures with different morphologies. The thermal conduction performances of idealized porous structures are
directly compared with real foams across a wide range of porosity. Real foam structures are reconstructed using X-ray computed
tomography and image processing techniques, while Kelvin and Weaire-Phelan structures are generated through periodic unit
cell reconstruction. The detailed temperature fields inside the porous structures are determined by solving the heat conduction
equation at the pore scale. The results present that the equivalent thermal conductivity of Kelvin and Weaire-Phelan structures is
similar to and greater than that of the real foam structure with the same strut porosity. The thermal tortuosity of real foam
structure is relatively larger and the heat conduction path becomes straighter by adopting the anisotropic design. The thermal
tortuosity of the fluid channels for Kelvin, Weaire-Phelan, and real foam structures is close to one. The thermal conductivity of
porous structures with heat transfer fluid increases as the thermal conductivity ratio of fluid to solid becomes larger. A small
porosity of porous media leads to a larger equivalent thermal conductivity due to the dominant contribution of porous skeleton in
the heat conduction process. Correlations derived from parallel and series models, as well as the Maxwell-Eucken models,
provide decent predictions of effective thermal conductivity, with an average error of less than 8% in the entire range of thermal
conductivity ratio.
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tortuosity, empirical correlation
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1 Introduction

Reticulated porous media possess distinct features, such as a
large specific surface area, interconnected flow channels,
high effective thermal conductivity, and lightweight, making
them widely applicable in various energy-related fields.
Researchers have extensively investigated metallic and
ceramic porous foams as heat exchangers, combustion
chambers, volumetric solar receivers, and thermally con-

ductive skeletons in thermal energy storage systems [1–5].
Determining transport properties such as permeability, ef-
fective thermal conductivity, convective heat transfer coef-
ficient, and extinction coefficient of the porous media is
crucial to enhancing performance [6,7]. Among different
energy-related applications, thermal conductivity is a fun-
damental parameter to evaluate heat conduction efficiency.
For example, the thermal conductivity of a porous skeleton
significantly influences the temperature field and local heat
spot of a volumetric solar receiver. Therefore, accurately
determining thermal conductivity is necessary, and quanti-
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tatively evaluating the heat conduction path inside the porous
media is essential. Despite the experimental measurement,
the direct pore-scale numerical method is an effective tool
for studying the heat conduction process inside complex
three-dimensional (3D) structures.
Computed tomography (CT) scan with different resolu-

tions (30 and 1 μm) was applied by Petrasch et al. [8] to
investigate the effective thermal conductivities of porous
ceramics at macroscopic and microscopic levels. At the
macroscopic level, the influences of porosity and ratio of
fluid and strut thermal conductivities on the effective thermal
conductivities were analyzed. At the microscopic level, the
influence of the ratio of the fluid-to-solid thermal con-
ductivities was investigated. Reliable correlations were
found to predict the thermal conductivity of both macro-
scopic porous foams and microscopic porous struts. Zafari et
al. [9] measured the non-isotropic effective thermal con-
ductivities of aluminum and copper foams with different
porosities by direct pore-scale simulation. This study high-
lighted the significant impact of the thermal conductivity of a
solid on the overall thermal conductivity of the porous foam.
Ranut et al. [10] performed direct pore-scale simulation on
the μ-CT-based reconstructed aluminum metal foams with
different pore densities. Under similar porosity, the metal
foam with a smaller pore size exhibited larger effective ther-
mal conductivity. However, in the study of Bodla et al. [11],
the effective thermal conductivity did not monotonically
change with pore density under similar porosities. Ranut et
al. [12] also measured the effective thermal conductivity of
aluminum metal foams with different pore densities con-
taining air and water. The anisotropy of effective thermal
conductivity was apparent in the porous foam with smaller
pore sizes, where heat was efficiently conducted along the
direction of elongation of the pore cells. Moreover, the
thermal conductivity of fluids did not significantly influence
the overall effective thermal conductivity due to the large
difference in thermal conductivities between fluid and solid.
In addition, due to the complex nature of the real porous

foams and the redundant procedure of the X-ray CT re-
construction, idealized structures such as cubic, Kelvin, and
Weaire-Phelan structures are often used to represent porous
foams in simulations. Mendes et al. [13] evaluated the ef-
fective thermal conductivities of the cubic cell and Kelvin
cell with different porosity and lump structures. The effec-
tive thermal conductivity of cubic and Kelvin cells was close
when the dimensions of strut and lump were identical. A
simplified model based on the various bounds of thermal
conductivities such as serial/parallel bounds, Hashin-
Shtrikman bounds, and effective medium theory bound is
proposed, of which the applicability was tested with real
open-cell foam structures generated by 3D CT scan. Bianchi
et al. [14] and Bracconi et al. [15] investigated the effective
thermal conductivity of periodic open cellular porous

structures (cubic cell and tetrakaidecahedral cell) and
Voronoi-tessellation-based porous foam, respectively, with
different ratios between node and strut diameters. It was
found that reducing the strut cross-sectional area deteriorated
the heat conduction performance. Fiedler et al. [16] compared
the effective thermal conductivities of real and idealized
cellular aluminum structures using the lattice Monte Carlo
approach and transient plane source method. The thermal
conductivity of real M-pore porous foam was slightly higher
than that of the inverted face-centered cubic and open-cell
model structures under the same porosity. Based on the lattice
Boltzmann method, the effective thermal conductivity of
lattice structures with different topologies was studied by
Wang et al. [17]. An averaged correlation of effective thermal
conductivity for the cube, FD-cube, tetrakaidecahedron, and
octet structures in the entire range of porosity was proposed.
On the other hand, tortuosity is a significant factor in

measuring the impact of porous structure on various trans-
port processes, including fluid flow, molecular diffusion,
electrical conduction, and heat conduction [18]. However,
there is no consistent definition of tortuosity, and both geo-
metrical and physical tortuosities are widely used. When
considering the heat conduction in porous media, thermal
tortuosity should be applied, as it is closely related to ef-
fective thermal conductivity. Thermal tortuosity is used to
evaluate the tortuous path of heat conduction in porous
structures. Larger thermal tortuosity signifies an inefficient
heat conduction channel inside the porous domain. Bodla et al.
[11] calculated the geometrical tortuosity of a porous skeleton
with different pore densities in three directions by the nodal
network using commercial software Amira. The geometrical
tortuosity ranged from 2.15 to 3.31, and no anisotropy was
seen due to the limitation of sample size. Haussener et al.
[19] performed the pore-scale simulation for the reticulate
porous ceramic and determined its effective thermal con-
ductivity and tortuosity. The tortuosity in this study was
defined based on the velocity distribution and had a mean
value of 1.07. Kumar et al. [20] determined the fluid tortu-
osity and skeleton tortuosity respectively for different porous
structures. The fluid tortuosity was close to one, while the
skeleton tortuosity ranged from 1 to 1.2. The geometrical
tortuosity of spherical and polyhedral porous networks was
studied by Xu et al. [21] based on the continuum percolation
theory. The influence of porosity near the percolation
threshold and above as well as the pore shape was analyzed.
Based on the above analyses, it is apparent that the thermal

tortuosity of porous foams has often been overlooked when
investigating heat conduction within these structures. In-
stead, geometrical tortuosity is typically used as a substitute
for thermal tortuosity. One advantage of porous foam that
offers tortuous channels is questionable and the heat con-
duction path inside different porous structures should be
quantitively determined. Moreover, the impact of the mor-
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phology and complexity of the geometrical structures on the
effective thermal conductivity and thermal tortuosity of
porous foams has not been fully explored. Randomly and
periodically distributed porous skeletons exhibit varying heat
conduction properties, resulting in differences in heat con-
duction performance. Therefore, a comprehensive compar-
ison of heat conduction processes between real foam
structures and idealized periodic unit cells across a wide
range of porosity is necessary. The reconstruction procedures
of Kelvin, Weaire-Phelan, and real foam structures are ela-
borated in Section 2. The direct pore-scale numerical simu-
lation method to determine the heat conduction process
inside the porous structures is presented in Section 3. The
effective thermal conductivity of the porous skeleton, fluid
channel, and combination of these two zones is analyzed and
the thermal tortuosity of the porous skeleton and fluid
channel is determined in Section 4.

2 Porous structures reconstruction

Pore-scale numerical simulation relies on porous media re-
construction. With advancements in X-ray imaging techni-
ques, the real foam structure can be captured via X-ray
computed tomography [22]. The real porous sample is
scanned by the YXLON Cheetah X-ray inspection system in
this study. The rendered cross-sectional images provide the
3D geometry of the porous structure. The quality of the
geometry and unstructured grid could be further improved by
diagnosing and repairing the structures. The detailed re-
construction method could refer to the previous publication
[23]. Moreover, the geometrical parameters of the porous

structure could be adjusted according to reference [24] and
the influence of porosity on the heat transfer process could be
analyzed. The representative volume of the real foam is
presented in Figure 1(a).
On the other hand, simplified unit structure reconstruction

methods are widely used to avoid the complexity of X-ray
computed tomography reconstruction. Kelvin and Weaire-
Phelan structures are commonly used to represent idealized
foams with equal-sized bubbles. The Kelvin structure has six
quadrilateral and eight hexagonal faces, whereas the Weaire-
Phelan structure consists of an irregular dodecahedron and a
truncated hexagonal trapezohedron. To generate the Kelvin
and Weaire-Phelan structures, the software Surface Evolver
is applied in this study. The vertices coordinate and their
connections are captured which are imported to the CAD
software for the porous frame reconstruction. For simplicity,
the porous skeleton has a cylindrical shape and the porosity
is adjusted by changing the strut diameter. The unit cells of
Kelvin and Weaire-Phelan structures are presented in
Figure 1(b) and (c), respectively.
Based on the reconstruction method described above, real

foam, Kelvin, and Weaire-Phelan structures with various
porosities are generated and summarized in Table 1. The strut
thickness of all structures is adjusted in order to guarantee
the porosity is roughly in the range of 0.75–0.90.

3 Numerical modeling

3.1 Direct pore-scale numerical simulation

The acquisition of detailed temperature fields is necessary to
analyze the effective thermal conductivity and thermal

Figure 1 Representative volume of real foam (a), Kelvin structure (b), and Weaire-Phelan structure (c).

Table 1 Porosity of different porous structures

Samples Porosity Dimension

Real foam A, B, C, D 0.734, 0.789, 0.838, 0.886 6 mm×7 mm×19 mm

Kelvin structures A, B, C, D 0.750, 0.795, 0.837, 0.876 1 mm×1 mm×5 mm

Weaire-Phelan structures A, B, C, D 0.757, 0.794, 0.861, 0.891 2 mm×2 mm×13 mm
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tortuosity of porous structures. For this purpose, the steady-
state heat conduction equation as presented in eq. (1) is
solved for real foam, Kelvin, and Weaire-Phelan structures.
In the equation, λ is the thermal conductivity of the bulk
material.

x
T
x = 0. (1)

j j

Taking Kelvin structure as an example, the boundary
conditions are illustrated in Figure 2. The entire domain is
divided into two parts which are a porous skeleton and a fluid
channel. The outer surface of the porous skeleton represents
the interface between these two parts. The solid walls at the
inlet and outlet are maintained at a constant temperature of
320 and 300 K, respectively. When considering the heat
transfer inside the porous skeleton, the fluid channel zone is
deleted and the porous surface is set as an adiabatic wall. A
similar treatment is applied when considering the heat
transfer inside the fluid channel. When the thermal con-
ductivity of both porous skeleton and fluid channel is in-
vestigated, the heat conduction in the two zones is solved and
the interface is set as a coupled wall boundary condition. In
all simulation cases, the four lateral walls are considered
adiabatic.
The unstructured meshes are generated for different porous

structures within the commercial software ANSYS ICEM.
Meshes with different numbers of elements are generated
and the simulation results are compared in order to check
mesh independence. The Finite Volume Method is applied
for discretizing the heat conduction equation, which is
solved with the commercial software ANSYS Fluent. The
temperature field is considered to be converged as the
absolute value of residual reaches 1×10−6. The bulk ther-
mal conductivity of the bulk material is assumed to be
constant.

3.2 Numerical model validation

First, mesh-independent results are checked for simulations
in Kelvin, Weaire-Phelan, and foam structures. For instance,
the node number exceeding 2.5×105 is selected for Kelvin
structures in the heat conduction simulations. To assess the
accuracy of the current numerical model, the results of pore-
scale numerical simulations are compared with experimental
findings from reference [25]. The simulation conditions are
set to match those of the experiment. The fluid and solid
phases consist of air and alumina, respectively. The thermal
conductivity of alumina is estimated based on the porosity
and thermal conductivity of the struts. The comparison is
illustrated in Figure 3, demonstrating an agreement between
numerical and experimental results. The largest discrepancy
occurs when the porosity is higher, reaching a maximum
error of 12%.

Figure 2 (Color online) Illustration of boundary conditions for thermal conductivity calculation.

Figure 3 (Color online) Comparison of the simulation results with the
experimental data.
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4 Results and discussion

4.1 Influence of porosity on the effective thermal
conductivity and thermal tortuosity

The temperature fields of various porous structures under
constant temperature boundary conditions are presented in
Figure 4. Due to the direct pore-scale simulation method, the
detailed heat transfer processes inside the porous skeletons
could be visualized.
Temperature distribution within the porous structure pri-

marily follows a one-dimensional assumption, with the main
variation occurring along the z-axis. However, local tem-
perature non-uniformity is noticed in the real porous foam
due to the stochastic nature of the skeleton. Moreover,
Kelvin and Weaire-Phelan structures exhibit periodic tem-
perature fluctuation resulting from the periodic arrangement
of single unit cell, which is demonstrated by the average
temperature distribution as presented in Figure 5.
Figure 6 presents the equivalent thermal conductivity λeff

and the thermal tortuosity τt of different porous structures
based on eqs. (2) and (3), respectively. In these equations, q
is the heat flux, εp represents the fraction of the volume of the
porous skeleton to the total volume of space, and λ0 is the
bulk thermal conductivity. The thermal tortuosity is related
to the ratio of bulk and effective thermal conductivity, which
could be further expressed by heat flux transferring through
the porous domain and the bulk domain with the same di-
mensions based on Fourier’s law. The dimensionless
equivalent thermal conductivity is defined as the ratio of
equivalent thermal conductivity to the bulk thermal con-
ductivity of the material. It is worth noting that εp does not
equal the porosity ε normally defined in porous foam. When
considering the heat conduction in a porous skeleton, the
strut porosity εp should be used.

q T
x= / d

d , (2)eff eff

q
q= = . (3)t p

0

eff
p

0
eff

In Figure 6(a), the thermal conductivity of the porous
skeleton increases with increasing strut porosity, owning to
the thicker porous skeleton that is beneficial for heat con-
duction. In comparison, the thermal conductivity of porous
foam is relatively lower than those of Kelvin and Weaire-
Phelan structures for the same strut porosity. The thermal
tortuosity of the different structures, calculated as shown in
Figure 6(b), reveals that the porous foam is more tortuous
than the other structures, which depends on the intrinsic
geometry of the foam. Moreover, the similarity in the geo-
metries of the Kelvin and Weaire-Phelan structures is veri-
fied due to their close equivalent thermal conductivity and
thermal tortuosity, which is consistent with previous studies

Figure 4 Temperature fields inside different porous structures.

Figure 5 Average temperature distribution along z direction.
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[26,27]. Furthermore, compared with other types of porous
media with low porosity such as sandstone, the thermal
tortuosity of the foam-type porous structures is relatively
lower. It was reported in reference [18] that the thermal
tortuosity of the Fontainebleau sandstone sample with a
porosity of about 0.1 reached 3.5.

4.2 Influence of pore shape on the thermal tortuosity

Foam-type porous structures are typically assumed to have a
spherical pore shape. Changing the pore shape breaks the
homogeneity of heat conduction and requires reevaluating
the thermal tortuosity of the porous media. The real foam,
Kelvin and Weaire-Phelan structures are artificially scaled
non-uniformly. The inset in Figure 7 shows the original
Kelvin unit cell along with scaled Kelvin unit cells with scale
factors of 1.5 and 2.0. Figure 7 summarizes the thermal
tortuosity of porous structures with varying non-uniform
scale factors.
The results demonstrate that the thermal tortuosity

decreases in the scaled direction of the porous structures. For
instance, in the case of the Kelvin structure, the thermal
tortuosity decreases by a relative value of 10.4% and 15.4%,
respectively, when the original Kelvin unit cell is scaled in
the z direction by 1.5 and 2.0. Qualitatively, the thermal
tortuosity measures the elongation of heat conduction paths,
and the strut becomes straighter in the scaled direction. As a
result, designing anisotropy can be used to optimize heat
conduction within porous materials. Moreover, the real foam
exhibits higher thermal tortuosity than Kelvin and Weaire-
Phelan structures under different scale factors.

4.3 Thermal tortuosity of the fluid zone in the porous
structures

The heat conduction inside the void zone of porous structures
is mainly attributed to energy transfer in the heat transfer
fluid. The equivalent thermal conductivity and thermal tor-
tuosity of the fluid zone in porous structures are calculated
and plotted in Figure 8. Firstly, an increase in channel

Figure 6 (Color online) (a) Dimensionless equivalent thermal conductivity; (b) thermal tortuosity of porous skeletons in different porous structures.

Figure 7 (Color online) Thermal tortuosity of porous structures with different non-uniform scale factors.
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porosity results in an increase in the equivalent thermal
conductivity and a decrease in thermal tortuosity. As the
channel porosity increases, the fluid region in the porous
structures increases, enabling more heat transfer fluid to
participate in the heat conduction process. Secondly, no
significant differences in the equivalent thermal conductivity
and thermal tortuosity are observed among real foam, Kelvin
and Weaire-Phelan structures. When compared with real
foam structures, the maximum differences in equivalent
thermal conductivity under the same porosity for Kelvin and
Weaire-Phelan structures are 0.96% and 1.06%, respectively.
Thirdly, the thermal tortuosity of the fluid zone in foam-type
porous structures is relatively small and close to one. Prior
studies have indicated that the tortuosity effect in foam-type
porous structures with high porosity may sometimes be ig-
nored [19,20,28].

4.4 Thermal conductivity of porous structures with
different heat transfer fluids

Regarding an effective heat exchanger, the heat conduction
in porous structures together with the heat transfer fluid
should be analyzed. The equivalent thermal conductivity of
porous structures with different heat transfer fluids is cal-
culated and presented in Figure 9 in terms of the ratio of
thermal conductivity between fluid and solid. If gas is con-
sidered as the heat transfer fluid within the metal foam, the
thermal conductivity ratio of fluid and solid could reach 10−4.
Therefore, the range of thermal conductivity ratio is set to
10−4–1.
Firstly, it is noticed from Figure 9 that the equivalent

thermal conductivity of the fluid and solid increases as the
thermal conductivity ratio becomes larger. This trend be-
comes apparent when the thermal conductivity ratio is
greater than 0.1. When the thermal conductivity ratio equals
one, the dimensionless equivalent thermal conductivity of
the fluid and solid equals one. Compared with Figure 6(a),
the equivalent thermal conductivity of the fluid and solid is

close to that of the porous skeleton because heat conduction
in the heat transfer fluid is negligible. Secondly, the
equivalent thermal conductivity is larger in the entire range
for the porous structure with small porosity due to the
dominant contribution of the porous skeleton in the heat
conduction process. However, the difference in the equiva-
lent thermal conductivity becomes smaller as the thermal
conductivity ratio gets larger.
To provide a rapid estimation of the thermal conductivity

of porous media, several asymptotic models have been es-
tablished [29]. The most commonly adopted models are the
parallel and series models based on the mixing law, as shown
in eqs. (4) and (5), respectively. These two models give a
rough estimation for the highest and lowest values of the
equivalent thermal conductivity. Additionally, the Maxwell-
Eucken models provide narrow bounds for the equivalent
thermal conductivity. The upper and lower bounds are pre-
sented in eqs. (6) and (7), respectively. Therefore, the ther-
mal conductivity correlation could be generated as an
arithmetic mean based on these bounds, as shown in eq. (8),
where a and b are the constant to be determined by curve

Figure 8 (a) Dimensionless equivalent thermal conductivity; (b) thermal tortuosity of fluid channels in different porous structures.

Figure 9 Dimensionless equivalent thermal conductivity of porous
structures with different heat transfer fluids.
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fitting. The comparison of different correlations based on
thermal conductivity bounds, effective medium theory, and
pore-scale simulation results are summarized in Figure 10.
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Figure 10 shows that the predictions of effective thermal
conductivity by different models deviate from the pore-scale
simulation results at low thermal conductivity ratios of fluid
and solid. Compared with parallel and series models, the
Maxwell-Eucken models provide the narrower bounds but
the difference in lower bounds is not distinct as the thermal
conductivity ratio of fluid and solid becomes smaller. The
effective medium theory underestimates the effective ther-
mal conductivity when the thermal conductivity ratio of fluid
and solid is small and an accurate prediction could be ob-
tained when the ratio exceeds 0.1. Moreover, the empirical
correlations based on series and parallel models and Max-
well-Eucken models as presented in eq. (8) match well with

the pore-scale simulation results. Curve fitting determines
the constants a and b, resulting in an R-square value greater
than 0.99. The maximum and average errors predicted by
these two empirical correlations are summarized in
Figure 11.
In general, the two empirical correlations provide reliable

predictions for the effective thermal conductivity over the
entire range of thermal conductivity ratio of fluid and solid,
with an average error lower than 8%. The correlation based
on series and parallel models exhibits the highest error for
porous structures with large porosity and low thermal con-
ductivity ratios. Conversely, the narrow bounds provided by
the Maxwell-Eucken models result in a relatively small
maximum error, with the largest value below 10%. There-
fore, the correlations shown in eq. (10) could be applied for
the rapid estimation of equivalent thermal conductivity in
various porous structures.

Figure 10 Dimensionless equivalent thermal conductivity based on pore-
scale simulation and asymptotic models.

Figure 11 Maximum and average errors for the effective thermal conductivity correlations.
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5 Conclusions

The effective thermal conductivity and thermal tortuosity of
porous media with different morphologies across a wide
range of porosity were analyzed. The conclusions could be
drawn as follows.
(1) The equivalent thermal conductivity of the porous

skeleton increases with the increase in its volume fraction.
Under the same strut porosity, the equivalent thermal con-
ductivity of Kelvin and Weaire-Phelan structures is similar,
which is larger than that of the real foam structure. The
thermal tortuosity of real foam structure is relatively larger
and the heat conduction path becomes straighter by adopting
the anisotropic design with elliptical shapes.
(2) The equivalent thermal conductivity and thermal tor-

tuosity of the fluid channels are comparable among different
porous structures. Because of the high porosity, the thermal
tortuosity of the fluid channels for the Kelvin, Weaire-Phe-
lan, and real foam structures is close to one.
(3) The thermal conductivity of porous structures with a

heat transfer fluid increases with an increasing thermal
conductivity ratio of fluid and solid. A small porosity of
porous media leads to larger equivalent thermal conductivity
due to the dominant contribution of porous skeleton in the
heat conduction process. Correlations derived from parallel
and series models as well as the Maxwell-Eucken models
provide decent predictions of the effective thermal con-
ductivity, with an average error lower than 8% across the
entire range of thermal conductivity ratios.
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