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Abstract

Carbon foams are a new class of porous organic materials that are being developed for use as insulation, heat spreaders, and c
exchanger cores. The thermal conductivity of carbon foams is difficult to determine analytically, particularly for the case of high
graphitic foams that show moderate to high bulk conductivity. Models that predict thermalconductivity of foams often use an empiric
parameter to account for the effect of pore shape and material microstructure on the conduction process. A finite element (FEM) a
been developed to calculate the thermal conductivity of carbon foams for the complete range of porosity. The results are interprete
of analytical and semi-empirical solutions. It is shown that the FEM solution matches the theoretical solution that is valid for low p
but differs significantly from semi-empirical solutions of high porosity foams.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Several multi-phase materials occur in nature and m
are fabricated as engineered materials, such as comp
and foams. Foams are a simpler subset of composite ma
als since they are composed of gas pores contained in a
tinuous solid matrix. Metallic foams have been used for s
eral decades. Carbon foams are a relatively new class o
ganic materials that offer significant potential for lightweig
structures, for energy absorption and for thermal mana
ment [1].

Carbon occurs in many different forms with widely d
fering thermal properties. Conductivities of approximat
2000 W·m−1·K−1 are obtained in the plane of the graphe
sheets; the conductivity perpendicular to the graphene
ers is approximately 6 W·m−1·K−1. However, carbon foam
tend to be more isotropic; the maximum variation in the t
directions of highly graphitic foam is typically of a facto
of 3. The bulk conductivity for carbon foams ranges fro
0.1 W·m−1·K−1 to 200 W·m−1·K−1.

Carbon foams are often made by foaming a pitch ma
ial. An example of such a foam is shown in Fig. 1. This i
carbon foam that is 90% porous; however, it can have a
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Fig. 1. Micrograph of a graphitic carbon foam.

thermal conductivity exceeding 50 W·m−1·K−1. The cells
are interconnected, and the open cell structure varies from
process to process; the pore diameter is approximately
microns. Foams of different porosities and pore sizes ca
produced by variations of the foaming process.

In the foaming process, a molten pitch precursor
expanded from a high pressure. This leads to the expan
of microscopic gas bubbles within the pitch. Initially th
bubbles are in closed pores. As the bubbles expand
pores become interconnected. The foam is cooled and
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Nomenclature

a size of the unit cell . . . . . . . . . . . . . . . . . . . . . . . m
B constant determining the temperature field inside

a pore
C multiplier of the dipole temperature field

perturbation
D diameter of the pore . . . . . . . . . . . . . . . . . . . . . . m
K thermal conductivity . . . . . . . . . . . . W·m−1·K−1

Kb bulk thermal conductivity . . . . . . . W·m−1·K−1

Ks solid (intrinsic) thermal
conductivity . . . . . . . . . . . . . . . . . . . W·m−1·K−1

Ke effective thermal conductivity of the porous
medium . . . . . . . . . . . . . . . . . . . . . . . W·m−1·K−1

Kp thermal conductivity of pore
material . . . . . . . . . . . . . . . . . . . . . . . W·m−1·K−1

n pore conduction factor
ρb bulk foam density . . . . . . . . . . . . . . . . . . kg·m−3

ρs intrinsic density of the solid . . . . . . . . . kg·m−3

P porosity of the porous material,= Vvoid
Vtotal

. . . . %

R relative density,= ρb

ρs

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Vvoid volume occupied by pores . . . . . . . . . . . . . . . m3

Vtotal total volume of foam . . . . . . . . . . . . . . . . . . . . m3

qz specific heat flux inz direction (along the
porous slab) . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

�T temperature difference between two points on
the slab . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
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subjected to heat treatment to stabilize and carbonize
product. This produces foams that have thermal conduct
of about 1 W·m−1·K−1. The foam can be graphitized b
a final heat treatment to produce bulk thermal conducti
exceeding 100 W·m−1·K−1.

High porosity (above 90% porous) foam that is ma
of poorly conducting solid conducts heat primarily
conduction in the gas pores; radiation and convection in
pores can also be significant [2]. However, if the solid
good thermal conductivity (�1 W·m−1·K−1), the transpor
through the solid dominates, such that the bulk ther
conductivity tends to exceed 1 W·m−1·K−1.

In this analysis, only thermal conduction in the so
carbon phase will be considered. At lower temperatures
gas phase does not contribute significantly to the trans
properties in foams that have small pores and mode
(or high) conductivity. This is because the gas conduc
is poor and convection and radiation are not signific
Therefore, the thermal transport process in the bulk
dominated by the intrinsic thermal conductivity of the sol
The shape of pores and the total amount of porosity
influence the thermal transport. Some authors have us
the rule-of-mixtures to determine thermal conductivity
a composite material even though it is valid only
extensive thermodynamic properties [3]. This rule consid
the composite properties as volume-weighted average
the component properties; and this gives the upper l
for the conductivity of the foam. However, the heat flo
path in foams is very tortuous; this produces additio
resistance to the conduction process; therefore the the
conductivity obtained by rule-of-mixtures over-estimates
thermal conductivity. The general practice is to determ
the bulk thermal conductivity experimentally by finding t
ratio of heat flux to the applied temperature gradient in
foam.

Analytical predictions of thermal properties of poro
materials have been presented by several authors [4,5]. A
f

l

theoretical analysis is possible only for low porosity m
terials. Very high porosity (e.g., low density foams) ma
rials are difficult to model analytically. The typical anal
sis for such materials tends to be semi-empirical mo
in which conduction, convection and radiation contrib
tions are added [2,6]. A comprehensive theoretical mo
was attempted by Bauer to predict the thermal conduc
ity through the porous media [5]. In this model, analy
cal expressions were presented for pore distributions of
concentration, randomly oriented pores of arbitrary sha
and radiant heat transfer within the pores. However, in thi
model, the effect of increasing porosity and pore geom
was lumped into a semi-empirical pore shape factor (a c
duction parameter) that must be known a priori or de
mined experimentally. Thispore shape factor is known acc
rately only for low porosity media with spherical pores [7

In this study, the focus is on developing a finite elem
model (FEM) of conduction transport in open and clos
cell carbon foams with different levels of porosity. T
effect of convection and radiation within the pores w
not be considered. The thermal conductivity through
bulk is found by finding the flux through the foam wh
it is subjected to a thermal gradient. The results are t
compared with the analyticalapproach developed by Bau
and the “conduction parameter” is determined numeric
for different porosity levels [5]. The relation between t
bulk thermal conductivity and the intrinsic conductivity
the solid is then evaluated in terms of this conduct
parameter.

The foam will be modeled by considering a homog
neous dispersion of spherical voids in a solid matrix. A m
croscopic scale finite element grid is generated within the
solid material of the foam. The microstructure of the so
in the foam will be considered to be isotropic in this mod
In highly graphitic foams the microstructure is not isotro
because the graphene planes tend to align with the cell walls
[1]. In these foams the microstructure is anisotropic in
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same manner that graphite is anisotropic. It should be n
that this approximation restricts the validity of the mod
to near isotropic foams. Examples of such foams are re
ulated vitreous carbon (RVC) foams, glassy carbon foa
and foams that are not highly graphitic.

2. Theory

Several models have been proposed to predict the the
conductivity of porous materials, including foams. Therm
conductivity in foams was first studied primarily for ins
lating foams and several studies have discussed the the
conductivity of insulating, high porosity foams [2,6].

In the present study, the effective thermal conductivity
the open and closed cell foams is determined by using
finite element method. The results are compared with
analytical models. For the analysis, we will use the rela
densityR as a parameter. It is assumed that the mas
the voids in the foam is negligible. The relative density
defined as:

R = ρb

ρs

= 1− P

100
(1)

whereρb is the bulk foam density,ρs is the intrinsic density
of the solid in the foam, andP is the porosity (%) or the void
content of the foam, defined as:

P = 100
Vvoid

Vtotal
(2)

where

Vvoid—volume occupied by pores [m3];
Vtotal—total volume of foam [m3].

From thermodynamic consideration, the value of ther
conductivity of a foam with non-conducting pores has
limiting value given by:

Kb � Ks

(
ρb

ρs

)
(3)

The maximum value is obtained when the porous s
presents the minimum resistance to heat flow; this repres
the rule of mixtures. In practice, the flow path is tortuo
and the true value is always less than the maximum pred
by Eq. (1). Several authors have used a conduction param
termed “inefficiency factor” or “pore shape factor” to modi
the equation. A factor of 2/3 was used by Hillyard an
Cunnigham to correct for the flow path [8].

A more rigorous approach was adopted by Bauer w
considered the perturbation of a continuous medium by
presence of pores [5]. This approach will be compared wit
the results of this study. The analytical solution is obtain
from the perturbation of a uniform temperature gradien
the z direction in a uniform medium due to presence
a spherical pore. By solving the temperature profile,
obtains the following differential equation for the change
l

l

s

r

the bulk thermal conductivityKb in the porous medium as
function of porosity in the medium:

dKb

Kb
= − 1− Kp/Kb

n + (1− n)Kp/Kb

dV

V
(4)

In the above equation,Kp is the conductivity of the pores
Kb is the thermal conductivity of the bulk material th
changes as the porosity increases due to increase in
total pore volumeV . The new constantn is a “conduction
parameter” sometimes called “pore shape factor.” This fa
has a maximum value of unity. The rule of mixtur
described above is represented byn = 1.

Integrating the above equation fromV = 0 to the final
porosity value, one obtains the following equation:

Kb − Kp

Ks − Kp

(
Ks

Kb

)1−n

= 1− (P/100) (5)

We will consider the case where the solid conductivity
well as the bulk conductivity is much higher than the p
(gas) conductivity. For this special case whereKp � Kb <

Ks , we obtain the following equation:

Kb/Ks = Ke = (1− P/100)1/n = R1/n (6)

In the above equation,Ke is the effective thermal con
ductivity, defined here as the ratio between the bulk
solid thermal conductivity in thez direction. In the presen
study, the case represented by Eq. (6) will be investiga
i.e., the conduction through the pores will be neglected
all conduction will be assumed to take place through
solid.

It is important to note that the pore conduction param
tern is generally not known since it changes with pore shap
and pore concentration. Therefore, this is a semi-empirica
constant. When the porosity is very low, the value ofn has
been theoretically shown to be 2/3 (i.e., 0.67) for spherica
pores [7]. From the study carried out by Bauer, the va
of n for closed cell liquid foams with a porosity in the ran
of 60 to 95% was estimated from experimental results to
n = 0.77 [5]. The rule of mixtures, given byn = 1, gives the
upper limit. These three predictions of thermal conductiv
will be compared with FEM results in this study.

Several authors have addressed the problem of deter
ing thermal transport in foams. Kuhn et al. determined
thermal conductivity of foam insulation by approximati
the foam to be made of dodecahedron cells [9]. The struts
and walls were further simplified into a simple cubic mo
where structural elements were taken either parallel or
tical to the bulk temperature gradient. Analytical techniq
such as homogenization can also be used to determin
bulk thermal properties [10]. In this study, the finite elem
method (FEM) will be used to determine the bulk therm
conductivity. Due to recent enhancements in FEM software
it is now possible to analyze very complex foam geome
with different pore shapes and sizes. The FEM analysis
also be extended to include effect of radiation and con
tion, as well as fluid flow through the foam.



692 A.M. Druma et al. / International Journal of Thermal Sciences 43 (2004) 689–695

M
6).
the
l
).

ever
and

lve
field
e
tial
rnal
hed
2.

the

ce
us
lid
s
ll as
ave
rent
ubic
will

ize

n in
the
M
cell
. 4.

the
h a
the
ead

hat
ther
e of

sions
istic
lute

ng a
esh
The thermal conductivity value obtained by using FE
will be compared with the analytical results given by Eq. (
The purpose of this study is to investigate the value of
pore conduction parametern for a simple isotropic materia
with porosities ranging from zero to very high values (95%
The basic pore shape that will be used is a sphere; how
at high porosity level, the pores become interconnected
the pores are no longer true spheres.

3. Finite element method

The finite element method is widely used to so
structural problems; and has now been adapted to the
of heat transfer analysis. To analyze the thermal field in th
foam microstructure, we consider the governing differen
equation of steady state heat conduction without inte
heat generation in the foam. The foam piece is sandwic
between two slabs of non-porous solid as shown in Fig.

The steady-state heat conduction equation applied to
model in Fig. 2 is given by:

∇ · (K∇T ) = 0 (7)

with the boundary conditions:

T = T1 at the lower bottom face of the slab
T = T2 at the top face of the slab and
∂T

∂n
= 0 on all other surfaces

An important step in this numerical model is to redu
computational effort by creating a unit cell of the poro
medium. The unit cell that will be used to build the so
model, consists of a cube with 1/8 spherical shape pore
at each corner and one sphere in the middle of the ce
shown in Fig. 3. Therefore, the pores in the foam model h
a body centered cubic cell arrangement. Several diffe
arrangements are possible, such as face centered c
tetragonal cells, etc.; the effect of different arrangements
be addressed in a future study.

To maintain the structural integrity of the model, the s
of the cubic cell is restricted to the values given by:

a
√

2� D < a
√

3 (8)

Because of the symmetry of the geometry as show
Fig. 2, the FEM model needs to use only a set of cells in
vertical direction. Therefore, the complete model for FE
analysis in this study is constructed by repeating the unit
(Fig. 3) ten times in the vertical direction as shown in Fig

The solid model was analyzed by ALGOR FEM software
to predict the temperature and heat flux distribution in
porous media. The solid model was first created wit
specialized solid modeling software (Solid Edge) and
geometry was exported as an IGES file which was r
directly into the finite element editor of ALGOR.

ALGOR provides an automatic mesh generator t
allows building surface and solid meshes that are ei
uniform or concentrated around critical regions. The siz
,

,

Fig. 2. Foam solid model.

Fig. 3. Unit cell used to model the porous medium.

Fig. 4. Solid model for FEM analysis.

the mesh can be specified either as relative to the dimen
of the model (percentage of the smallest character
dimension of the model) or as absolute value (abso
dimension of the edge length).

For the present study, the models were meshed usi
quadrilateral surface mesh and the relative size option m
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provided by ALGOR. The mesh size used for the analy
was between 15% and 25% of the smallest character
dimension of the model. The mesh size varied accordin
the void volume of the model. The higher the void volum
the smaller the mesh size since the solid dimensions bec
smaller with increased void volume. Using the surface m
generated, ALGOR builds a solid mesh that consists
eight-noded bricks, tetrahedrons, pyramids and wedge
order to increase the accuracy of the FEM solution, the m
was refined around the spherical pores.

After the mesh has been generated, the boundary
ditions were applied to the mesh. This involved apply
the temperature boundary conditions at the top and the
tom surface. To ensure one-dimensional heat flow along
model in thez-direction, boundary surfaces of the model
both x- andy-directions are given a symmetry (insulate
boundary condition. The other boundary condition impo
was a zero heat flux (since thermal conductivity in the
phase is much smaller compared to the solid phase) no
to the surface of the spherical pores. As discussed ea
conduction through the pores was expected to be neg
ble in this analysis. This assumption can be relaxed in
numerical model for foams where the gas pores provide
nificant thermal transport.

The finite element solution of Eq. (7) is carried out ov
the entire domain and the temperature profile in the po
medium is determined. The heat flux inz direction,qz, was
calculated within the software.

Since the heat flux at the top and bottom must be iden
to the flux (per unit area of the bulk material) through
porous medium, the bulk thermal conductivity,Kb is then
calculated using as follows:

Kb = qz

(�T/�z)
(9)

whereqz is the heat flux applied at the ends, and�T/�z

is the temperature gradient in the foam. The pore
was selected to be 100 microns at 90% porosity, whic
representative of the foam shown in Fig. 1. The poro
in the foam is changed by increasing the radius of
void (which reflects the manner in which the foami
process generates the foam); this results in foam models wit
different degrees of porosity. The effect of changing the p
size is currently under investigation, and is not addresse
this paper. The FEM analysis was conducted over a ra
of 0% to 95% porosity in the porous region, and the res
were compared to analytical solution for a pore shape facto
of n = 0.67 (spherical pores, low porosity) andn = 0.77
(experimental data for closed-cell liquid foams), andn = 1
(rule of mixtures).

4. Results

The temperature and heat flux distribution for a por
region of 90% porosity are presented in the Figs. 5 an
e

-

l
,

(a) (b)

Fig. 5. Temperature distribution in the foam (90% porosity): (a) Full sc
model; (b) Unit cell detail.

Fig. 5 shows the temperature distribution results from
finite element model. From Fig. 5 it can be observed
the temperature distribution is mostly one-dimensiona
most of the solid phase except near the pores. There
temperature field shown in the pores since the pores
assumed to be insulated.

Fig. 6 shows the heat flux distribution for the same ca
The heat flux varies in the walls of the pores since gre
heat flux must occur in the thinner cell walls. However,
heat flux in the two plates (top and bottom) is constant
identical, as is expected.

The results of the finite element analysis as well as
analytical results given by Eq. (6) for different values
n are compared in Fig. 7 as a function of porosity. Fr
Fig. 7 it can be seen that, at the two extremes of
and 100% porosity, all solutions converge properly to
limiting values ofKe = 1 andKe = 0. The focus of this
study is to determine the exponentn for different values
of porosity using the numerical analysis. The FEM solut
is lower than the rule of mixtures (n = 1) throughout the
full range of porosities. The analytical curve forn = 0.67
matches the FEM solution only at very low porosities (bel
10%). This is to be expected, since the theoretical mo
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(a) (b)

Fig. 6. Heat flux distribution through the foam (90% porosity): (a) Full sc
model; (b) Unit cell detail.

that predictsn to be 0.67 is based on the assumption
low porosity. The analytical curve forn = 0.77 is closer to
the FEM solution for a wide range of porosity; howev
it produces a higher value of thermal conductivity in t
mid-range of porosities, and a lower value at high poros
The transition appears to be at the point where the p
become interconnected at 68% porosity. Overall, it is s
that the thermal conductivity cannot be predicted accura
by Eq. (6) with a single value ofn for the full range of
porosity. The appropriate value ofn required to match the
FEM solution is seen to be 0.67 at low porosity (bel
10%), which increases gradually to a value of 0.854 at 9
porosity.

The effect of changing the number of the unit ce
(elemental reference volumes) in the model was stu
(Fig. 8). It was determined that models with fewer than
cells produced more than 1% error in the results. Theref
the FEM calculations are based on a geometry compos
ten unit cells.

Table 1 shows the difference between effective ther
conductivity calculated using the FEM and semi-empiri
solutions for different porosities. The relative error betwe
f

Fig. 7. Variation of effective thermal conductivity with porosity.

Fig. 8. Variation of effective thermalconductivity with the number of uni
cells.

Table 1
Comparison between FEM method and semi-empirical solution

Porosity Effective thermal conductivity Relativ

FEM solution Semi-empirical error
n = 0.77 [%]

0.25 0.69570 0.6882 0.978
0.45 0.496814 0.4600 7.41
0.85 0.100936 0.0850 15.79
0.95 0.028218 0.0204 27.71

the two solutions is increasing from 1% at low porosity t
maximum value of 28% at high porosity. Since the typi
carbon foam is produced with high porosity, the errors
significant for carbon foams.

The value of the parametern is expected to be differen
when the pore shape is not spherical, and when the ma
of the foam is not isotropic. The FEM model developed
this study will be used to model foams that are non-isotro
and non-homogeneous, with different types of pores
pore distributions.
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5. Conclusions

A finite element model has been used to determine
thermal conductivity of foams over the full range of poro
ties. The foam model was constructed by a solid mode
software using spherical pores that became interconne
at high porosities.

The thermal conductivity result was obtained in t
form of a non-dimensional effective thermal conductiv
This FEM solution was then used to evaluate the “p
conduction factor” used in semi-empirical/analytical mod
of thermal conductivity.

The FEM solution matches the theoretical prediction
the low porosity level. But significant difference is observ
between the FEM simulation and analytical results for h
porosity foams. The results also show that a simple se
empirical or analytical model with a constant “conducti
parameter” cannot accurately predict the thermal condu
ity of foams over the full range of porosity. In this study, t
value of this parameter increased from the theoretical valu
of 0.67 at low porosity, to approximately 0.83 at 90% por
ity.
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