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Abstract

This paper presents results from experimental measurements on radiative transfer in FeCrAlY (a steel based high

temperature alloy) foams having high porosity (95%) and different cell sizes, manufactured at low cost from the sin-

tering route. The spectral transmittance and reflectance are measured at different infrared wavelengths ranging from 2.5

to 50 lm, which are subsequently used to determine the extinction coefficient and foam emissivity. The results show that

the spectral quantities are strongly dependent on the wavelength, particularly in the short wavelength regime (<25 lm).

Whilst the extinction coefficient decreases with increasing cell size, the effect of cell size on foam reflectance is not

significant. When the temperature is increased, the total extinction coefficient increases but the total reflectance de-

creases. An analytical model based on geometric optics laws, diffraction theory and metal foam morphology is

developed to predict the radiative transfer, with cell size (or cell ligament diameter) and porosity identified as the two

key parameters that dictate the foam radiative properties. Close agreement between the predicted effective foam con-

ductivity due to radiation alone and that measured is observed. At fixed porosity, the radiative conductivity of the metal

foam increases with increasing cell size and temperature.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The transport of heat in highly porous, cellular

metallic foams with open cells has been studied exten-

sively in recent years [1–17]. The motivation is attributed

to the high surface area to volume ratio as well as en-

hanced flow mixing due to the tortuosity of metal foams.

Furthermore, metallic foams have attractive mechanical

(e.g., stiffness, strength and energy absorption) and

sound absorption properties [10], and can be processed

in large quantity at low cost via the metal sintering route

[13]. However, the focus of most previous studies has

been placed on either the convective or conduction heat

transfer at relatively low temperatures. Apart from low-
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temperature applications (e.g., compact heat exchangers

for electronics cooling [1,10,13]), open-celled metal

foams can also be used in high-temperature applications

such as the porous radiant burner and acoustic liner in

combustors [18,19]. For such high-temperature appli-

cations, radiation in metal foams is significant.

Zhao et al. [20] measured the effective thermal con-

ductivity of one type of high temperature metal foam,

FeCrAlY (Fe 73%, Cr 20%, Al 5%, Y 2%) foams, as a

function of temperature in the range of 300–800 K under

both atmospheric and vacuum conditions. The overall

effect of thermal radiation on the whole thermal trans-

port process (conduction, radiation and natural con-

vection) for FeCrAlY foams having different cell sizes

and porosities was quantified [20]. The results show that

the contribution of radiative transfer (and natural con-

vection [11]) increases significantly with increasing tem-

perature, accounting for up to 50% of the effective

(apparent) foam conductivity. Even though the contri-

bution of natural convection can be excluded under
ed.
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Nomenclature

C, C1, C2 constants

Cs correction scan of source with sample

Ce correction scan of source without sample

di inner diameter of cell ligament, m

do outer diameter of cell ligament, m

dp cell size, m

D0 dark sample scan for zero offset

E emissive power

f influence function, Eq. (24)

I , Ik total intensity and spectral intensity of

radiant energy

K, Kk total and spectral extinction coefficient, 1/m

KR Rosseland mean extinction coefficient, 1/m

K�
k weighted spectral extinction coefficient, 1/m

kc effective thermal conductivity due to con-

duction, W/mK

ke effective thermal conductivity of metal

foam, W/mK

kr effective radiative thermal conductivity, W/

mK

L sample height, m

m complex refractive index

n constant

q heat flux, W/m2

Rf reference scan (hemisphere radiance)

S sample scan (sample radiance)

T temperature, K

Greek symbols

a, ak absorption coefficient and spectral volume

absorption coefficient

v non-dimensional size parameter

eeff total emissivity

ek;eff spectral emissivity

k wavelength, m

qeff total reflectance

qk;eff spectral reflectance

r Stefan–Boltzman constant

rs scattering coefficient

s, sk total transmittance and spectral transmit-

tance

/ porosity of foam

Uk spectral volumetric phase function of scat-

tering
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vacuum conditions, it is still difficult to isolate the

thermal radiation effect from the effective conductivity

measurements. Alternatively, by using analytical models

of effective foam conductivity due to solid conduction

alone [3,6,8], the radiation contribution can be obtained

by subtracting the conduction part from the measured

overall conductivity [2,20]. However, this is only an

indirect method for studying radiation, which depends

not only on the overall conductivity measurement but

also on a reliable model of solid conduction in the metal

foam. At present, there is little understanding on the real

transfer mechanisms of radiation in metal foams.

In order to develop a theoretical model to predict the

radiative properties of metal foams, the details of radi-

ation must be investigated. The transport process of

radiation in metal foams is complicated because of the

complex cellular morphology and the inherent com-

plexities associated with the transport mechanism itself.

Although numerous studies on thermal radiation [21–34]

have been carried out for polymer foams and fibrous

insulations, little information can be found in the open

literature on radiative heat transfer in metallic foams.

Since metal foams have much higher effective solid

conductivities (kc > 10 W/mK) and larger diameters of

cell ligaments (do ¼ 30–800 m), in contrast with the

commonly used thermal insulation foams (kc < 1 W/mK

and do ¼ 3–20 lm), it is expected that their radiative

properties will be considerably different from those of
the insulation foams. Consequently, previous theoretical

and experimental results on insulation foams are not

(directly) applicable to metal foams.

The objective of the present study is to use a com-

bined experimental and theoretical study to explore the

radiation mechanisms in open-celled cellular metal

foams. The metal foam will be considered as a semi-

transparent medium capable of absorbing, emitting and

scattering thermal radiation. The spectral transmittance

and reflectance of FeCrAlY foams with different cell

sizes but fixed porosity (�95%) will be measured over

the temperature range of 300–800 K, and subsequently

used to determine the spectral extinction coefficient as

well as the total emissivity and extinction coefficient. The

radiative conductivity deduced from the overall thermal

conductivity measured with the guarded hot plate

apparatus in vacuum will also be presented, and com-

pared with the predictions from an analytical model

built upon geometric optics laws, diffraction theory and

metal foam morphology.
2. Metal foam samples

The microstructure of a typical cellular metal foam

having open cells consists of ligaments forming a net-

work of inter-connected dodecahedral-like cells, as

shown in Fig. 1. The cells are randomly oriented, and



Fig. 1. FeCrAlY foam manufactured with the sintering route.
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mostly homogeneous in size and shape. Pore size may be

varied from approximately 0.2 to 7 mm. The relative

density––defined as the ratio of the density of the foam

to that of the solid of which the foam is made––can be

varied from 3% to 15% (this can be further increased by

compression if needed [7]). Alloys and single-element

materials are available. Common materials include

copper, aluminum, nickel, and steel. The distinctive

feature of metal foams processed by the metal sintering
Table 1

Specifications of test samples

ppi (pores per inch) 30

Relative density (%) 5

Cell size (mm) 0.847

Dimension for transmittance:

length ·width· thickness (mm)

40 · 40· 10

Dimension for reflectance:

length ·width· thickness (mm)

n.a.

Fig. 2. (a) Typical hollow cell ligament and (b
technique is that the cell edge struts (ligaments) are

hollow (Fig. 2) compared to the solid struts of metal

foams manufactured via the more expensive investment

casting route that are studied in [1–7].

A total of three FeCrAlY foam samples with a fixed

porosity of 95% but different cell sizes––30, 60 and 90

ppi (pores per inch)––were produced via the sintering

route and supplied by Porvair Fuel Cell Technology. Of

the methods suitable for producing metal foams, the

metal sintering method offers the most promise as a

method that is capable of economically producing mil-

lions of components annually [13]. The process is similar

to the production of ceramic foams that are used in

molten metal filtration (and many other applications),

except in the heat treatment process. Heat treatment

needs, however, are identical to that required in powder

metal industry for sintering pressed and injection mol-

ded materials, which are mass-produced routinely.

The specimens were cut to 5–10 mm of thickness for

the spectral transmittance measurement and 25 mm for

the spectral reflectance measurement by using the elec-

trical discharge machine (EDM), which provides a good

quality cutting section without damaging foam struc-

tures. For each sample, the ratio of its smallest overall

dimension (thickness L) to its cell size is at least 10, and

hence the sample can be considered as an effective por-

ous medium. Specifications (ppi, cell size, relative den-

sity, width, length, height, etc.) of the foam samples

tested are given in Table 1.
60 90

5 5

0.423 0.282

40 · 40· 8 40 · 40· 5

40 · 40· 25 40 · 40· 25

) cylindrical cell ligament and notations.
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3. Experimental equipment and measurement procedures

The spectral transmittance and reflectance were

measured at NPL (National Physical Laboratory, UK).

As shown in Fig. 3, the equipment consists of a Perkin-

Elmer 580B spectrophotometer covering the infrared

wavelength range from 2.5 to 50 lm, a reflectometer/

transmissometer device and the associated cooling,

purging and digital recording systems. The whole system

was designed to fit in a large compartment. The essential

principle of reflectance measurement is shown in Fig. 4.

A 150 mm diameter hemispherical copper mirror in a

gimbal mounting is used to focus radiation from a
Fig. 3. Test facility for spectral transmittance and reflectance

measurement.

To monochromator

and detector.

To monochromator

and detector.

To monochromator

and detector

Fig. 4. Operating principle of hemispher
cylindrical ceramic source onto the neighboring sample

so as to produce a uniform hemispherical irradiation. A

small aperture only slightly larger than the cross section

of the measuring beam is located centrally in the hemi-

spherical mirror. A precision slide for the mounting bars

of the reflectometer allows it to be moved sideways to

reproducible positions that are adjustable with locked

stop-screws. One position is the normal position, with

the bars centrally aligned with the sample beam optical

axis, so that the beam axis passes through the sample

aperture. This allows the usual types of spectral scan to

record hemisphere mirror radiance (Fig. 4a) and sample

radiance (Fig. 4b). The other position is displaced 20

mm, so that the beam axis passes through the centre of

the source. This allows the two extra types of scan to be

made, with and without the presence of the sample (Fig.

4c and d), in order to consider the correction factor due

to the inter-reflection effect between the source and the

sample [35].

A total of nine scans are made in the following

sequence: Rf1, S1, Cs1, Ce1, D0, Ce2, Cs2, S2, Rf 2,

where

Rf reference scans (hemisphere radiance)

S sample scans (sample radiance)

Cs correction scans of source with sample

Ce correction scans of source without sample

D0 dark sample scan for zero offset

This sequence of scans is symmetrical with respect to

time, and hence is likely to nullify most of the effects of

instrumental drift. The spectral reflectance can then be

obtained as
Reference

Scan Position,

with no sample

present.

Sample Scan 

Position after 

Rotation.

Position for

Measuring Source

Radiance , with  

sample (c) or 

without sample (d)

(Mounting bars 

shifted by 20 mm)

(a)

(b)

(c) and  (d)

ical reflectometer/transmissometer.
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qk;eff ¼
S1þ S2� 2 � D0

Rf 1þ Rf 2� 2 � D0

� Ce1þ Ce2� 2D0

Cs1þ Cs2� 2D0

ð1Þ

where the first ratio is the usual apparent reflectance,

while the second ratio is the correction factor for the

inter-reflection effect between the heat source and sam-

ple [36].

For the transmittance measurement, the principle

and procedures are identical to the reflectance mea-

surement except that the hemisphere in Fig. 4b now

turns around by 180�, in order for the radiance of the

hemisphere to pass through the sample. The transmit-

tance (sk) is defined as the ratio of the thermal radiation

intensity IkðLÞ passing through the sample to the radia-

tion intensity before the sample Ikð0Þ:

sk ¼
IkðLÞ
Ikð0Þ

ð2Þ

During the measurement, the spectrophotometer system

is continuously purged of water vapor and carbon

dioxide by means of a recirculating air purifier. In order

to prevent local over-heating of the sample, the source is

markedly under-run and its temperature is maintained

at 950 K. For reflectance measurement, the sample is

backed by a water-cooled copper block to enhance the

heat dissipation, whilst for the transmittance measure-

ment the sample is cooled by a stream of water-free N2.

Thus, for both measurements, the sample temperature is

maintained at 30± 3 �C during the test. The infrared

source is stabilized using a unique constant-load-resis-

tance power supply that negates the effect of purging

draught. The overall uncertainty of the measurement at

the 95% confidence level is ±5% [35,36]. This mainly

arises from the presence of the necessary viewing aper-

ture, which causes the hemispherical irradiation of the

sample to be less than that expected owing to the missing

solid angle of the small aperture (Fig. 4).
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Fig. 5. Spectral transmittance of FeCrAlY foam with: (a) 30

ppi, (b) 60 ppi, and (c) 90 ppi.
4. Experimental results

4.1. Spectral transmittance, sk

For black bodies, the monochromatic emissive power

was derived by Planck by introducing the quantum

concept for electromagnetic energy as

EbkðT ; kÞ ¼
C1k

�5

eC2=kT � 1
ð3Þ

where C1 ¼ 3:743� 10�16 Wm2 and C2 ¼ 1:4387� 10�2

mK. By integrating Eq. (3) over the wavelength, it has

been established that over 90% of the thermal radiation

lies in the wavelength range between 2.5 and 50 lm for a

typical sample temperature of 800 K. Consequently, in

the present study, the spectral quantities have all been

measured for the wavelength range of 2.5–50 lm.
The measured transmittance is plotted as a function

of wavelength in Fig. 5a–c for FeCrAlY foam specimens

with a fixed relative density (5%) but different cell sizes

(Table 1). The results of Fig. 5 demonstrate that the

foam transmittance property is strongly dependent upon

the spectral wavelength. The transmittance initially in-

creases with increasing wavelength, reaching the first

peak at around 18 lm, and then decreases somewhat

before rising again sharply to the second peak at around
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25 lm; afterward the transmittance gradually decreases

and reaches a plateau. It is noticed that the transmit-

tance of all the three samples tested exhibit similar

dependence upon of the wavelength. These samples have

similar cellular structures and identical porosity (95%);

the only difference is their cell size: 0.28, 0.42 and 0.85

mm (Table 1). This implies that the same thermal radi-

ation mechanism is in force for these foams, with the

transmittance versus wavelength relation determined

mainly by the foam microstructures and solid material

properties as long as the porosity is sufficiently large.

4.2. Extinction coefficient

As an overall quantity, the transmittance presented in

Fig. 5 depends on the thickness of the foam sample. To

study the thermal radiation within a foam, its local

radiative property, the extinction coefficient Kk, is nee-

ded. Physically, the extinction coefficient represents the

decay rate of the radiation intensity passing through the

material and, for a homogeneous isotropic foam, it

should be independent of the sample thickness. It is

therefore a more general and meaningful material prop-

erty than the transmittance.

For radiant energy passing through a foam sample in

its thickness direction (x-direction) at wavelength k, the
decrease of its intensity Ik can be related to the extinction

as

dIk
dx

¼ �akIk � rskIk 
 �KkIk ð4Þ

where ak and rsk are the absorption and scattering

coefficient, respectively, their sum being the extinction

coefficient, Kk. Note that the self-emission by the foam

and the anisotropic scattering effect are neglected in (4),

as these are considered lesser effects in comparison with

that due to extinction. From (4), the relationship be-

tween the transmittance and extinction can be obtained

as

sk ¼
IkðLÞ
Ikð0Þ

¼ e�KkL ð5Þ

which, in turn, can be used to determine the spectral

extinction coefficient as

Kk ¼ � lnðIkðLÞ=Ikð0ÞÞ
L

¼ � lnðskðLÞÞ
L

ð6Þ

The spectral extinction coefficient calculated from (6) is

presented in Fig. 6 as a function of wavelength for all the

three samples. The extinction coefficient decreases

sharply as the wavelength is increased to about 15 lm,

and then maintains roughly at a constant level for

wavelengths larger than 25 lm (Fig. 6). The value of Kk

at short wavelength (<5 lm) is approximately twice that

at long wavelength (>25 lm). The results also show that
the extinction coefficient decreases with increasing cell

size, from about 420 1/m at 30 lm wavelength for the 90

ppi sample to about 240 1/m at the same wavelength for

the 30 ppi sample.

For engineering applications, the total extinction

coefficient K is a more commonly used material para-

meter than the spectral extinction coefficient Kk, as the

former represents the overall effect of energy decay

in the material. The total extinction coefficient is defined

as

K ¼ � lnðIðLÞ=Ið0ÞÞ
L

¼ � lnðsðLÞÞ
L

ð7Þ

where IðLÞ and Ið0Þ are the total intensities (spectrally

integrated) before and after the metal foam sample of

thickness L, respectively, whilst s is the total transmit-

tance given by

sðLÞ ¼
R1
0

IkðLÞdkR1
0

Ikð0Þdk
¼

R1
0

Ikð0Þsk dkR1
0

Ikð0Þdk
ð8Þ

The radiation intensity emitted from the black body

source is known [37]:

Ik ¼
Ebk

p
ð9Þ

where Ebk is the emissive power per unit wavelength, and

is given by Eq. (3).

Given the fact that there is no obvious change in the

physical and chemical properties of a FeCrAlY foam up

to 600 �C, the spectral transmittance sk measured at room

temperature is assumed applicable for all the tempera-

tures below 600 �C. However, the total transmittance s
does vary with temperature, due to the temperature

dependence of the spectral intensity in accordance with

Eq. (3). The total extinction coefficient K thus determined

is plotted as a function of temperature in Fig. 7. That K
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Fig. 7. Total extinction coefficient plotted as a function of

temperature for foams with different cell sizes (at fixed relative

density).
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increases (nearly linearly) with increasing temperature

(Fig. 7) can be explained by the fact that the proportion

of thermal radiation at short wavelengths will increase

with increasing temperature according to (3), and that

the spectral extinction coefficient is larger for shorter

wavelengths than that for the longer wavelengths, as

shown in Fig. 6. The results of Fig. 7 also reveal that the

total extinction coefficient decreases considerably with

increasing cell size.

4.3. Reflectance

For applications where metal foams are used as a

heat source, their external radiation property, the foam

reflectance, needs to be known. The measured spectral

foam reflectance qk;eff for two samples (60 and 90 ppi) is

shown in Fig. 8. The thickness of both samples is 25 mm,

which is sufficiently large to prevent the radiation pass-

ing through the sample. Fig. 8 shows that the spectral
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Fig. 8. Effect of cell size on spectral reflectance.
reflectance increases sharply with increasing wavelength

until it reaches a plateau at a wavelength of about 25

lm, and the effect of cell size is small. This implies that

the reflectance of the foam mainly depends on the sur-

face properties of cell ligaments and cellular structures

as long as the foam sample is sufficiently thick.

Similar to the total transmittance, the total reflec-

tance is defined as

qeff ¼
R1
0

Ikð0Þqk;eff dkR1
0

Ikð0Þdk
ð10Þ

Fig. 9 shows the total reflectance plotted as a function of

temperature for the two samples.

4.4. Emissivity

From the measured spectral reflectance, the spectral

emissivity of a foam can be obtained as

ek;eff ¼ 1� qk;eff ð11Þ

from which the commonly used total emissivity is cal-

culated as

eeff ¼
R1
0

Ikð0Þek;eff dkR1
0

Ikð0Þdk
¼ 1� qeff ð12Þ

Fig. 10 plots eeff as a function of temperature for the two

60 and 90 ppi samples tested.

It is emphasized that the reflectance and emissivity

presented hitherto refer to foam samples sufficiently

thick (25 mm) such that the radiation cannot pass the

sample. Also, the reflectance and emissivity thus mea-

sured are considered to be independent of sample

thickness, because the associated radiation process oc-

curs mainly at the foam surface and in the layers of cells

close to the surface: the radiation away from the surface

cannot be reflected outside the foam due to multiple

reflecting and scattering within the foam.
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4.5. Effective radiative conductivity kr

Apart from the radiative properties measured and

discussed above, the overall effective thermal conduc-

tivity of FeCrAlY foams in the temperature range of

300–800 K has been separately measured with the

guarded-hot-plate apparatus for both atmospheric and

vacuum conditions [20]. Under vacuum conditions, the

measured overall effective thermal conductivity, ke,
comprises two different heat transfer modes: solid con-

duction and thermal radiation.

For one-dimensional steady state heat transfer via

the conduction and radiation routes across a metal foam

in vacuum, the local heat flux averaged over a repre-

sentative unit cell of the foam can be approximately

written as

q ¼ qc þ qr ¼ �ðkc þ krÞ
dT
dx

¼ �ke
dT
dx

ð13Þ

where qc and qr represent separately the conduction and

radiation heat flux, and kc and kr are the corresponding

effective thermal conductivity due to conduction and

radiation, respectively.

Analytical formulations for the effective solid con-

ductivity, kc, of metal foams can be found in many pa-

pers, e.g., [6,8,20]. Models on their effective radiative

conductivity, kr, will be given in the next section by using

the volume averaging, continuous effective medium ap-

proach, and in a companion paper [38] by using the non-

continuous medium (periodic unit cell) approach. On

the other hand, the radiative conductivity can also be

obtained by subtracting the predicted conduction con-

ductivity kc using analytical models [6,8,20] from the

measured overall thermal conductivity ke [20]. The

radiative conductivity deduced in this way is plotted as a

function of temperature in Fig. 11 for the three samples

listed in Table 1. The results show that kr increases as the
cell size or temperature is increased. In general, the

extinction coefficient (the sum of the absorption and

scattering coefficients) decreases with increasing cell size,
and hence the corresponding ‘‘penetration thickness’’ is

larger than that associated with smaller cell sizes. Larger

‘‘penetration thickness’’ implies that more heat can be

directly transferred via radiation to deeper locations of

the foam sample, resulting in a higher radiative con-

ductivity as the cell size is increased.
5. Modeling based on the effective medium approach

For simplicity, the metal foam will be considered as a

semi-transparent, isotropic, effective medium capable of

absorbing, emitting, and scattering thermal radiation. In

principle, the calculation of combined radiation and

conduction in such a medium can be carried out by

using the radiation transfer equation in conjunction with

the energy conservation equation. In practice, however,

the strict form of the radiation transfer equation is often

not used due to its extreme complexity. Existing models

for semi-transparent media are primarily based on either

the two-flux approach or the diffusion approximation

utilizing the Rosseland mean coefficient.

Tong and Tien [21,22] and Lee [23–25] used the two-

flux model to study thermal transport in fibrous insu-

lations, assuming that the intensity of radiation in the

forward and backward directions can be represented by

two different but isotropic components. More recently,

Doermann and Sacadura [26], Baillis et al. [27,28],

Glicksman et al. [29,30], Kuhn et al. [31], Lee and

Cunnington [32,33] and Caps et al. [34], amongst others,

modelled thermal radiation in fibrous insulations by

using a diffusion approximation based on a combination

of the geometric optics laws and diffraction theory. Since

the latter approach can provide a better prediction and

clearer physical understanding on thermal radiation in

metal foams, it will be employed below. Furthermore,

metal foams are in general optically sufficiently thick

enough to satisfy the conditions of using this approach.
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The application of the diffusion-based method re-

quires the knowledge of three radiative properties:

absorption coefficient, scattering coefficient and phase

function. Mie [39] applied the electromagnetic theory

to derive these radiative properties based on the assump-

tion of independent interaction of thermal radiation

with individual particles when a plane monochromatic

wave is incident upon a spherical surface. Using the

Mie theory, Van de Hulst [40] examined the limiting

cases for very small and very large particles. However,

for the metal foams studied in this paper, the individ-

ual cell ligaments (Fig. 2) are joined together at the

junctions, so there is no reason to assume the single

independent scattering. Moreover, the presence of impu-

rities and any specially introduced alloy element addi-

tions for sintering enhancement may change noticeably

the radiative properties. Consequently, it is unlikely

that satisfactory predictions can be obtained with the

Mie theory for metal foams. In the following, an

analytical model based on the geometric optics laws,

diffraction theory and metal foam morphology will be

constructed to predict the foam radiative properties

(absorption, scattering and phase function) and heat

transfer.

5.1. Rosseland diffusion

As shown in Eq. (13), if the temperature gradient is

sufficiently small or the optical thickness is sufficiently

large, the local radiative heat flux mainly depends on the

local temperature gradient, and hence can be written in a

way similar to the diffusion-controlled Fourier conduc-

tion as

qr ¼ �kr
dT
dy

ð14Þ

The proposed formulation of the (effective) radiative

conductivity kr is based on a modified diffusion

approximation that accounts for scattering by the por-

ous (fibrous) medium. If the thickness of the foam

sample is large enough for it to be optically thick, its

radiative conductivity can be approximated by the

Rosseland equation [26–34] as

kr ¼
16rT 3

3KR

ð15Þ

where KR is the Rosseland mean extinction coefficient

defined by

1

KR

¼
Z 1

0

1

Kk

dEbkðT ; kÞ
dEbðT Þ

dk ð16Þ

Here, Ebk and Eb are the spectral and total emissive

power of a blackbody, respectively, with Ebk already

given in Eq. (3). The total radiation Eb is obtained by

integrating Eq. (3) over all wavelengths:
EbðT Þ ¼ rT 4 ð17Þ

where r ¼ 5:669� 10�8 W/m2 K4 is the Stefan–Boltz-

mann constant.

The Rosseland equation is valid when the medium

absorbs and scatters isotropically [41]. However, scat-

tering measurements by Glicksman et al. [29] have

shown that scattering by insulation foams that have

cellular morphologies similar to those of the metal

foams studied here is highly anisotropic. A weighted

spectral extinction coefficient K�
k has thence been sug-

gested to account for anisotropic scattering [41,42] in

place of Kk in Eq. (16) as

K�
k ¼ ak þ r�

sk ð18Þ

where ak is the spectral volumetric absorption coefficient,

and r�
sk is the weighted scattering coefficient, given by

r�
sk ¼ rskð1� hcos hikÞ ð19Þ

with

hcos hik ¼ 0:5

Z 1

�1

UkðhÞ cos hdðcos hÞ ð20Þ

Here, rsk is the spectral volumetric scattering coefficient,

whereas UkðhÞ is the spectral volumetric phase function

of scattering that has the physical interpretation of being

the scattered intensity in one direction, divided by the

intensity that would be scattered in this direction if the

scattering was isotropic.

In order to determine the weighted extinction coeffi-

cient K�
k , three parameters need to be known, namely,

spectral absorption coefficient ak, spectral scattering

coefficient rsk and phase function of scattering UkðhÞ. As

a result, the remaining task is how to make use of the

measured radiative properties presented in the previous

section to formulate the three parameters in terms of

foam morphological parameters and optical properties

of the solid material of which the foam is made.

5.2. Spectral absorption and scattering coefficients

The absorption and scattering of heat in a metal

foam is governed by electromagnetic field equations

and the associated boundary conditions at all interfaces,

and can be explained by local reflection, refraction, and

diffraction. When a thermal radiation wave strikes the

surface of a cell strut (Fig. 2), a portion of it is reflected,

while the remainder penetrates into the strut. The radi-

ation wave within the strut may experience some

absorption and multiple internal reflections before it

escapes out of the strut in different directions, giving rise

to scattering. This scattering process is the contribution

by refraction. The diffraction scattering process origi-

nates from the bending of the incident radiation wave

near the edge of the strut.
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The scattering and absorption characteristics of a

metal foam are essentially determined by five factors:

foam morphology, porosity, strut shape, strut size rela-

tive to the wavelength of the incident radiation, and

optical properties of the strut material. The cellular

morphology of FeCrAlY foams and their porosity levels

have been studied by Zhao and coworkers [8–10], and it

has been assumed that the hollow triangular cell strut

can be replaced by an equivalent cylinder of external

diameter do and internal diameter di. The fourth factor is

commonly expressed as a non-dimensional size para-

meter v 
 pdo=k. The last factor is designated by the

complex refractive index m. For most metals, the

refractive index has large values at wavelengths longer

than those in the visible regime; for example,

m ¼ 1:87þ 21:3i for copper and m ¼ 1:51þ 1:63i for

iron. The solutions of the electromagnetic fields are

usually expressed in the form of an infinite series or

complicated function of the aforementioned parameters.

However, simple expressions exist for some limiting

cases. The first of these is the small size limit or Rayleigh

limit, v � 1 [43,44]. The second is the large size or

geometric limit, v � 1.

The steel alloy foam studied in this paper can be used

in the temperature range between room temperature and

1000 �C. The corresponding wavelength varies between

0.5 and 30 lm, whereas the cell strut diameter is typi-

cally in the range of 60–350 lm [8–10]. As a result, the

size parameter v is in general larger than 10, allowing the

present study to focus on the geometric limit case. Un-

der such conditions, the radiative properties are mainly

dependent on the foam morphology, porosity and

optical properties of the strut material. Also, from the

measured results and the underlying physics of thermal

radiation, it is known that the extinction coefficient in-

creases in magnitude with decreasing cell size and

increasing relative density.

Consequently, the proposed model for predicting the

foam radiative properties is based on two independent

parameters––porosity / and strut diameter do (or pore

size dp)––that characterise the foam morphology as

rsk ¼ Cðqk þ 1Þ ð1� /Þn

2do
ð21Þ

ak ¼ Cð1� qkÞ
ð1� /Þn

2do
ð22Þ

The extinction coefficient then becomes:

Kk ¼ rsk þ ak ¼ C
ð1� /Þn

do
ð23Þ

Here, C and n are material constants to be determined,

and qk is the spectral reflectivity of the solid material. In

the present study, the strut material is assumed grey and

qk � 0:6 for steel [37]. Note that the radiative model
proposed by Tien [45] for packed beds can be recovered

by setting C ¼ 3 and n ¼ 1 in Eqs. (21)–(23) and

assuming that the solid material is opaque and grey,

with qk ¼ q ¼ 1� a ¼ 1� e.
For FeCrAlY foams, the constants C and n are

determined by using the measured spectral extinction

coefficient, as follows. Firstly, it is noticed that whilst

the predicted extinction coefficient of Eq. (23) is inde-

pendent of wavelength k, the measurements shown in

Fig. 6 reveal a strong wavelength dependence. To ac-

count for this spectral dependence and hence to match

the model predictions with the measured spectral ex-

tinctions (Fig. 6), the following influence function is

proposed to be used in conjunction with Eqs. (21)–

(23):

f ðkÞ ¼ 1þ e�2:4�105ðk�2:5�10�6Þ; k P 2:5� 10�6 m;

2; k < 2:5� 10�6 m

(

ð24Þ

Secondly, the cross-relationship between the strut

diameter do and pore size dp for FeCrAlY foams has

been established via image analysis as [4,8–10]:

do
dp

¼ 1:18

ffiffiffiffiffiffiffiffiffiffiffiffi
1� /
3p

r
1

1� e�ðð1�/Þ=0:04Þ

� �
ð25Þ
In comparison with the strut diameter do, the pore (cell)
size dp is much easier to measure and also more com-

monly used in industrial product specifications, and

hence dp will be used instead of do below. Substituting

(25) into (21)–(23) and then multiplying the right hand

side of each equation by the influence function f ðkÞ, one
obtains:

rsk ¼
C

0:38
1
�

� e�ð1�/Þ=0:04	ðqk þ 1Þ

� ð1� /Þn�0:5

2dp
f ðkÞ ð26Þ

ak ¼
C

0:38
1
�

� e�ð1�/Þ=0:04	ð1� qkÞ

� ð1� /Þn�0:5

2dp
f ðkÞ ð27Þ

Kk ¼
C

0:38
1
�

� e�ð1�/Þ=0:04	 ð1� /Þn�0:5

dp
f ðkÞ ð28Þ
Finally, the constants C and n are determined by

matching the predicted spectral extinction coefficients

from (28) with those measured, as shown in Fig. 12. It is

found that n ¼ 1 for all the three samples tested, and

C ¼ 0:445, 0.278 and 0.30 for the 30, 60 and 90 ppi foam

sample, respectively.
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5.3. Phase function

When the strut size is much larger than the wave-

length (v � 1) and the refractive index not very small

(m ¼ 1:51þ 1:63i for iron), which is the case of the

studied metal foam, the geometric optics in conjunction

with the diffraction theory can be used to predict the

phase function of scattering UkðhÞ. According to Brew-

ster [46], v ¼ 5 is the lowest value for which the phase

function predicted by geometric optics combined with

the diffraction theory can match reasonably well with

that derived from the Mie theory. For open-celled

polymer foams, this approach results in [26]:

UkðhÞ ¼
qkUrkðhÞ þ UdkðhÞ

1þ qk

ð29Þ

where UrkðhÞ and UdkðhÞ are the spectral phase function

due to reflection and diffraction, respectively.

Since the phase function due to diffraction is ex-

tremely complicated and its effect on foam radiative

properties has been found to be negligibly small [26], it

will not be considered in the present study. For large

opaque particles considered here, the phase function due

to diffuse reflection is proposed [40,46]:

UkðhÞ ¼
8

3p
ðsin h � h cos hÞ ð30Þ
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Fig. 15. Comparison between predicted and measured radiative

conductivity for 90 ppi foam sample.
5.4. Prediction versus measurement

Once the spectral absorption coefficient, the spectral

scattering coefficient and the phase function are known

for a metal foam, its radiative conductivity kr and other

associated radiative properties can be obtained by

solving Eqs. (15)–(20) and (26)–(30). The predicted re-

sults for the three FeCrAlY foam samples with different

cell sizes but fixed porosity are shown in Figs. 13–15,

and compared with those measured with the guarded
F

c

hot plate apparatus in vacuum [20]. Whilst for the 60 ppi

sample the agreement is very good, the predicted
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radiative conductivity is approximately twenty percent

smaller than that measured for the other two samples.

Given the complexity of thermal radiation in cellular

foams and the various assumptions made in the present

analytical modeling, the agreement between theory and

experiment is considered reasonable.
6. Conclusions

The spectral transmittance and reflectance of highly

porous steel alloy foams with open cells have been

measured, which are then used to determine the extinc-

tion coefficient and emissivity. It is found that the

spectral quantities are strongly dependent on the wave-

length, particularly in the short wavelength regime (<25

lm). With the porosity fixed at 95%, the extinction

coefficient of the foam decreases with increasing cell size,

and its total extinction coefficient increases as the tem-

perature is increased. The cell size has only a small effect

on the foam reflectance, whilst the total reflectance

decreases with increasing temperature. The radiative

conductivity of the metal foam is obtained by first

measuring its overall thermal conductivity in vacuum

with the guarded hot plate apparatus, and then using

results from analytical modeling to exclude the effect of

solid conduction. With the porosity fixed, the radiative

conductivity is found to increase with increasing cell size

and increasing temperature. Based on the Rosseland

diffusion equation and the metal foam microstructure,

an analytical model has been developed to predict the

foam conductivity due to thermal radiation alone. The

prediction is compared with that measured, and satis-

factory agreement has been obtained.
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