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where Pr is the Prandtl number, µ is the nondimensional tempera-
ture, µ D T=Treference , subscriptss and w correspondto the � uid tem-
perature at the wall and the wall temperature, and a D .d2µ=d´2/0=
.dµ=d´/0.

Conclusions
The velocityslip and temperaturejump boundaryconditionswere

derived for Kn · 0:5. Velocity gradient on the wall was obtained
from the expansion of the gradient on Knudsen layer unlike the
previous analyses that used the expansion of velocity itself. The
slip velocitiescalculatedfrom the presentstressboundarycondition
agreed well with the linearized Boltzmann results.
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Introduction

S EMITRANSPARENT material (STM), in which the nature of
the radiative transfer can provide a positive or negative inter-

nal heat source, is widely applied to engineering. Recently, some
researchers have focused on coupled radiation and conduction in
a two-layer or multilayer planer STM, such as Ho and Özisik,1

Spuckler and Siegel,2 and Siegel.3 The ray tracing/nodal analysis
method was provided in Refs. 4 and 5 to obtain transient temper-
atures in a single-layer nonscattering STM and isotropically scat-
tering STM, respectively. After that, Refs. 6 and 7 extended this
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method to a two-layer, isotropically scattering STM with the semi-
transparent or the opaque boundaries, respectively. Some conclu-
sions were drawn, for example, when one side is heated and the
other is cooled, the temperature maximums can appear inside the
compositewith both semitransparentboundaries6; however,for both
opaque boundaries the temperature maximums only appear at the
heated boundary.7 The derivation of this method is extended here
for a two-layer, isotropicallyscatteringand nongraycompositewith
one semitransparent boundary and one opaque boundary, and the
emphasis is placed on investigatingwhether the peak value of tem-
peraturewill appearinsidethe compositeand the effectsof refractive
index and conduction-radiationparameter on temperature distribu-
tion. The nomenclature used herein is the same as that of Refs. 6
and 7.

Analysis
A two-layer planar STM with one semitransparent boundary S1

and one opaque boundary S2 , as shown in Fig. 1, is located between
two black surfaces S¡1 and SC1 , which, respectively, denote the
outside surroundings. The re� ectivities of surfaces S1, SP , and S2

are ½1 , ½P , and ½2; the transmissivitiesof semitransparent surfaces
S1 and SP are °1 and °P . The composite is divided into M control
volumes. For this physicalmodel the energy equation and the radia-
tive heat source for the transient coupled radiation and conduction
are the same as those in Ref. 5, but the radiative transfer coef� cient
(RTC) and the boundary conditionsneed to be rededuced.The RTC
is de� ned as the total quotient of the radiative energy arriving at the
investigatedelement in the transfer process and the radiativeenergy
emitted by another one. The transfer process of radiative energy
in a scattering STM can be divided into two subprocesses: a non-
scatteringsubprocessanda scatteringsubprocess.5 The derivationof
scatteringsubprocess5 is not providedhere becauseit is independent
of the radiative properties of the boundary surfaces. The notation
for RTC given in Refs. 6 and 7 is still used, that is, .Su Sv/k , .Su V j /k ,
and .Vi V j /k denote RTCs of surface Su transferring to surface Sv ,
surface Su transferring to volume V j , and volume Vi transferring
to volume V j for nonscatteringmaterials, respectively;and [Su Sv]k ,
[Su V j ]k , and [Vi V j ]k denoteRTCs for scatteringmaterials. Su and Sv

denote surface S¡1 or S2; Vi and V j denote the i th and j th control
volumes, respectively;and subscriptk refers to the spectral band of
interest.

Radiative Transfer Coef� cient
Take .S¡1V j /k as an example and assume that V j belongs to

the second layer. The deductive process used in determining the
RTCs for diffuse re� ection are provided here through tracing the
radiative energy by using the philosophy of the ray tracing method
in combinationwith the directradiativetransfercoef� cient (DRTC).
The DRTC is de� ned as the RTC not considering re� ection and is
denotedby .swsz/k , .swv j /k , and .vi v j /k , whose equations are given
in Ref. 7; sw and sz denote surfaces S1 , SP , or S2; and vi and v j

denote control volumes Vi and V j , respectively.
For the unit radiative energy that comes from S¡1 , a part en-

tering the composite through surface S1 is absorbed by the � rst
layer medium, then transmitted and re� ected through surfaces S1

and SP . In the end it is attenuated to zero. In this transfer process

Fig. 1 Zonal discretization model of a two-layer planar composite
medium.
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the fraction of the total radiative energy reaching surface SP is
Q1 D °1.s1sP /k=[1 ¡ ½1½P .s1sP /2

k ]. Just as with the transfer process
in the � rst layer, Q1 can be divided into three parts. The � rst part
is absorbed by opaque surface S2 . The second part, denoted by
.S¡1V j /

1st
k , is absorbed by V j and is called � rst-order absorption:

.S¡1V j /
1st
k D Q1°P

.sP v j /k C .sP s2/k ½2.s2v j /k

1 ¡ ½P ½2.s2sP /2
k

(1a)

The last part comes back to the � rst layer through interface SP .
During the transfer process in the � rst layer, part of the energy,
denoted by Q2, enters the second layer. Q2 can also be divided into
three parts just as for Q1. Thus, the part, denoted by .S¡1 V j /

2nd
k , is

absorbed by V j and is called second-order absorption. For writing
convenience, let F Mb;k D ½P ½b.sbsP /2

k (b D 1 or 2)7; then

.S¡1V j /
2nd
k D °1°P .s1sP /k

1 ¡ F M1;k

.sP v j /k C .sP s2/k ½2.s2v j /k

1 ¡ F M2;k

£
µ

° 2
P ½1½2.s1sP /2

k.s2sP /2
k

.1 ¡ F M1;k/.1 ¡ F M2;k /

¶1

(1b)

By analogy, the .n C 1/th-order absorption is

.S¡1V j /
.n C 1/th
k D °1°P .s1sP /k

1 ¡ F M1;k

.sP v j /k C .sP s2/k½2.s2v j /k

1 ¡ F M2;k

£
µ

° 2
P ½1½2.s1sP /2

k.s2sP /2
k

.1 ¡ F M1;k/.1 ¡ F M2;k /

¶n

(1c)

According to the preceding analysis, in the entire transfer pro-
cess in which the radiative energy emitted by S¡1 comes into the
composite and then is attenuated to zero the total radiative energy
absorbed by V j , that is, radiative transfer coef� cient .S¡1 V j /k , is
the sum of the geometric progression represented by Eqs. (1a–1c),
that is,

.S¡1 V j /k D
°1°P .s1sP /k

£¡
sP v2 j

¢
k

C .sP s2/k½2

¡
s2v2 j

¢
k

¤

.1 ¡ F M1;k/.1 ¡ F M2;k /.1 ¡ F Mk/
(1d)

The deductive processes for obtaining the other RTCs are not
provided because they are similar to .S¡1 V j /k .

For semitransparentsurface S1 radiativeenergycandirectlytrans-
fer from the surroundingsto the interior of the composite so that the
conduction and convection boundary condition at S1 is5

h1

¡
TS1 ¡ TS¡1

¢
D

2k1

¡
T2 ¡ TS1

¢

1x
; x D 0 (2)

For opaque surface S2 there is radiation and conduction between
S2 and the interior of the composite and radiation and convection
between S2 and the surroundings,and so the boundarycondition is5

¾

N BX

k D 1

(
n2

2;k [S2 S¡1]k Ak;TS2
T 4

S2
¡ [S¡1 S2]k Ak;TS¡1 T 4

S¡1

C
M C 1X

j D 2

£
n2

2;k [S2V j ]k Ak;TS2
T 4

S2
¡ n2

j;k[V j S2]k Ak;T j T
4
j

¤
)

C 2k2

¡
TS2 ¡ TM C 1

¢

1x
D ¾

N BX

k D 1

"2

£
Ak;TS C 1

T 4
S C 1 ¡ Ak;TS2

T 4
S2

¤

C h2

¡
Tg2 ¡ TS2

¢
x D 1 (3)

Let b D 1 or 2. In theprecedingequationshb is theconvectiveheat-
transfer coef� cient at surface Sb , Wm¡2K¡1; TSb is the temperature
of surface Sb , K; Tgb is the gas temperature for convection at Sb , K;
kb is the conductivity of the bth layer, Wm¡1k¡1; 1x is the spatial

Fig. 2 Comparison of present results with those of Refs. 2 and 3.

interval, m; ¾ is the Stefan–Boltzmann constant, Wm¡2K¡4; NB
is the total number of spectral bands; n j is the refractive index; "2 is
the emissivity of surface S2; and

Ak;Ti D
Z

1¸k

Ib;¸.Ti / d¸

n2
i ¾ T 4

i

is the fractional spectral emissive power of spectral band k at nodal
temperature Ti .

The re� ectivity of the semitransparent surface is obtained by
Fresnel’s relation,7 and for other details about the ray tracing/nodal
analysis method, refer to Refs. 4–7.

Veri� cation
For the ray tracing/nodal analysismethod Refs. 6 and 7 have pro-

videda numberof comparisonswith previousresults.This method is
extendedhere to two-layercompositeswith onesemitransparentand
one opaque boundary. No research on this subject has been found.
Therefore, to partiallyvalidate the present solutionFig. 2 providesa
comparison with an exact numerical solution2 and an approximate
solution using the Green’s function and the two-� ux method3 for
a two-layer and gray STM with both semitransparent boundaries.
The input parameters were taken as dimensionless surroundings
temperature for radiation QTS¡1 D TS¡1 =Tr D 1, QTSC1 D 0:25; Tr is
the reference temperature and the uniform initial temperature; di-
mensionless gas temperatures for convection QTg1 D 1, QTg2 D 0:25;
and convection-radiationparameter Hb D hb=4¾ T 3

r D 0:25. In Fig. 2
Qt D .4¾ T 3

r =C1 L t /t is dimensionless time; t is the physical time, s;
C1 is the speci� c heat capacityof the � rst layer, J kg¡1 K¡1; L t is the
total thickness,m; Qts denotes the steady-statedimensionlesstime; ¿b

is the optical thickness; !b is the single-scatteringalbedo; and Nb

is the conduction-radiation parameter and Nb D kb=.4¾ T 3
r L t /. As

shown in Fig. 2, the present results are almost the same as the exact
numerical solution so that it is dif� cult to distinguish, whereas the
approximate results in Ref. 3 deviate only a little from the results in
Ref. 2. This demonstrates that the present method is more accurate
because the space solid angle is not dispersed.

Results
For convenience,all of the following results are for the gray com-

posite, that is, NB D 1, although the equations of this Note have
considered the spectral properties by using spectral bands.

Effect of Radiative Boundary Condition

To investigatewhether the peak value of temperature appears in-
side the composite, both combinations of the radiative boundary
condition are chosen: 1) semitransparentsurface S1 is heated by ra-
diation from the environment and opaque surface S2 is cooled, that
is, QTS¡1 D 1:5 and QTSC1 D 0:5; 2) and the reverse of condition 1),
that is, QTS¡1 D 0:5 and QTSC1 D 1:5. Figure 3 illustrates the transient
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Fig. 3 Transient temperature distribution for both combinations of
the radiative boundary condition.

Fig. 4 Effect of refractive index on temperature distribution.

temperature distribution in the two-layer gray composite with dif-
fuse surfaces. Other parameters are chosen as H1 D H2 D 1:25,
QTg1 D 0:8, QTg2 D 1:0, n1 D 1:5, n2 D 3, "2 D 0:2, ¿1 D 0:1, ¿2 D 5,
!1 D 0, !2 D 0:5, and N1 D N2 D 0:0025. Under the conditions of
this Note, when the boundary surface heated by radiation is semi-
transparent the maximum temperature appears in the composite
throughout the transient and steady state because the radiative
energy of the surroundings can be directly transferred to the in-
terior of the composite. Even two peak values of temperature are
formed for small Qt . For radiative boundary condition2 the tempera-
ture distributions are very different from those for radiative bound-
ary condition 1, and the maximum temperature can only appear at
the opaque surface heated by outer radiation because the radiative
energy can only transfer to the interior of the STM from the heated
boundary surfaces by radiation and conduction.However, the peak
value of transient temperature may appear inside the composite for
radiative boundary condition 2 because S1 is semitransparent.

Effect of Refractive Index

Figure 4 illustrates the effect of the refractive index on the
transient temperature distribution in the two-layer gray compos-
ite with diffuse surfaces. Boundary S1 is semitransparent, and S2

is opaque. Three combinations of the refractive index are chosen:
a) n1 D n2 D 1:5; b) n1 D 1:5, n2 D 3; and c) n1 D 3, n2 D 1:5. Other
parameters are taken as QTS¡1 D 1:5, QTSC1 D 0:5, H1 D H2 D 1:25,
QTg1 D QTg2 D 1, ¿1 D 0:1, ¿2 D 5, !1 D !2 D 0, and N1 D N2 D 0:05.
For convenience of comparison, the emissivity of the opaque sur-
face is obtained from the re� ectivity of the surface without coating.
As shown in Fig. 4, increasing the refractive index, whether the � rst
layer or the second layer, provides decreased average temperature

Fig. 5 Effect of conduction-radiation parameter on temperature
distribution.

and maximum temperature,and the temperaturedistributionis more
uniform in the layer with the larger refractive index. When n1 D 3,
n2 D 1:5, larger re� ectivities ½g1 and ½1P prevent radiative energy
from coming into the second layer and the temperature in that layer
decreases.

Effect of Conduction-Radiation Parameter

The effects of conduction-radiationparameter N D N1 D N2 on
temperature distribution are shown in Fig. 5. Chosen conduction-
radiation parameter include N D 0:0025 (solid line), 0.025 (dash
line), and 0:25 (dot–dash line). Refractive index n1 D 1:5 and n2 D
3:0. The other parametersare the same as Fig. 4. As shown in Fig. 5,
with increasing of N the effect of conduction strengthens, so for a
heatedsemitransparentboundarysurface the maximum steady-state
temperature moves to the interior of the composite, but the location
of the maximum transient temperature is almost changelessbecause
radiant propagation is more rapid than conduction. The effect of
N on the temperature distribution is also correlative to the optical
thickness. Because the � rst layer is optically thin (¿1 D 0:1) and
the second layer is optically thick (¿2 D 5), the effect of N on the
temperature distribution in the � rst layer is larger than that in the
second layer.

Conclusions
By analyzing the present results, the following conclusions are

drawn: When the semitransparent boundary is radiatively heated
and the opaque boundary is radiatively cooled, the steady-stateand
transient temperature maximums may appear inside the compos-
ite. In addition, two temperature peaks are likely to appear inside
the composite for the small dimensionless time. When the radia-
tive boundary conditions are reversed, the maximum temperature
only appears at the heated surface. However, the transient temper-
ature peak value may also appear inside the composite. An inho-
mogeneous STM can be equivalent to a composite composed of
the multilayerSTM with different thermophysicsproperties.There-
fore, we can predict that one or more peakvaluesof the transientand
steady-statetemperaturemay still appear inside the inhomogeneous
STM when the boundary subjected to high-temperature radiative
surroundings is semitransparent and the other boundary, whether
it is semitransparent or opaque, is subjected to low-temperature
surroundings.

Acknowledgments
This research is supportedby the Chinese National Science Fund

forDistinguishedYoungScholars(No. 59725617), NationalNatural
Science Foundation of China (No. 59806003).

References
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Nomenclature
cp f = speci� c heat of � uid at constant pressure, J/kg K
Dn = nominal cell diameter, 0.0254/pores per inch, m
G = incident radiation, W/m2

Qg¤ = asymmetry factor of the scattering phase function
k = permeability,m2

kda = axial thermal dispersion conductivity,W/mK
kec = effective conductive thermal conductivity,W/mK
k f = thermal conductivityof gas, W/mK
kt = total effective thermal conductivity,kec C kda, W/mK
Nl = volume of gas at 273.15 K and 1.0133 bar
Pr = Prandtl number
qRS = irradiation on the upper surface

of a porous cylinder, W/m2

Re = Reynolds number de� ned by um ½ f
p

k=¹ f

T = temperature,K
TR = equivalent blackbody temperature,K
Ts = mean temperature of the upper surface of a porous

cylinder, K
T0 = inlet air temperature, K
um = mean gas velocity, m/s
w = dimensionless width of a strut with a square cross

section, 1
2

C cos[. 1
3
/ cos¡1.2Á ¡ 1/ C 4¼=3]

z = axial coordinate,m
z0 = length of a porous cylinder, m
¯¤ = scaled extinction coef� cient, m¡1

°a = axial thermal dispersion coef� cient for open-cell foams
° ¤

a = axial thermal dispersion coef� cient for packed-sphere
systems

°r = radial thermal dispersion coef� cient for open-cell foams
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° ¤
r = radial thermal dispersion coef� cient for packed-sphere

systems
¹ f = viscosity, Pa ¢ s
¼ = ratio of the circumference to its diameter of a circle
½ f = density of � uid, kg/m3

½H = hemispherical re� ectivity of the surface of skeletons
consisting of an open-cell foam

¾ = Stefan–Boltzmann’s constant, W/(m2K4)
Á = porosity
!¤ = scaled albedo

Introduction

O PEN-CELLULAR porous materials consisting of pentagonal
dodecahedron cells with open-cell walls have been widely

utilized as elements of radiators, catalytic converters, regenerative
heat exchangers, combustors, and so forth.1;2 With regard to ther-
mal designand operationof these facilities,fundamentalknowledge
of the heat transfer characteristics of this kind of porous medium
has been needed.3 A few sets of heat transfer parameters are re-
quired in accord with the heat transfer model adopted: When local
thermal equilibrium between � uid and solid phases exists within a
medium and, hence, the one-temperature model is acceptable as a
heat transfer model, only the effective conductive thermal conduc-
tivitykec and axial thermaldispersionconductivitykda arenecessary,
whereas if the local thermal equilibrium assumption could not be
justi� ed and, thus, the two-temperaturemodel must be utilized, the
volumetric heat transfer coef� cient hv is also required in addition
to the aforementionedparameters. In any case, both kec and kda are
indispensable to heat transfer models of an open-cellular porous
medium.

A numberof experimentaland theoreticalstudiesof kec havebeen
made during recent decades, and, at present, there exists an accu-
rate theoretical model to predict kec such as Schuetz–Glicksman’s
model,4 but there has been no effort to determine the effective ther-
mal conductivity in the axial direction.2

The purpose of the present Note is to remedy this de� ciency.
To this end, the axial thermal dispersion conductivities of open-
cellular condierite–alumina porous materials are determined by an
inverse analysis of steady-state axial temperature pro� les of the
open-cell foams, where radiant energy from infrared lamps � owed
countercurrentlyto the � ow of � uid.

Experimental Apparatus and Procedures
The test section for measuring the axial temperaturedistributions

within a porous medium to estimate the axial total effective thermal
conductivity consists of a circular steel pipe 0.11 m in inner dia-
meter and 0.17 m in height, where an open-cellular cordierite–

alumina porous cylinder 0.1 m in diameter and 0.15 m in height
was concentrically placed. A gap between the porous cylinder and
the inner wall of the test pipe was � lled with clay. The outer surface
of the steel pipe was insulated by 0.05-m-thick � ber insulation.

Nine type-K sheathed thermocouplesof 0.0016-m diam were in-
serted through the pipe wall along the central axis of the cylinder
to provide information on the axial temperature distribution. In ad-
dition, four type-K sheathed thermocouples were settled along the
off-centralaxis, being 0.025 m apart from the central axis, to check
radial temperature uniformity within the porous cylinder. Several
type-T thermocoupleelementswere adheredon the upper and lower
surfaces of the cylinder (� ve for the upper surface and two for the
lower surface). Inlet air temperature was also measured by type-K
sheathed thermocouples.

Four 250-W infrared lamps were used to heat the upper surface
of the porous cylinder radiatively and to form an axial temperature
gradient within the porous medium. The amount of radiant energy
from the infrared lamps was measured on the upper surface of the
porous cylinder using a still-type water calorimeter that consists
of a 0.1-m-inner diameter and 0.0015-m-thick Bakelite disk with
0.003-m-highrim and 1:3 £ 10¡5 m thickpolyethylene� lm and that
contains 0.025 kg of water. The relative uncertainity in measuring
the irradiation was estimated to be §4%.


