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Abstract

An analytical model is developed to characterize the radiative transport process in highly porous, open-celled metal foams having
idealized cellular morphologies in terms of fundamental radiative parameters such as emissivity, reflectivity and configuration factors.
In comparison with the conventional two-flux approach or the diffusion approximation utilizing the Rosseland mean coefficient, the pres-
ent model is explicit and yet relatively simple. Overall, the predicted effective radiative conductivity as a function of pore size and relative
density (defined as the ratio of foam density to solid density) agrees well with that measured using a guarded-hot-plate apparatus for steel
alloy foams. A systematic parametric study is subsequently carried out. The contribution of reflectance to thermal radiation is found to
be significant, up to 50%, but the effect of temperature gradient is relatively small. The equivalent radiative conductivity increases linearly
with increasing cell size for a fixed relative density, whilst for a given cell size the variation of relative density only has a small effect on
radiation due to the mixed effects of increased emission and extinction.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The thermal transport in highly porous, cellular metallic
foams with open cells has been studied extensively in recent
years [1–27]. The motivation is attributed to their high sur-
face area to volume ratio as well as enhanced flow mixing
capability due to high tortuosity. Furthermore, metallic
foams have attractive mechanical properties (stiffness,
strength, energy absorption etc.) [2] and sound absorption
properties [12,13], and can be processed in large quantity at
low cost via the metal sintering route [15]. However, the
focus of most previous studies has been placed on either
convective or conduction heat transfer at room or rela-
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tively low temperatures (<100 �C). Apart from low-temper-
ature applications (e.g., compact heat exchangers for
electronics cooling [1,2,15]), open-celled metal foams can
also be used in high-temperature applications such as the
porous radiant burner and acoustic liner in a LP (lean
premixed) combustion chamber [28,29]. For such high-
temperature applications, radiation in the metal foam is
significant.

Zhao et al. [30] measured the effective thermal conduc-
tivity of a high temperature metal foam produced via the
sintering route, FeCrAlY (Fe 73%, Cr 20%, Al 5%, Y
2%), as a function of temperature in the range of 300–
800 K under both atmospheric and vacuum conditions.
For FeCrAlY foams having different cell sizes and porosi-
ties, the overall effect of radiation on the whole thermal
transport process (conduction, radiation and natural
convection) was quantified [30]. The results show that the
contribution of radiative transfer increases significantly
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Nomenclature

Ai solid strut surface in unit cell, m2

d cell ligament diameter, m
dp cell size, m
F configuration factor
H foam sample thickness, m
J irradiation, W/m2

kc effective thermal conductivity due to pure con-
duction, W/m K

kr effective thermal conductivity due to pure radia-
tion, W/m K

Ncell total number of cells

qr radiative heat flux, W/m2

Qr total irradiation, W
T temperature, K
X, Y, Z Cartesian coordinates
ai dimensionless coefficient
bi dimensionless coefficient
e emissivity
/ porosity of foam
q solid reflectance
qr relative density
r Stefan–Boltzmann constant

Table 1
The measured five samples

Sample
1

Sample
2

Sample
3

Sample
4

Sample
5

PPI (ppi) 30 30 60 60 90
Relative density

(%)
5 10 5 10 5
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with increasing temperature, accounting for up to 50% of
the effective (apparent) foam conductivity. Even though
the contribution of natural convection can be excluded
under vacuum conditions, to isolate the thermal radiation
effect from the effective conductivity measurements is not
straightforward. Alternatively, by using analytical models
of effective foam conductivity due to solid conduction
alone [5,8,10], the radiation contribution can be obtained
by subtracting the conduction contribution from the mea-
sured overall conductivity in vacuum [30]. However, this is
only an indirect method for studying radiation, which
depends not only on the accuracy of the overall conductiv-
ity measurements but also on a reliable model of solid con-
duction in the metal foam.

In an attempt to acquire a better physical understanding
of thermal radiation in metal foams, the spectral transmit-
tance and reflectance of FeCrAlY foams have been mea-
sured from which their radiative properties have been
obtained by Zhao et al. [31]. A numerical model based
on the effective continuum medium approach is subse-
quently developed [31]. This model assumes that the metal
foam can be approximated as a semi-transparent medium
capable of absorbing, emitting and scattering radiation.
Furthermore, by combining geometric optics laws with
the diffraction theory, the diffusion approximation utilizing
the Rosseland mean coefficient is employed. This approach
can predict the spectral-dependent quantities and provide
fairly good predictions in comparison with experimental
measurements, and hence has the potential of being used
for studying the detailed mechanisms in metal foams,
including spectral absorption, extinction and scattering.
However, the effective medium approach involves much
complicated optical and electromagnetic theories in addi-
tion to tedious mathematical formulations, which makes
the underlying physics implicit. Also, a few constants in
the model must be obtained based on reliable spectral
transmittance and reflectance measurements. Conse-
quently, the effective medium approach adopted in [31] is
not quite suitable for engineering applications, although
it may be used to examine the spectral-dependent radiation
properties in scientific research.
This study aims at establishing an explicit analytical
model based on fundamental foam parameters such as
emissivity, reflectance and configuration factor, and using
it to establish functional relationships between the cellular
structure and the radiative-transfer characteristics of open-
celled metal foams. The effective medium approach will be
totally abandoned, and a simple cubic cell model consisting
of slender cylinders as edges will be used to capture the
most important behavioral trends of radiative energy flow
in the highly porous cellular foam. The predicted effective
radiative conductivities will be compared with those mea-
sured in vacuum for FeCrAlY foams. It should be pointed
out that the present model has been idealized in several
ways to limit the complexity of radiative heat transport
across an open-celled foam. Some of the simplifying
assumptions made in order to analyze radiative transfer
in the disordered porous material likely lead to inaccurate
predictions of the actual level of heat transfer, but never-
theless should capture the approximate functional depen-
dence of the different control variables such as foam
density, cell size and temperature gradient.

2. Experimental study

A total of five FeCrAlY foam cylindrical disks of
roughly 25–40 mm thickness and 100 mm diameter, with
a range of pore sizes and relative densities (see Table 1),
were produced via the sintering route and supplied by
Porvair Fuel Cell Technology. More details of the manu-
facturing technique can be found in Haack et al. [15].
The typical cellular microstructure of a metal foam is
shown in Fig. 1.



Fig. 1. Typical open-celled metal foam: (a) cellular morphology; (b)
representative unit cell.
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2.1. Experimental equipment

Amongst the various methods developed for thermal
conductivity measurements, the guarded-hot-plate appara-
tus in the one-sided mode, based on ASTM C1044-90 and
C177, is perhaps the most suitable and popular method. To
produce a unidirectional heat flux between the top and bot-
tom surfaces of the specimen at different temperatures and
air pressures requires a complex system. The experimental
apparatus consists of a test section and various support
systems. The test section contains the main heater, auxil-
iary heaters, specimen, cooling plate, thermal insulations,
and thermocouples. It is located in a vacuum chamber,
which is a part of the vacuum system and enables experi-
ments to be carried out at various air pressures. A heater
control system supplies the electric power to the heaters.
The cold plate temperature can be varied by adjusting the
amount of air flow through the system. Thermocouple sig-
nals and power input to the main heater are recorded by a
data logging system.

The specimen is placed between the electric heater
(bottom surface) and the cold plate (top surface), and the
heater and the cold plates are maintained at uniform tem-
peratures, denoted here by Th and Tc, respectively. To
achieve an adiabatic condition below the heater plate, a
bottom heater located beneath a layer of Microtherm�

insulation material is utilized. In addition, to minimize heat
loss to the sides, a side heater is placed, and the specimen
and heaters are surrounded by Microtherm� insulation
material. These heater arrangements and the cold plate
placed on top of the specimen cause a temperature gradient
in the metering region of the specimen only in the direction
perpendicular to its upper and lower surfaces. Therefore
the entire power input to the main heater is conducted into
the specimen.

In the present measurements, the temperature difference
between the cold and hot plates is roughly maintained at
40–50 K for higher temperatures and 20–30 K for lower
temperatures. More details of the test apparatus design
and experimental uncertainty analysis can be found in [30].

2.2. Experimental results

Under vacuum conditions the measured overall effective
thermal conductivity, ke, comprises two different modes:
heat conduction and thermal radiation. For one-dimen-
sional steady-state heat transfer across a metal foam in vac-
uum, the local heat flux can be approximately written as:

q ¼ qc þ qr ¼ �ðkc þ krÞ
dT
dy
¼ �ke

dT
dy

ð1Þ

where qc and qr are conduction and radiation heat flux, and
kc and kr are the corresponding equivalent conductivities
due to conduction and radiation, respectively.

The analytical formulation for the conductivity kc can
be found in [6,8,10], whereas models on radiative conduc-
tivity kr will be presented in subsequent sections based on
a non-continuum approach. However, the radiative con-
ductivity can also be obtained by subtracting the analyti-
cally predicted kc from the measured overall thermal
conductivity ke in vacuum. The radiative conductivity thus
deduced is plotted as a function of temperature in Fig. 2 for
the five samples tested. The results show that the radiative
conductivity increases with increasing cell size at a fixed rel-
ative density. In general, the extinction coefficient (the sum
of absorption and scattering coefficients) decreases as the
cell size is increased, and hence the corresponding ‘‘pene-
tration thickness” is larger than that associated with a
smaller cell size, resulting in a higher radiative conductivity
as the cell size increases. More details of radiative heat
transfer mechanisms will be given later.

3. Analytical model

3.1. Specifications of the model

The microstructure of a typical open-celled FeCrAlY
foam consists of randomly oriented cells that are mostly
homogeneous in size and shape (Fig. 1a). A single cell of
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Fig. 2. Measured results for equivalent radiative conductivities: (a) 5%
relative density; (b) 10% relative density.
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the foam has the approximate shape of a tetrakaidecahe-
dron with roughly 12–14 pentagonal (or hexagonal) faces
of size d 0p, as shown in Fig. 1b.

With reference to Fig. 3, we consider the steady-state
heat flow in an open-celled foam made up of uniform
distributed, equal-sized cubic cells. The cubic unit cell is
Fig. 3. Cubic unit cell.
chosen for its simplicity [1,2], allowing for approximate
analytical solutions for important radiative transfer para-
meters. The dimensions of the cell are chosen such that
the surface area density of the model foam equals that of
the real foam; the latter can be measured accurately by
using a micro-computed-tomography system. The simple
cubic unit cell shown in Fig. 3 consists of three mutually
perpendicular equivalent cylinders, each having diameter
d and length dp. The relationship between d 0p and dp based
on the same porosity has been obtained [6,10], as

dp � 0:60d 0p ð2Þ

In other words, the above equation can be used to convert
the pore size d 0p associated with the real foam of Fig. 1b
into an equivalent cell size dp for the idealized model of
Fig. 3. The solid material (FeCrAlY) of which the metal
foam is made is considered gray, and its emissivity
e = 0.6 is taken from the reference [32]. For FeCrAlY
foams, the cell size typically varies from 0.3 mm to 3 mm
or, in terms of industrial notations, from 10 ppi to
100 ppi (pores per inch).

Fig. 4 depicts the idealized foam structure, together with
the conventions adopted below for analytical modeling.
For simplicity, the cylinders making up the cell edges are
assumed to be each parallel to the X-, Y- or Z-coordinates
and referred to hereafter as cylinders X, Y and Z, respec-
tively. With regard to the Ith unit cell (counted from the
I+1
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Fig. 4. Model foam structure and notations.
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bottom surface of the foam sample) shown in Fig. 4, the
twelve solid struts are labeled by numerical numbers 1–
12, whereas the six surfaces (of the void) are designated
alphabetically: the four side surfaces are referred to as A,
C, D, E, whereas the top and bottom surfaces are repre-
sented by S and B, respectively. Note that only a quarter
of each solid strut is included in the unit cell, the rest
belonging to the neighboring cells.

In the experiment, the foams were sandwiched between
two thin copper plates and the temperatures of the top
and bottom surfaces were held at Tc and Th, respectively
[30]. In this analysis, without loss of generality, the condi-
tion Th > Tc is assumed such that the bulk of radiative heat
flow is directed along the positive Y-direction (Fig. 4).
Under vacuum conditions, the transport of heat across
the metal foam comprises two competing modes – conduc-
tion and radiation. Strictly speaking, the two different
transport modes are nonlinearly coupled. Due to the large
porosity (/ P 90%) of the metal foam under investigation,
thermal radiation emitted from the solid within a unit cell
mainly passes through the void rather than striking on the
solid in the neighboring cells, and the nonlinearity effect of
the temperature distribution along the Y-direction is
expected to be small. The model therefore assumes that
radiation is decoupled from conduction and that the solid
ligament temperature varies linearly with Y. The objective
of the analysis is to determine the equivalent conductivity
due to thermal radiation alone, namely, the radiative con-
ductivity, kr. As for the equivalent conductivity due to con-
duction alone, kc, the three dimensional model proposed in
[8] will be used.
3.2. Analysis

One-dimensional linear temperature variation in the
Y-direction is assumed, and there is no temperature varia-
tion in the X- and Z-directions. Thus, on average, the tem-
perature difference between two neighboring cells in the
Y-direction is:

DT ¼ T h � T c

N cell

; ð3Þ

where Ncell is the total number of cells in the Y-direction gi-
ven by:

N cell ¼
H
dp

; ð4Þ

and H is the thickness of the metal foam sample. The aver-
age temperature T in the Ith unit cell is

T ¼ T h �
T h � T c

N cell

I : ð5Þ

For both experimental measurement [30] and the present
analysis, the foam sample is sufficiently thick (H = 25–
40 mm) such that H� dp is satisfied. Consequently, the
small variation of temperature within the unit cell may be
neglected, and the temperature T averaged over the unit
cell will be used throughout the radiative analysis.

To calculate the equivalent radiative conductivity kr, the
net radiation heat flux qnet needs to be solved first. It is well
known that the solid strut emits radiation in both positive
and negative Y directions, but the radiation heat fluxes in
both directions are not identical, the difference being the
net radiation heat flux:

qr;net ¼ qr;Y � qr;�Y ð6Þ

The thermal radiation will be analyzed below based on the
top void surface S of the Ith unit cell (Fig. 4).

Firstly, radiation in the positive Y-direction is examined.
The total irradiation on the void surface S from the Ith unit
cell includes radiation from the solid struts 5–12 and radi-
ation from the side and bottom surfaces A–E (Fig. 4). The
radiation from either the solid struts or the void surfaces
comprises two contributions: emission and reflectance.
The total irradiation Qr,Y on the top surface S can there-
fore be written as:

Qr;Y ¼ ðQr;Y Þemission þ ðQr;Y Þreflectance; ð7aÞ

where

ðQr;Y Þemission ¼
X12

i¼5

AiF iS � erT 4 þ
XE

P¼A

JPF PSAP; ð7bÞ

ðQr;Y Þreflectance ¼
X8

i¼5

ðJ BF BiAB þ 2J AF AiAAÞqF iS

þ
X12

i¼9

ð3J AF AiAAÞqF iS

þ
X12

i¼5

ð11eAiF 57rT 4ÞqF iS ; ð7cÞ

In the above equations, r = 5.669 � 10�8 W/m2 K4 is the
Stefan–Boltzmann constant, q � 1 � e is the solid reflectiv-
ity, Ai = pddp/4 is the solid surface of the ith strut
(i = 5,6, . . . , 12) within a unit cell, JP and AP are the irradi-
ation and surface area of the Pth surface (P = A,B, . . . ,E),
FiS is the configuration factor from the ith strut to surface
S, FPS is the configuration factor from the Pth surface to
surface S, whilst FBi and FAi are separately the configura-
tion factors from bottom surface B and side surface A to
the ith strut surface, with FAi = FCi = FDi = FEi. The deter-
mination of these configuration factors will be carried out
in the next section.

The first summation in Eq. (7b) represents the emission
on the void surface S from the solid struts 5–12, whereas
the second summation is the radiation from the side and
bottom surfaces A–E, which is emitted from the solid struts
of the neighboring cells. The first and second summations
in Eq. (7c) represent the reflectance of the incident radia-
tion on the solid struts 5–12 from the bottom and side sur-
faces of the unit cell, whilst the third summation is the
reflectance of the incident radiation on the solid struts
5–12 from each other. As the configuration factors between
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the slender solid struts within the unit cell are all very small
and not much different, the same configuration factor F57

between surfaces 5 and 7 is assumed for all struts in the last
summation of (7c).

Due to geometrical symmetry, the following equations
hold:

A5F 5S ¼ A6F 6S ¼ A7F 7S ¼ A8F 8S ; ð8aÞ
J AF ASAA ¼ J CF CSAC ¼ J DF DSAD ¼ J EF ESAE; ð8bÞ
AA ¼ AB ¼ AC ¼ AD ¼ AE ¼ AS ; ð8cÞ
F BiAB ¼ F SiAi ¼ AiF iS ; F AiAA ¼ AiF iA; ð8dÞ
F 9E ¼ F 9Sðand similar relationsÞ: ð8eÞ

Upon substituting (8) into (7), the radiative heat flux qr,Y

across surface S in the positive Y-direction can be formu-
lated as:

qr;Y ¼
Qr;Y

AS
¼ 4ðA5F 5S þ A9F 9SÞ

AB
erT 4 þ J BF BS þ 4J AF AS

þ 4ðA5F 5SJ B þ 2A5F 5DJ AÞ
AB

qF 5S

þ 4J AA9ð2F 9D þ F 9SÞ
AB

qF 9S

þ 4ð11A5F 57ðF 5S þ F 9SÞÞ
AB

qerT 4: ð9Þ

The first line in Eq. (9) is the radiative heat flux due to
emission, and the second and third lines are the radiation
contributions due to reflectance. Eq. (9) can be further ar-
ranged as:

qr;Y ¼ b1erT 4 þ b2J B þ b3J A; ð10aÞ

where the nondimensional coefficients b1, b2 and b3 are gi-
ven by:

b1 ¼ ½4ðA5F 5S þ A9F 9SÞ þ 44A5F 57ðF 5S þ F 9SÞq�=AB; ð10bÞ
b2 ¼ F BS þ 4A5F 2

5Sq=AB; ð10cÞ
b3 ¼ 4F AS þ 4A5ð2F 5DF 5S þ ð2F 9D þ F 9SÞF 9SÞq=AB: ð10dÞ

In order to know qr,Y, the irradiations on surface B, JB, and
on surface A, JA, need to be solved. From the above anal-
ysis, it is known that JB is the same as qr,Y in the (I � 1)th
unit cell, given by:

J B ¼ b1erðT þ DT Þ4 þ b2J ð1ÞB þ b3J ð1ÞA ; ð11Þ

where J ð1ÞB and J ð1ÞA are the corresponding quantities in the
(I � 2)th cell and are determined in Appendix A. Similarly,
as shown in Appendix A, the quantity JA can be expressed
in terms of JB as:

J A ¼ a1erT 4 þ a2J B; ð12aÞ

where the dimensionless coefficients a1 and a2 are given by:

a1 ¼
2ðA5F 5DþA9F 9DÞ þA12F 12Dþ 11A5F 57ð2F 5D þ 3F 9DÞq

AAð1� F AD� 2F CD �A5=AA � ð4F 2
5Dþ 9F 2

9DÞqÞ
;

ð12bÞ
a2 ¼
AAF BD þ 2A5F 5SF 5Dq

AA½1� F AD� 2F CD �A5=AA � ð4F 2
5Dþ 9F 2

9DÞq�
: ð12cÞ

In view of (12), Eq. (10) can be re-written as:

qr;Y ¼ ðb1 þ b3a1ÞerT 4 þ ðb2 þ b3a2ÞJ B: ð13aÞ

Similarly, as illustrated in Appendix B, the radiation heat
flux qr,�Y is determined as:

qr;�Y ¼ ðb1 þ b3a1ÞerðT � DT Þ4 þ ðb2 þ b3a2ÞJ B;�Y : ð13bÞ

Upon substitution of (13) into (6), the net radiation heat
flux qr,net becomes:

qr;net ¼ ðb1 þ b3a1ÞerfT 4 � ðT � DT Þ4g þ ðb2 þ b3a2Þ
� ðJ B � J B;�Y Þ; ð14Þ

from which the equivalent radiative conductivity is deter-
mined as:

kr ¼
qr;net

ðT h � T cÞ=H
: ð15Þ
4. Configuration factors

It is noted again that only a quarter of the solid strut
surface is included in a unit cell, with the rest belonging
to the neighboring cells. Due to symmetry, the following
relations exist:

F 5S ¼ F 5B ¼ F 9D; F 5D ¼ F 9S ¼ F 12D; ð16aÞ
F AS ¼ F BD; F AD ¼ F BS : ð16bÞ

In order to determine F5S and F5D, configuration factors
F 5S0 and F 5D0 are introduced, with the prime in the subscript
indicating the surface including the cross-sectional area of
the solid struts, e.g., AS0 ¼ AS þ pd2=4 where AS0 and AS

represent the area of surface S with and without the inclu-
sion of the solid part, respectively. AD and AD0 are similarly
defined.

The analysis of the configuration factor yields,

2F 5S0 þ F 5E0 þ F 5D0 ¼ 1; F 5E0 ¼ F 5D0 ; ð17aÞ
and

F 5S0 ¼
1� 2F 5D0

2
: ð17bÞ

For simplicity, F5S and F5D can be written as:

F 5S ¼ F 5S0
AS

AS0
and F 5D ¼ F 5D0

AD

AD0
: ð18Þ

The remaining task is to solve the four unknown configura-
tion factors: F 5D0 , FAS, FAD and F57. For illustration, the
configuration factor F 5D0 is calculated below.

The configuration factor between a plane surface I of
length c and width b and the surface of a full cylinder II
located a distance away from I (Fig. 5) is given by [32,33]:

F I;II ¼
2

Y 1

Z Y 1=2

0

f ðfÞdf; ð19Þ
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Fig. 5. Configuration factor between a cylinder and a finite plane.
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where

f ðfÞ ¼ X 1

X 2
1 þ f2

� X 1

pðX 2
1 þ f2Þ

(
cos�1 g2

g1

� 1

2Z1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2

1 þ 4Z2
1

q
cos�1 g2

g1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X 2

1 þ f2
q

0
B@

1
CA

2
64

þg2 sin�1 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X 2

1 þ f2
q

0
B@

1
CA� pg1

2

3
75
9>=
>;; ð20aÞ

with

X 1 ¼ 2a=d; Y 1 ¼ 2b=d; Z1 ¼ 2c=d; ð20bÞ
g1 ¼ X 2

1 þ Z2
1 þ f2 � 1; g2 ¼ Z2

1 � X 2
1 � f2 þ 1: ð20cÞ

From the reciprocity relation,

AIF I;II ¼ AIIF II;I; ð21Þ

the configuration factor from cylinder surface II to plane I,
FII,I, can be obtained as:

F II;I ¼
b
pd

F I;II: ð22Þ
Since both the cylinder and the plane are symmetrical, the
configuration factor FII,I is identical to F II0þII00;I0 , as shown
in Fig. 5b:

F II;I ¼ F II0þII00 ;I0 ; ð23Þ

where I0 is half of plane I, and II0 and II00 are both a quarter
of the full cylinder surface.

For the case studied, the configuration factor F 5D0 corre-
sponds to that from II00 to I0, so F II0 ;I0 is needed. Based on
the physical definition of the configuration factor and by
noting that the energy emitted from surface II00 cannot
reach surface I0, the value of F II0;I0 is twice that of
F II0þII00;I0 , namely:

F II0;I0 ¼ 2F II0þII00;I0 ¼ 2F II;I ¼
2b
pd

F I;II: ð24Þ

Then, F 5D0 can be obtained as long as the same dimensions
in Fig. 4 are used, as:

F 5D0 ¼ F II0 ;I0 : ð25Þ

After F 5D0 is known, the configuration factors, F5D, F5S,
F5B, F9S, F9D and F12D, can be obtained from Eqs. (16),
(17) and (18).

The calculation of FAS and FAD is more straightforward,
and the following cross-relationship holds:

4F AS þ F AD ¼ 1: ð26Þ

The formulations of FAS, FAD and F57 can be found in
[29,30], and hence will not be repeated here.

5. Results and discussion

To demonstrate the predictive capability of the model, a
FeCrAlY foam sample with 60 ppi and 5% relative density
having the same physical dimensions and boundary condi-
tions as the test sample [30] is considered. From Eqs. (13a),
(A.5), (A.6), (B.5) and (B.6), it is seen that the analytical
solution depends on the irradiation series of J B; J

ð1Þ
B ;

J ð2ÞB ; . . . ; J ðMþ1Þ
B and J B;�Y ; J

ð1Þ
B;�Y ; J

ð2Þ
B;�Y ; . . . ; J ðN cell�Mþ1Þ

B;�Y . Here,
the model is said to have first-order accuracy if only
ðJ B; J

ð1Þ
B Þ and ðJ B;�Y ; J

ð1Þ
B;�Y Þ are reserved, with terms

ðJ ð2ÞB ; . . . ; J ðMþ1Þ
B Þ and ðJ ð2ÞB;�Y ; . . . ; J ðN cell�Mþ1Þ

B;�Y Þ neglected.
Physically, the first-order accuracy implies that the calcu-
lated radiation for one unit cell only accounts for the con-
tribution from the immediately adjacent neighboring cells.
Similarly, for second-order accuracy, the model keeps the
JB and JB,�Y series up to J ð2ÞB and J ð2ÞB;�Y , i.e., the two-layer
neighboring cells are included in the calculation. Fig. 6
compares the analytically predicted radiative conductivity
kr with test data taken from [30] for the temperature range
of 300–800 K. To extract the net radiative contribution
from the total conductivity measured in vacuum, the ana-
lytical model of solid conduction [8] has been used. Fig. 6
reveals that the analysis based only on the neighboring cells
is not accurate, as the predicted kr based on the first-order
accuracy model has a value less than half of the full analyt-
ical solution, but the predictions based on the sixth-order
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Fig. 6. Predicted effective radiative conductivity plotted as a function of
temperature for FeCrAlY foam with 60 ppi and 5% relative density;
experimental data from [30] are included for comparison.
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Fig. 8. Predicted effective radiative conductivity plotted as a function of
temperature for FeCrAlY foam with 30 ppi and 10% relative density;
experimental data from [30] are included for comparison.
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accuracy are very close to the full analytical solution
(Fig. 6).

For the other four foam samples with different cell sizes
and relative densities that are tested in [30], the results are
shown in Figs. 7–10 together with model predictions. These
results show that the analytical solution predicts the correct
trend of the experimental curve, although the predictions
are about 10–20% less than those measured. Given the
complexity of the thermal radiation process and the vari-
ous assumptions made to simplify the analysis (e.g., ideal-
ized foam structure, linear temperature variation,
spectrally independent radiation properties, and uncer-
tainty of the solid material emissivity, e), the accuracy of
the present analytical model is considered reasonable.
0.6

Fig. 9. Predicted effective radiative conductivity plotted as a function of
temperature for FeCrAlY foam with 60 ppi and 10% relative density;
experimental data from [30] are included for comparison.
5.1. Reflectance effect

The present analysis based on a model structure shows
that both the solid emission and reflectance contribute to
the radiative conductivity. The predicted radiative conduc-
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Fig. 10. Predicted effective radiative conductivity plotted as a function of
temperature for FeCrAlY foam with 90 ppi and 5% relative density;
experimental data from [30] are included for comparison.
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Fig. 7. Predicted effective radiative conductivity plotted as a function of
temperature for FeCrAlY foam with 30 ppi and 5% relative density;
experimental data from [30] are included for comparison.
tivity with and without the effect of reflectance is shown in
Fig. 11, and it can be seen that the contribution of reflec-
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Fig. 11. Effect of reflectance on thermal radiation for FeCrAlY foam with
60 ppi and 5% relative density.
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Fig. 13. Effect of temperature gradient on radiative conductivity of
FeCrAlY foam with 60 ppi and 5% relative density.
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tance is very significant, accounting for approximately 40%
of the total radiative conductivity.
5.2. Influence of solid emissivity

It is known that the emissivity of a solid material varies
significantly, and it is dependent upon surface situations
(e.g., roughness) and temperature. Generally, the emissivity
of steel varies between 0.3 and 0.8 [16]. Fig. 12 shows the
effect of solid emissivity on the predicted radiative heat
transfer at a given temperature T = 750 K. It is seen that
the variation of solid emissivity between 0.3 and 0.8 has
negligible effect on the predicted results. Even though a lar-
ger emissivity can lead to higher emitting radiation, the
reflectance contribution will become smaller. The com-
bined effect of emission and reflectance contributions deter-
mines the overall effect on the radiative heat transfer.
5.3. Temperature gradient effect

To measure the effective thermal conductivity experi-
mentally, a temperature gradient must be imposed on the
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Fig. 12. Influence of solid emissivity on radiative conductivity for
FeCrAlY foam with 60 ppi and 5% relative density.
foam sample, and the effective conductivity obtained is
expressed in terms of the mean sample temperature [30].
The sensitivity of the predicted radiative conductivity to
variations in the imposed temperature difference DT

between the top and bottom surfaces of the foam sample
of fixed thickness 25 mm and mean sample temperature
Tm = 750 K is shown in Fig. 13.

It can be seen from Fig. 13 that the temperature gradient
effect is small for the temperature range studied: less than
5% between DT = 10 K and DT = 400 K. For the experi-
mental data obtained in [30], the maximum temperature
difference imposed is about 50 K, so the uncertainty due
to temperature gradient is less than 2%, as shown in
Fig. 13.

5.4. Strut shape effect

In the analysis thus far the cell struts of the model metal
foam have been modeled as circular cylinders, although the
cross-sectional shape of the cell strut of a real metal foam is
irregular. Throughout the analysis, the effect of different
strut shapes is only brought in by the configuration factors
and the strut surface area. Statistically, the configuration
factors between the solid struts and the void surfaces within
a unit cell should be essentially identical as long as the
porosity remains unchanged and high (>90%).

Consequently, only the effect of strut surface areas for
different strut shapes will be considered. Here, a triangular
cross-sectional shape is assumed based on the same cross-
sectional area of the circular cylindrical strut, as shown
in Fig. 14. The calculations are shown in Fig. 15 for the
foam sample with 60 ppi and 5% relative density. It can
be seen that the strut shape effect on the thermal radiation
is small. This can be attributed to the large porosity of the
metal foam (>90%), so the porosity and the practical foam
structure should have more significant effects. This obser-
vation is important, as it proves the validity of the previous
effective medium approach based on the diffusion approx-
imation utilizing the Rosseland mean coefficient [31], where
the effect of strut shape is neglected.



Fig. 14. Cylindrical solid strut versus triangular solid strut.
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Fig. 15. Effect of solid strut cross-sectional shape on radiative conduc-
tivity of FeCrAlY foam with 60 ppi and 5% relative density.
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Fig. 16. Effect of cell size on radiative conductivity of FeCrAlY foam with
60 ppi and 5% relative density.
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Fig. 17. Effect of relative density on radiative conductivity of FeCrAlY
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938 C.Y. Zhao et al. / International Journal of Heat and Mass Transfer 51 (2008) 929–940
5.5. Effect of basic foam parameters

Three independent parameters characterizing a cellular
metal foam have been identified in previous studies
[10,11], namely, relative density (qr), pore size ðd 0pÞ, and lig-
ament diameter (d). The cross relationship amongst the
three parameters can be written as [10,11]:

d
d 0p
¼ 1:18

ffiffiffiffiffiffiffiffiffiffiffiffi
1� /

3p

r
1

1� e�ðð1�/Þ=0:04Þ

� �
; ð27Þ

where /(=1 � qr) is the porosity.
The predicted effect of cell size on the radiative conduc-

tivity of a foam with a fixed average temperature of 750 K
and a fixed relative density of 5% is shown in Fig. 16. It is
seen that the radiative conductivity increases linearly with
increasing cell size. As the cell size increases, from Eq.
(27) it is known that the solid strut diameter, d, also
increases in order to maintain the same relative density.
This implies that more radiation will be emitted and
reflected by the solid strut surfaces, and hence a bigger cell
size leads to a larger ‘‘penetration thickness”. Larger ‘‘pen-
etration thickness” means that more heat can be directly
transferred by thermal radiation to a deeper thickness of
the foam before it decays to a lower level. This process
greatly reduces the total thermal resistance and results in
a higher effective radiative conductivity, as exhibited in
Fig. 16. The same conclusion has been reached in the mea-
surements [30].

Fig. 17 presents the effect of foam relative density on the
radiative conductivity for a fixed cell size (1 mm) and a
fixed average foam temperature of 750 K. It is seen that
the radiative conductivity increases with increasing relative
density, reaching gradually a plateau. At a given cell size, a
larger relative density leads to a larger strut diameter
according to (27). More radiation will therefore be emitted
by the solid strut surfaces, but more solid strut surfaces at a
given cell size will obstruct the thermal radiation trans-
ferred to a deeper foam thickness. In other words, the
‘‘penetration thickness” becomes smaller or, equivalently,
the extinction coefficient becomes larger. The combined
effects dictate the trend shown in Fig. 17.

From the well-established effective solid conductivity
model [8], the effect of foam parameters on effective solid
conductivity can be obtained, and the results are shown
in Figs. 16 and 17 together with the radiative conductivity.
For a fixed relative density, the effective solid conductivity
is independent of the cell size, whereas it linearly increases
with the relative density at a given cell size.

From Figs. 16 and 17, it is seen that the total effective
thermal conductivity (sum of effective solid conductivity
and radiative conductivity) of a metal foam increases with
increasing cell size and increasing relative density.
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6. Conclusions

An explicit analytical model is developed to describe the
thermal radiation process in open-celled metal foams with
idealized cellular morphologies. The results show that the
contribution of reflectance to radiation can be as high as
50% and hence cannot be neglected. The radiative conduc-
tivity increases linearly with increasing cell size for a fixed
relative density, but for a given cell size increasing the rel-
ative density has a relatively small effect on the radiative
conductivity due to the combined effect of increased emis-
sion and extinction. There is a slight drop in the radiative
conductivity when the temperature gradient imposed on
the foam sample is increased (but with the average foam
temperature kept unchanged). The model predicts the cor-
rect trend of the experimentally measured conductivity ver-
sus temperature curve for steel alloy foams, although the
predicted conductivity is in general 10–20% below that
measured. This has been attributed to the various assump-
tions introduced to simplify the analysis, e.g., cubit unit
cell, spectrally independent radiation properties, and
uncertainty of the solid material emissivity.
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Appendix A

Eq. (10) gives the irradiation on surface B, JB, which is
also the qr,Y in the (I � 1)th unit cell. Similarly,

J ð1ÞB ¼ b1erðT þ 2DT Þ4 þ b2J ð2ÞB þ b3J ð2ÞA ; ðA:1aÞ
J ð2ÞB ¼ b1erðT þ 3DT Þ4 þ b2J ð3ÞB þ b3J ð3ÞA ; ðA:1bÞ
. . .

J ðMÞB ¼ b1erðT þ ðM þ 1ÞDT Þ4 þ b2J ðMþ1Þ
B þ b3J ðMþ1Þ

A ;

ðA:1mÞ
where J ðMþ1Þ

B is the emitting radiation from the bottom
boundary of the foam sample having temperature Th, given
by:

J Mþ1
B ¼ erT 4

h: ðA:2Þ
Since J A; J

ð1Þ
A ; . . . ; J ðMþ1Þ

A appear in the above series of equa-
tions, their formulations need to be specified, as illustrated
below.

By symmetry, the irradiation on the side surface A, JA, is
identical to the irradiation on the side surfaces C, D, and E,
i.e., JA = JC = JD = JE. The formulation of JA for the Ith
unit cell is similar to that for JB given in Eq. (8), with:

J A ¼
½2ðA5F 5D þ A9F 9DÞ þ A12F 12D�

AA
erT 4 þ J AF AD

þ J CF CD þ J EF ED þ J BF BD

þ 2ðA5F 5SJ B þ 2A5F 5DJ AÞ
AA

qF 5D

þ 3ð3A9F 9DJ AÞ
AA

qF 9D

þ 11A5F 57ð2F 5D þ 3F 9DÞ
AA

qerT 4; ðA:3Þ

where F5D, F9D and F12D are the configuration factors from
strut surfaces 5, 9 and 12 to side surface D, FAD, FCD and
FED are the configuration factors from side surfaces A, C

and E to surface D, and FBD is the configuration factor
from surface B to surface D. The first line in (A.3) repre-
sents emission, whereas the second and third lines are the
contributions from reflectance.

The relationship between JA and JB for the Ith unit cell
is built via Eq. (12a). Similarly, the following series of
equations can be obtained for all unit cells beneath the
Ith cell:

J ð1ÞA ¼ a1erðT þ DT Þ4 þ a2J ð1ÞB ; ðA:4aÞ
J ð2ÞA ¼ a1erðT þ 2DT Þ4 þ a2J ð2ÞB ; ðA:4bÞ
. . .

J ðMþ1Þ
A ¼ a1erðT þ ðM þ 1ÞDT Þ4 þ a2J ðMþ1Þ

B : ðA:4mÞ

Once J A; J
ð1Þ
A ; . . . ; J ðMþ1Þ

A are known, JB can be determined
by substituting (11) and (A.4) into (10) and (A.1), yielding:

J B ¼ ðb1 þ b3a1ÞerðT þ DT Þ4 þ ðb2 þ b3a2ÞJ ð1ÞB ; ðA:5aÞ
J ð1ÞB ¼ ðb1 þ b3a1ÞerðT þ 2DT Þ4 þ ðb2 þ b3a2ÞJ ð2ÞB ; ðA:6aÞ
J ð2ÞB ¼ ðb1 þ b3a1ÞerðT þ 3DT Þ4 þ ðb2 þ b3a2ÞJ ð3ÞB ; ðA:6bÞ
. . .

J ðMÞB ¼ ðb1 þ b3a1ÞerðT þ ðM þ 1ÞDT Þ4

þ ðb2 þ b3a2ÞJ ðMþ1Þ
B : ðA:6mÞ
Appendix B

The radiation heat flux in the negative direction on the
top void surface B of the Ith unit cell, JB,�Y, can be
obtained as:

J B;�Y ¼ b1erðT � 2DT Þ4þb2J ð1ÞB;�Y þb3J ð1ÞA;�Y ; ðB:1Þ
J ð1ÞB;�Y ¼ b1erðT � 3DT Þ4þb2J ð2ÞB;�Y þb3J ð2ÞA;�Y ; ðB:2aÞ
J ð2ÞB;�Y ¼ b1erðT � 4DT Þ4þb2J ð3ÞB;�Y þb3J ð3ÞA;�Y ; ðB:2bÞ
. . .

J ðNÞB;�Y ¼ b1erðT �ðN þ 2ÞDT Þ4þb2J ðNÞB;�Y þb3J ðNþ1Þ
A;�Y ; ðB:2nÞ



940 C.Y. Zhao et al. / International Journal of Heat and Mass Transfer 51 (2008) 929–940
where N = Ncell �M. Similarly, by considering the radia-
tion from all unit cells lying above the Ith cell, one obtains:

J A;�Y ¼ a1erðT � DT Þ4 þ a2J B;�Y ; ðB:3Þ
J ð1ÞA;�Y ¼ a2J ð1ÞB;�Y þ a1erðT � 2DT Þ4; ðB:4aÞ
J ð2ÞA;�Y ¼ a2J ð2ÞB;�Y þ a1erðT � 3DT Þ4; ðB:4bÞ
. . .

J ðNÞA;�Y ¼ a2J ðNÞB;�Y þ a1erðT � ðN þ 1ÞDT Þ4; ðB:4nÞ

where the nondimensional coefficients a1 and a2 are found
in Eqs. (12b) and (12c).

Finally, substitution of (B.3) and (B.4) into (B.1) and
(B.2) yields the following series equations for JB,�Y:

J B;�Y ¼ðb1þb3a1ÞerðT �2DT Þ4þðb2þb3a2ÞJ ð1ÞB;�Y ; ðB:5Þ
J ð1ÞB;�Y ¼ðb1þb3a1ÞerðT �3DT Þ4þðb2þb3a2ÞJ ð2ÞB;�Y ; ðB:6aÞ
J ð2ÞB;�Y ¼ðb1þb3a1ÞerðT �4DT Þ4þðb2þb3a2ÞJ ð3ÞB;�Y ; ðB:6bÞ
. . .

J ðNÞB;�Y ¼ðb1þb3a1ÞerðT �ðN þ1ÞDT Þ4

þðb2þb3a2ÞJ ðNþ1Þ
B;�Y ; ðB:6nÞ

where J ðNþ1Þ
B;�Y is the radiation heat flux emitted from the

upper boundary of the foam sample with temperature Tc:

J ðNþ1Þ
B;�Y ¼ erT 4

c ; ðB:7Þ
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