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Heat conduction through a 2-D porous medium layer with complicated cylindrical or quadrangular pore structures is
simulated using the smoothed particle hydrodynamics technique. Heat transfer paths are visualized at the micropore
level, and the dependence of the effective thermal conductivity on the micropore structure is analyzed. As expected, heat
always follows the path of least resistance through the porous structures. Globally, enhanced heat transfer paths tend to
form in the porous medium having the smallest circular inclusions. The dependence of the effective thermal conductivity
on the micropore structure is found to be closely related to the formation of enhanced heat transfer paths. For the porous
medium with dispersed pore phase, the inclusion shape and size and the relative arrangement between inclusions do not
have any particular effect on the relation between the effective thermal conductivity and the porosity. This finding is also
well predicted by the effective medium theoretical (EMT) model with a flexible factor within the range 4.0–4.5. Owing
to the significant effect of the pore-phase distribution, for the porous medium with continuous pore phase, the relation
between the effective thermal conductivity and porosity can be predicted using the EMT model only if the flexible factor
is taken for a value of 3.5.
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1. INTRODUCTION

The porous medium being considered for this study is
a solid matrix permeated by connected or disconnected
groups of cylindrical/quadrangular pores filled with a
fluid. This type of porous medium is not unusual, and it
has been receiving increased attention; particular exam-
ples are alumina fiber membranes (Fernando and Chung,
2002), glasses with controlled pores (Gille et al., 2001),
and mobile crystalline materials (Wloch et al., 2002).

Porous media have extensive industrial applications, and
in addition to those reported in Jiang and Sousa (2006),
it should be mentioned that they are widely used in the
fuel cell industry. Fuel cells, as energy-conversion de-
vices of high efficiency and low environmental pollution,
are widely regarded as the 21st-century alternative energy
system for mobile, stationary, and portable power (Wang,
2004). Fuel cell processes occur primarily in porous me-
dia, namely, electrochemical reactions in porous catalyst
layers, reactant feeding and product removal through gas
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NOMENCLATURE

C specific heat capacity (J Kg−1 K−1) Tcold temperature of the cold wall
f “flexible” factor in the theoretical model Thot temperature of the hot wall
F any field quantity w smoothing kernel
h smoothing length x, y Cartesian coordinates
ha thickness of the auxiliary layer X x dimension of the modeling system
hs thickness of the test sample Y y dimension of the modeling system
k bulk thermal conductivity
ka thermal conductivity of the auxiliary medium Greek Symbols
ke effective thermal conductivity ∆S average particle separation
l, L length ∆t time step
m mass ∆x, ∆y particle separation inx, y direction
n SPH particlen ε porosity
N total SPH particle number κ constant, =3

√
2

q, q heat flux (W m−2) ρ density
Q energy flow through the modeling system (W)
Qcold energy flow at the cold wall Subscripts
Qhot energy flow at the hot wall 1, 2 index of component
r, r SPH particle position n index of SPH particlen
rn position of SPH particlen j index of neighboring SPH particlej
t time nj certain physical quantity of particle
T temperature n minus that of particlej

diffusion layers, transport of electrons in porous elec-
trodes, and migration of ions (or protons) in ionomer-
containing membranes.

Thermal modeling of physical processes occurring in
a porous medium usually requires the predetermination
of the effective thermal conductivity (ke, often referred
to as apparent thermal conductivity) of the medium. This
parameter is a phenomenological quantity based on a
macroscopic equivalence concept, which lumps the de-
tailed features of the microscopic component configura-
tions inside the medium. However, pore-scale numeri-
cal simulations can reveal these underlying microscopic
features and play an important role in the determina-
tion of the correlation between the microscopic compo-
nent configurations and the macroscopic effective thermal
conductivity of the medium. A relatively novel numeri-
cal technique—the meshless Lagrangian smoothed parti-
cle hydrodynamics (SPH) method—was found to be well
suited to modeling thermal processes in porous media
when pore-level modeling is required (Jiang and Sousa,
2006).

The present work is a continuation of the work by
Jiang and Sousa (2006), and it has a twofold purpose:
first, the pore-scale SPH model established in Jiang and
Sousa (2006) will be further developed to model the heat
conduction in porous media with more involved microp-
ore structures; and second, this enhanced model will be
used to predict the effective thermal conductivity in 2-D
porous medium layers with different cylindrical or quad-
rangular pore structures and to explore the dependence of
ke on the pore structures.

To facilitate the discussion involved in the present
study, the pore phase is defined to be the phase with lower
thermal conductivity, and the volume fraction of the pore
phase is referred to as the porosity. Only heat conduc-
tion will be considered as natural convection of the fluid
in the pores is neglected because of the small dimension
of the pores and the moderately low temperature differ-
ences; that is, the pore Rayleigh number is smaller than
the critical Rayleigh number, and it has a typical value
less than 0.1. This article is organized as follows: vari-
ous two-dimensional porous systems are constructed and
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presented in Section 2; Section 3 briefly introduces the
pore-scale SPH model; simulation results along with rel-
evant discussion are presented in detail in Section 4; an
error estimate to evaluate the reliability of the results is
reported in Section 5; and in the last section, the main
findings and conclusions are summarized.

2. VARIOUS MICROPORE STRUCTURES

The 2-D porous microstructures considered encompass
four different types, as depicted in Fig. 1. Circular or
square inclusions (pores) with a known bulk thermal con-
ductivity are randomly placed in the solid matrix to form
a 2-D porous medium. If the placement of the inclusions
is controlled to make them isolated from each other, pore
structures type I and II are formed; pore structure type III
is formed by dividing the porous medium into regularly
distributed squared subdomains and randomly specifying
them as a particular component; pore structure type IV
is constructed by allowing unlimited overlap between the
circular inclusions. For the porous media with the same
pore structure type, one porous system differs from an-
other because they have either a different number of in-
clusions or inclusions of different size. In terms of the
pore phase specification rule described in the preceding

��� ����
����� ����

FIG. 1: Typical porous microstructures:(I) randomly
embedded circles are isolated from each other;(II) ran-
domly embedded squares are isolated from each other;
(III) regularly distributed square subdomains are ran-
domly specified to be a particular component;(IV) ran-
domly embedded circles are permitted unlimited overlap-
ping; voids represent a different component

section, by exchanging the bulk thermal conductivity be-
tween the embedded and the matrix components, the pore
phase is thus changed. For porous media of pore structure
types I, II, or IV, by adjusting the number of inclusions, it
gives a different porosity; for pore structure type III, dif-
ferent porosities can be obtained if different randomness
numbers are used in the component specification. The re-
lation between the effective thermal conductivity,ke, and
porosity can be better understood by analyzing it for dif-
ferent scenarios, namely, the dependence ofke on inclu-
sion shape/size, relative arrangement between inclusions,
and the pore phase designation.

3. NUMERICAL STRATEGY

The numerical modeling strategy is fully reported in Jiang
and Sousa (2006); therefore, here, for the sake of com-
pleteness, only a brief description will be given.

3.1 Theoretical Measurement System of k e

A theoretical measurement system was devised for the
determination of the effective thermal conductivity in
heterogeneous multicomponent materials; it comprises a
rectangular (X×hs) piece of a sample sandwiched by two
auxiliary layers (of thicknessha each) with two adiabatic
sides and the two other sides held at constant tempera-
tures,Thot andTcold, respectively, as depicted in Fig. 2

FIG. 2: Theoretical “measurement” system for the deter-
mination of the effective thermal conductivity. The back-
ground of the plot depicts the component spatial distribu-
tion; different colors denote different components
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(only the pore structure type I is illustrated herein). The
bulk thermal conductivity of the matrix and the embed-
ded component arek1 andk2, respectively. The auxiliary
layers are used to assess whether steady state has been
reached; in these regions of constant thermal conductiv-
ity, energy balances are calculated to evaluate the tran-
sient development. The thermal conductivity of the auxil-
iary material (ka) is much larger thanki (i = 1, 2), that is,
ka À ki, which means the thermal resistance in the aux-
iliary medium is negligible in comparison to that in the
sample, and thus the introduction of the auxiliary medium
has little influence on the accuracy of theke determina-
tion.

The SPH calculation is performed for the transient de-
velopment of the thermal problem under study up to its
steady state. For the present study, the initial temperature
is assumed to follow a linear distribution along they di-
rection. The heat conduction within the test sample (in-
cluding the auxiliary layers) is governed by the following
parabolic partial differential equation:

C (x, y)
∂T

∂t
=

1
ρ (x, y)

[
∂

∂x

(
k (x, y)

∂T

∂x

)

+
∂

∂y

(
k (x, y)

∂T

∂y

)]
=

1
ρ (x, y)

∇ · (k (x, y)∇T )
(1)

The steady state can be verified by performing energy bal-
ances at the two constant-temperature boundaries. If the
relative difference between the energy flows through the
cold wall (Qcold) and hot wall (Qhot) is less than 1.0%
for the same instant of time, and the relative variation of
the energy flow,Qhot, between two neighboring time in-
stants (t andt+ ∆t) is less than 10−5, the steady state is
considered to have been achieved. Then the arithmetical
mean ofQcold andQhot is taken to be the final steady
state energy flow,Q, through the system, and the effec-
tive thermal conductivityke of the sample is determined
as follows:

ke =
hs

1 ·X (Thot − Tcold)
Q

− 2ha

ka

(2)

3.2 SPH Formulation and Methodology

The concept behind the SPH is based essentially on an in-
terpolation technique. In the implementation of the SPH
method to solve heat conduction problems, the thermal
quantity at timet is represented by a collection ofN par-
ticles located at positionrn, n = 1,2,. . ., N (bold text des-
ignates a vector). The smoothed value of any field quan-
tity F (r , t) at a space pointr and at a timet is a weighted

sum of all contributions from the neighboring particles,
namely,

〈F (r, t)〉 =
N∑

j=1

mj

ρj
F (rj , t) w (|r− rj | , h) (3)

The commonly used symmetric SPH formulation for the
first-order derivative ofF (r , t) is written as

〈∇F (r, t)〉 =
N∑

j=1

mj

ρj
[F (rj , t)− F (r, t)]

×∇w (|r− rj | , h)

(4)

Cleary and Monaghan (1999) gave the SPH form of the
second-order diffusion term in Eq. (1) as

1
ρ
∇ · (k∇T ) =

∑

j

4mj

ρnρj

knkj

kn + kj
Tnj

1
|rnj |

∂wnj

∂rn
(5)

By substituting Eq. (5) into Eq. (1), the SPH form of the
heat conduction equation yields

C (x, y)
∂T

∂t
=

∑

j

4mj

ρnρj

knkj

kn + kj
Tnj

1
|rnj |

∂wnj

∂rn
(6)

In terms of Eq. (4), the heat flux vector (q) can be calcu-
lated with the following SPH formulation:

q = −k∇T =
∑

j

2mj

ρj

knkj

kn + kj
Tnj

rnj

|rnj |
∂wnj

∂rn
(7)

The double-subscripted variables in Eqs. (5)–(7) are de-
fined asrnj = rn– r j , wnj = w(|rn– r j |, h) andTnj =
T (rn, t) – T (r j , t). A direct numerical integration algo-
rithm is used to perform the integration of Eq. (6). The
time step∆t is determined by the following equation
given by Cleary and Monaghan (1999) and Cleary (1998):

∆t = min
n

(
0.1ρnCnh2

kn

)
(8)

In the present SPH implementation, the high-order 3-
splines quintic smoothing kernel (Jiang and Sousa, 2006)
is used, which, for 2-D problems, is formulated as

wnj =
7

478πh2





(3.0− s)5 − 6.0 (2.0− s)5

+15.0 (1.0−s)5 if 0≤s<1.0

(3.0− s)5 − 6.0 (2.0− s)5

if 1.0 ≤ s < 2.0

(3.0− s)5 if 2.0≤s<3.0

0 if s ≥ 3.0

(9)
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SPH particles are uniformly distributed within the calcu-
lation domain. The separation distance between neighbor-
ing particles is∆x in thex direction and∆y in they di-
rection; and∆x = ∆y = ∆S. The smoothing length
h is specified to be

√
2∆S. Thus the interpolation of the

field quantity with respect to one SPH particle extends to
a circular region with a radius ofκh (κ = 3

√
2).

The constant-temperature wall and adiabatic boundary
are properly handled by employing the strategy of ghost
boundary particles, which has been described in great de-
tail in Jiang and Sousa (2006) and thus is omitted herein.

4. RESULTS AND DISCUSSION

The simulated domain is a rectangle of dimensionsX×Y
(Y = hs + 2ha). In the present study,X = 80 mm,Y =
90 mm, andha = 5.5 mm, and thushs = 79 mm; constant
temperatures at the two horizontal boundaries are speci-
fied to be 298K (Thot) and 278K (Tcold), respectively; If
the pore phase is referred to the inclusions, then the val-
ues of the thermal conductivities arek1 = 200 W/m K
andk2 = 10 W/m K, respectively; whereas the values of
k1 = 10 W/m K andk2 = 200 W/m K, respectively, are
specified when the pore phase is the matrix component;
ka is specified to be 20 times the bulk thermal conductiv-
ity of the non–pore phase, and∆S = 1 mm. The specific
heat capacity and the density have no influence on the fi-
nal steady state temperature field; but because the steady
state was obtained through a transient process, for conve-
nience, it used the artificial dataρ1 = ρ2 = 2000 kg/m3,
C1 = C2 = 1000 J/kg K; whileρa = 5ρ1, Ca = 4C1, which
facilitates the calculation of the time step∆t [Eq. (8)] by
not requiring the introduction of an artificially large con-
ductivity for the auxiliary medium. The basic SPH nu-
merical elements are 1× 1 mm minisquares each with
the SPH particle placed at its center. The SPH particles
located on the region of the inclusions are specified to be
the component different from the matrix component. The
porosity of the porous system is calculated using the fol-
lowing relation:

ε =
number of the pore phase particles

total number of SPH particles in the sample
(10)

4.1 Microscopic Visualization of Heat Transfer
Paths

The porous microstructures influence the heat transfer
paths, which essentially dictate the dependence ofke on
the pore structures. By depicting the heat flux vectors,
pore-level heat transfer paths can be visualized.

For porous systems of microstructures type I and II,
the identification of the continuous and dispersed phases
is evident. If the non–pore phase (of larger bulk thermal
conductivity) is continuous, the formation of enhanced
heat transfer paths through the medium is facilitated, as
shown in Figs. 3 and 4.

For porous systems of microstructures type III and IV,
the continuous phase is the dominant one. If the porosity
is low, the non–pore phase is continuous, and enhanced
heat transfer paths through the whole medium are easily
established; if the porosity is high, the pore phase is con-
tinuous, and globally enhanced heat transfer paths have
limited reach. Pore-scale heat flux vectors for these types
of porous media are reported in Figs. 5 and 6. As illus-

(a) (b)

FIG. 3: Heat flux vectors in the porous system of pore
structure type I and with dispersed pore phase:(a) inclu-
sion diameter 6 mm,ε = 0.516; (b) inclusion diameter
10 mm,ε = 0.487 (note that the length scales for the heat
flux vectors in the two plots are not the same); the back-
ground of the plot depicts the component spatial distribu-
tion, where different colors denote different components

FIG. 4: Heat flux vectors in the porous system of pore
structure type II and with dispersed pore phase: 6× 6 mm
square inclusions,ε = 0.44; the background of the plot de-
picts the component spatial distribution, where different
colors denote different components
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(a) (b)

FIG. 5: Heat flux vectors in the porous system of pore
structure type III and with 6× 6 mm subdivided squares:
(a) ε = 0.707;(b) ε = 0.315 (note that the length scales
for the heat flux vectors in the two plots are not the same);
the background of the plot depicts the component spatial
distribution, where different colors denote different com-
ponents

(a) (b)

FIG. 6: Heat flux vectors in the porous system of pore
structure type IV and with circular inclusions of 6 mm di-
ameter:(a) ε = 0.793;(b) ε = 0.297 (note that the length
scales for the heat flux vectors in the two plots are not the
same); the background of the plot depicts the component
spatial distribution, where different colors denote differ-
ent components

trated by Fig. 6, in the porous medium of pore structure
type IV, owing to the unlimited overlapping between in-
clusions, the inclusions coalesce and form inclusions with
varying shapes and sizes, which further forces the mean-
dering of the enhanced heat transfer paths.

For porous systems of microstructure type I, if the in-
clusions are specified as the non–pore phase, the pore
phase becomes continuous, and the heat has to be trans-
ferred mostly through the pore phase. No globally en-
hanced heat transfer paths are formed, as can be noted
in Fig. 7.

FIG. 7: Heat flux vectors in the porous system of pore
structure type I and with continuous pore phase: inclusion
diameter 6 mm,ε = 0.484; the background of the plot de-
picts the component spatial distribution, where different
colors denote different components

Close observation of Figs. 3–7 indicates that the
heat transfer involved in porous systems of different
microstructures does not exhibit substantially different
patterns—heat, as expected, always follows the path of
least resistance through the porous structures. Even so,
some minor differences about the enhanced heat transfer
paths in porous systems of different micropore structures
is still apparent in Figs. 3–7. Clearly, for porous systems
of microstructures type I or II, if the inclusions are speci-
fied as the non–pore phase, globally enhanced heat trans-
fer paths through the whole medium cannot form. For
porous systems with inclusions as the pore phase, glob-
ally enhanced heat transfer paths get established more
easily in the systems of microstructure type I than in those
of microstructure type IV; similar features occur for sys-
tems of microstructure type III, as compared to the sys-
tems of microstructure type II. Circular inclusions (pore
phase) can smooth the interfaces between pore and non-
pore phases, and thus it facilitates the formation of glob-
ally enhanced heat transfer paths to form in the porous
systems of microstructure type I as compared to the sys-
tems of microstructure type II. For the same type porous
systems, if the non–pore phase inclusions have larger size,
a globally enhanced heat transfer path is generally harder
to establish. Most of these observations can be explained
intuitively by the resemblance of heat transfer in a porous
medium to fluid flow across solid obstacles—the fluid
flow is favored if the obstacles have a streamlined shape,
smaller size, and/or the obstacles do not hinder the forma-
tion of continuous flow pathways.

SPH results allow the visualization of the pore-scale
heat transfer details as well as the determination of the ef-
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fective thermal conductivity,ke, of the porous systems
concerned. The steady state temperature field obtained
from the SPH simulation also permits the determination
of the overall energy flow,Q. By substituting theQ value
obtained and other relevant parameters into Eq. (2), the
effective thermal conductivity of the porous sample is ob-
tained. For the same type porous systems, a set of sim-
ulations with porous systems of different porosity val-
ues is performed, from which a relation betweenke and
porosity can be derived. By comparing the trends ofke to
the porosity for porous systems with different microstruc-
tures, the effect of the microstructure onke then can be
examined.

4.2 Effect of the Inclusion Shape on k e

The porous systems for micropore structure type I have
inclusions of circular shape; while the pore structure type
II consists of square inclusions. The SPH simulated val-
ues ofke of these two types of porous systems clearly
reveal the effect of inclusion shape onke. Figure 8 dis-
plays two sets ofke data: one is from the porous systems
of pore structure type I with 6 mm diameter (D) circular
inclusions; and the other is from the porous systems of
pore structure type II with 6 mm side length square in-
clusions. The deviation between the two sets of data is
minor, which indicates that the inclusion shape has little
effect onke. Nevertheless, careful examination of Fig. 8
indicates that the values ofke of the porous systems with
pore structure type II are, in general, slightly smaller than
those of the porous systems with pore structure type I.

FIG. 8: Effect of inclusions shape onke

This aspect can be explained by the fact that a circular
pore phase tends to impose fewer constraints on the glob-
ally enhanced heat transfer paths than a square pore phase,
as indicated by Figs. 3 and 4.

The flexible effective medium theoretical (EMT)
model (as formulated in Appendix A) introduces an em-
pirical factor f to accommodate the effect of the pore
structure onke. From Fig. 8, it is observed the flexible
EMT model can predict well theke of the porous systems
with pore structure type I or II when the flexible factorf
takes a value in the range 4.0–4.5.

4.3 Effect of the Inclusion’s Relative
Arrangement on k e

The inclusion’s relative arrangements being considered in
the present study to examine their effect on the effective
thermal conductivityke are circular inclusions with either
full isolation (pore structure type I) or unlimited overlap-
ping (pore structure type IV) from each other or regularly
distributed square subdomains with randomly specified
pore phase (pore structure type III). As shown in Fig. 9,
the inclusion’s relative arrangement has a minor effect on
ke. As globally enhanced heat transfer paths are easier
to form in the porous media of pore structure type I, as
shown in Figs. 3, 5 and 6, slightly larger values ofk are
generally observed for this type of porous medium. Fig-
ure 9 clearly indicates that the flexible EMT model can
predict well theke of the porous systems with pore struc-
ture types I, III, and IV, when the flexible factorf takes a
value within the interval 4.0–4.5.

FIG. 9: Effect onke of the relative arrangement between
inclusions
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4.4 Effect of the Inclusion’s Size on k e

Inclusions of larger size tend to further hinder the heat
transfer paths in the porous medium, as already reported
in Fig. 3. Porous media of pore structure types I and III
with different inclusion sizes were selected to investigate
the dependence ofke on the size of the inclusion. From
the results shown in Fig. 10, for the same type of porous
medium, slightly larger values of the effective thermal
conductivity can be observed if the size of the inclusion is
smaller. Even so, the inclusion size still has no significant
effect on the effective thermal conductivityke. The flexi-
ble EMT model with a flexible factorf within the interval
4.0–4.5 is found to be able to predict well the values ofke

of the porous systems of pore structure types I and III.

4.5 Effect of Pore-Phase Designation on k e

Pore-phase designation directly dictates the heat transfer
paths. If the pore phase is dispersed, globally enhanced
heat transfer paths are easy to form, as depicted by Fig. 3;
however, if the pore phase is continuous, no enhanced
heat transfer paths can pass through the porous medium
(Fig. 7). The effect of the pore-phase designation onke

is reported in Fig. 11. The pore-phase designation brings
significant effect on the effective thermal conductivity,ke.
Once again, the values ofke of porous media with dis-
persed pore phases can be predicted well by the EMT
model with the value off taken within the interval 4.0–
4.5; for porous media with continuous pore phases, the
values ofke can only be predicted with the EMT model
using a value off equal to 3.5. The Maxwell-Hamilton

FIG. 10: Effect of inclusion size onke

FIG. 11: Effect of the pore phase designation onke

model, as defined in Appendix A, cannot predict the ef-
fective thermal conductivity no matter if the pore phase is
dispersed or continuous, as shown in Fig. 11.

5. ERROR ESTIMATE

To assess the numerical error, two simplified porous sys-
tem cross sections are considered, as displayed in Fig. 12,
namely, a square of side length equal to 6 mm and a cir-
cular inclusion with a 6 mm diameter, both centered in a
squared domain of side lengthL. In the SPH implemen-
tation, the inclusions in the porous media are numerically
approximated by a number of 1× 1 mm square elements
(SPH particles). Obviously, because of its finite resolu-
tion, the circular inclusions cannot be accurately repre-
sented by the SPH particles, as illustrated in Fig. 12(b),

(a) (b)

FIG. 12: Simplified porous systems used in the error es-
timate:(a) square and(b) circular inclusions
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TABLE 1: Error estimate

Square inclusion, 6.0 mm
side length (Fig. 12a)

Circular inclusion, 6.0 mm
diameter (Fig. 12b)

L (mm) 80.0 30.0 20.0 10.0 80.0 30.0 20.0 10.0
Error (%) 0.28 3.19 6.79 17.91 0.15 2.55 5.65 16.03

introducing errors into the finalke data. These errors,
combined with a classical numerical error analysis, can be
generally evaluated by a grid-dependence test. In the fol-
lowing numerical error evaluation, the dimension of the
numerical element is fixed equal to 1× 1 mm, while the
size (L) of the whole domain is varied.

Analytical solutions ofke for these two simplified
porous systems are presented in Appendix B. Compar-
isons between the analytical and numerical results were
made, and the errors are summarized in Table 1. The nu-
merical error is greatly dependent on the geometrical di-
mension of the porous system. For most of the porous
systems of interest in the present work, which have ge-
ometrical dimensions of approximately 80× 80 mm and
inclusions of characteristic size 6 or 10 mm, the numerical
error should be within 1%.

6. CONCLUSIONS

The present work is an extension of the study of Jiang
and Sousa (2006), and it considers 2-D layers of porous
media with relatively complicated cylindrical or quadran-
gular pore structures. SPH simulations of heat conduc-
tion through these porous media visualize the heat trans-
fer paths at the micropore level and reveal the depen-
dence of the effective thermal conductivity on the micro-
pore structure. As expected, the results corroborate that
heat always follows the path of least resistance through
the porous structures. It is found that globally enhanced
heat transfer paths are facilitated for porous media with
smaller circular inclusions. If the pore phase is continu-
ous, no globally enhanced heat transfer paths through the
porous medium are established. The dependence of the
effective thermal conductivity on the micropore structure
is found to be closely associated with the formation of en-
hanced heat transfer paths. Generally, if the pore structure
of a medium is favorable to the formation of globally en-
hanced heat transfer paths, then the effective thermal con-
ductivity will take higher values. For the porous medium
with dispersed pore phase, it is found that the relation be-
tween the effective thermal conductivity and the porosity
has only a minor dependence on the inclusion shape/size

and on the relative arrangement between inclusions. The
EMT model with a flexible factor within the interval 4.0–
4.5 can well predict the effective thermal conductivity of
these types of porous media. The pore-phase designation
is found to have significant effect on the effective ther-
mal conductivity versus porosity relation. For the porous
media with continuous pore phases, this relation can be
predicted by the EMT model with a flexible factor equal
to 3.5.
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APPENDIX A. THEORETICAL/SEMIEMPIRICAL
MODELS OF K E

Models used for the assessment of the SPH modeling
results forke of two-component porous media are suc-
cinctly reviewed in this appendix. Further information on
these theoretical/semiempirical models can be found in
Carson et al. (2006):
Parallel Model:

ke =
1

ε1

k1
+

ε2

k2

(A.1)

Series Model:
ke = k1ε1 + k2ε2 (A.2)

Flexible EMT Model:

ke =
1

f − 2

{(
f

2
ε2 − 1

)
k2 +

(
f

2
ε1 − 1

)
k1

+

√[(
f

2
ε2−1

)
k2+

(
f

2
ε1−1

)
k1

]2

+(2f−4)k1k2





(A.3)

Maxwell-Hamilton Model (Phase 1 Continuous):

ke = k1
(f − 1) k1 + k2 − (f − 1) (k1 − k2) ε2

(f − 1) k1 + k2 + (k1 − k2) ε2
(A.4)

Maxwell-Hamilton Model (Phase 2 Continuous):

ke =k2
(f−1)k2+k1+(f−1)(k1−k2)(1−ε2)

(f−1) k2+k1−(k1−k2) (1−ε2)
(A.5)

APPENDIX B. TWO ANALYTICAL
EXPRESSIONS FOR K E

The value ofke for any porous system can be derived
using the thermal-circuit method (Fu el al., 1998). Ana-
lytical expressions ofke for two idealized porous systems
(Figs. 13 and 14) that were employed to estimate the error
of the SPH calculated data are presented in this Appendix.

In terms of Eqs. (A1) and (A2), the effective thermal
conductivity for the porous system depicted in Fig. 13 can
be expressed as

FIG. 13: A 2-D idealized porous system: a square do-
main with a centered square inclusion (phase 2)

FIG. 14: Same as Fig. A1, but for a circular inclusion

ke =
1

l2
2l1k1 + l2k2

+
2l1

(l2 + 2l1) k1

(B.1)

The effective thermal conductivity for the porous system
illustrated in Fig. 14 is formulated as follows:

ke=1/

{l1+l2∫

l1

(dx)/

(
k1

[
(l2+2l1)−

√
l22−(l2+2l1−2x)2

]

+k2

√
l22−(l2+2l1−2x)2

)
+

2l1
(l2 + 2l1) k1

}
(B.2)
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