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Abstract

This work presents an algorithm model for estimating the heat transfer by forced convection of the porous heat sink in a channel by
applying the fin theory and the concept of the thermal network. The proposed algorithm model is simpler and more convenient than
numerical analysis. By comparison with numerical calculations and other experiments, the model was verified to predict accurately heat
transfer in various porous channels, such as metal foam channels and sintered porous channels. The inlet thermal boundary condition is
also examined. The finding reveals that the effect of the inlet thermal boundary condition on the numerical calculations becomes weaker
as the interstitial heat transfer coefficient increases. Additionally, a parameter X in terms of hv, k�s and H* is postulated to determine the
local thermal equilibrium (LTE) in porous channels. Analytical results reveal some criteria for LTE in various porous channels. For
instance, the criterion for LTE in aluminum foam channels is: if e = 0.91 and H = 45 mm, Re P 4700; if e = 0.95/10PPI and
H = 45 mm, Re P 1600; if e = 0.95/10PPI and H = 25.4 mm, then Re P 6600. Besides, the scope of LTE in sintered copper bead porous
channels with e = 0.38/d = 1.59 mm and H = 10 mm is about Re P 6600. Accordingly, the one-equation model, which is simpler than
the two-equation model, can be used to analyze heat transfer through porous media in the applicable regions.
� 2005 Published by Elsevier Ltd.
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1. Introduction

The electronics industry is manufacturing denser and
more powerful products, necessitating a better cooling
technology. Many cooling devices involve channels filled
with porous heat sinks. The use of porous heat sinks in
the electronics cooling provides two advantages. First,
the porous heat sink provides more than 10 times the con-
tact area of a smooth surface. A higher surface area facili-
tates convection to the fluid stream. Second, the irregular
structure of the porous heat sinks, at sufficiently high veloc-
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ities, causes irregular fluid flow, increasing the thermal dis-
persion conductivity.

Many investigators have investigated the thermal char-
acteristics of porous heat sinks in rectangular channels.
Hunt and Tien [1] experimentally measured forced convec-
tion in foam material channels. They also numerically
simulated the thermal characteristics by applying the
one-equation model. Chou et al. [2] numerically and exper-
imentally studied forced convection in horizontal square
channels through packed spheres. The one-equation model
was also used in numerical simulations. Besides, Hwang
and Chao [3] and Hwang et al. [4] reported heat transfer
measurements for sintered copper bead porous channels,
and numerically solved the two-equation model that
yielded accurate predictions. They also examined the effect
of the inlet thermal boundary condition on the numerical
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Nomenclature

C1 parameter for inlet thermal boundary condition
CF inertial coefficient of the porous heat sink
Cp specific heat of fluid at constant pressure (J/kg/

�C)
d diameter of fiber or sphere of the porous heat

sink (m)
dp pore diameter of the porous heat sink (m)
Da Darcy number, K/(2H)2

H height of the porous heat sink (m)
h heat transfer coefficient (W/m2/�C)
hv interstitial heat transfer coefficient (W/m3/�C)
hfw heat transfer coefficient between the fluid stream

and the heated wall (W/m2/�C)
K permeability of the porous heat sink (m2)
k thermal conductivity (W/m �C)
L length of the porous heat sink (m)
Nub Nusselt number based on bulk mean fluid tem-

perature, Eqs. (12) and (30)
Nui Nusselt number based on inlet fluid tempera-

ture, Eqs. (13) and (29)
Pr Prandl number, Eq. (8)
qw heat flux of heated wall (W/m2)
Re Reynolds number, qfui2H/l
T temperature (�C)
u fluid flow velocity in the streamwise direction

(m/s)
U dimensionless fluid flow velocity in the stream-

wise direction

v fluid flow velocity in the crosswise direction (m/
s)

V dimensionless fluid flow velocity in the crosswise
direction

W width of the porous heat sink (m)
x, y Cartesian coordinates (m)
X, Y dimensionless Cartesian coordinates

Greek symbols

e porosity of the porous heat sink
g effective fin efficiency
l viscosity of fluid (kg/m/s)
h dimensionless temperature, (T � Ti)/(qwH/kf)
q density (kg/m3)
x vorticity
X parameter for local thermal equilibrium
W stream function

Superscript

* effective

Subscripts

d thermal dispersion
f fluid
i at the channel inlet
s solid matrix
w channel wall
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predictions. Ichimiya [5] studied the thermal behavior in
the ceramic-foam channel and presented a new method
that applies the two-equation model to estimate the heat
transfer between fluid and solid material. Calmidi and
Mahajan [6] experimentally investigated the forced convec-
tion in highly porous aluminum foams, using air as the
cooling fluid. They also developed a numerical model by
assuming non-thermal equilibrium between the fluid
stream and the solid matrix. All of these works applies
the porous approach to perform numerical analyses. Much
computer time is required because many numerical itera-
tions are required. The porous medium is composed of
numerous regularly arranged fibers or spheres, in what
can be considered to be a fin structure. Hence, an algorithm
model for predicting thermal performance using fin theory
may be developed.

This work seeks to elucidate an algorithm model to esti-
mate the heat transfer of the porous heat sink in a channel
by applying the fin theory. Comparisons were made with
the numerical calculations using the porous method and
other experimental data, to verify the accuracy and reliabil-
ity of the presented algorithm model. Additionally, the
parameters required to specify the inlet thermal boundary
condition and the local thermal equilibrium (LTE) are elu-
cidated with reference to the presented algorithm model. A
parameter (X) in terms of hv, k�s and H* specifies the LTE of
the porous channels. When the LTE has been specified, the
regions to which the one-equation model can be applied in
practical problems that involve the aluminum foam media
and sintered copper bead porous media are presented.
Therefore, the one-equation model, which is simpler than
the two-equation model, can be used to analyze heat trans-
fer through porous media in the regions of applicability.

2. Thermal network model

Fig. 1 presents the physical configuration used in this
model. A porous medium with uniform porosity is fully
confined in a rectangular channel, which is symmetrically
or asymmetrically heated through its top and bottom sur-
faces. The overall heat transfer mechanism in this porous
channel can be analyzed using the thermal network con-
cept, as shown in Fig. 2. Two parallel heat transfer paths
through the channel wall transfer heat into the fluid stream.
One is an indirect path through the solid matrix; the other
is a direct path to the fluid stream. The mechanism of heat
transfer through the indirect path through the solid matrix
is an initial transfer of heat from the channel wall to the
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Fig. 2. Schematic of thermal network model.
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solid matrix by conduction, and then a transfer of heat in
the solid matrix to the fluid stream by convection. The
mechanism of the transfer of heat through the direct path
is the direct transfer of heat from the channel wall to the
fluid stream by convection. Accordingly, the fin theory pre-
sented by Holman [7] was used to determine the heat flux
dissipated from the heated wall surfaces, as follows:

qwðxÞ ¼ hvH �½T s;bðxÞ � T f ;bðxÞ� þ hfw½T wðxÞ � T f;bðxÞ�
¼ ðghvH � þ hfwÞ½T wðxÞ � T f ;bðxÞ� ð1Þ

where

g ¼ 0 for LTE

¼ tanhðmH �Þ
mH �

for non-LTE ð2Þ

m ¼
ffiffiffiffiffi
hv

k�s

s
ð3Þ

H � ¼ H=2 when both wall surfaces were heated

¼ H when one wall surface was heated
ð4Þ

hfw ¼ Nub;e¼1 � ðk�f þ kd þ k�s Þ=2H for LTE

¼ Nub;e¼1 � k�f =2H for non-LTE
ð5Þ
where hv is the interstitial heat transfer coefficient between
the solid matrix and the fluid; hfw represents the fluid–wall
heat transfer coefficient along the path of directly heat
transfer; g is the effective fin efficiency; k�s is the effective
solid matrix conductivity; H is the height of the porous
material, and the Nub,e=1 is the Nusselt number based on
the bulk mean temperature in an empty channel. The fluid
flow in porous channels is more like slug flow than
parabolic flow, and was investigated by Hunt and Tien
[1]. Therefore, the correlation specified by Nub,e=1 for the
slug flow at the thermal entrance region of the parallel-
plate channel with uniform heat flux is considered. The
correlation at Nub,e=1, Eq. (6), is obtained from numerical
solutions for various streamwise locations, channel heights,
Reynolds numbers and Prandtl numbers. The following
section introduces the appropriate numerical model. This
correlation is shown below:

Nub;e¼1 ¼ n 1:383ðX �Þ�0:45
h i

for X � 6 0:001

¼ n 12þ 22ð103X �Þ�0:506 expð�164X �Þ
h i

for X � > 0:001

ð6Þ

where

n ¼ 1 for both wall surfaces with isoflux heating

¼ 0:5 for one wall surface with isoflux heating
ð7Þ

Re ¼ qf ui2H
l

; Pr ¼ l=qf

kf=ðqCpÞf
; Da ¼ K

ð2HÞ2
;

Pr� ¼ l=qf

k�f =ðqCpÞf
; Pr�� ¼ l=qf

ðk�f þ kd þ k�s Þ=ðqCpÞf
ð8Þ

X � ¼ x=2H
RePr��

for LTE

¼ x=2H
RePr�

for non-LTE

ð9Þ

k�f ¼ ekf ; k�s ¼ measured data ð10Þ

kd ¼ 0:06RePr
ffiffiffiffiffiffi
Da
p

kf for porous foam channels

¼ 1þ 3d=H ½expð�H=3dÞ � 1� for packed-sphere channels

ð11Þ
The thermal dissipation conductivity in Eq. (11) is the
mean value. The relevant correlations are presented in
Refs. [4,6]. Now,

Nub ¼ ðghvH � þ hfwÞ � 2H=kf ð12Þ

Nui ¼
1

Nub

þ x
RePrH �

� ��1

ð13Þ
3. Numerical analysis

3.1. Basic assumptions and governing equations

The side walls of the channel are both insulated; accord-
ingly, this is essentially a two-dimensional problem. The
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heating surface is isoflux. The other assumptions and
simplifications are as follows: (1) the porous medium is
homogenous and isotropic; (2) the fluid flow is in the
steady state, laminar and incompressible; (3) the thermo-
physical properties of the fluid and porous media are con-
stant; (4) a local non-thermal equilibrium exists between
the porous media and the fluid stream. Hence, the govern-
ing equations are presented as follows:

ou
ox
þ ov

oy
¼ 0 ð14Þ

qf

e2
u
ou
ox
þ v

ou
oy

� �
¼ �op

ox
� lf

K
u� qf CFffiffiffiffi

K
p j~V juþ lf

e
o

2u
ox2
þ o

2u
oy2

� �
ð15Þ

qf

e2
u
ov
ox
þ v

ov
oy

� �
¼ � op

oy
� lf

K
v� qf CFffiffiffiffi

K
p j~V jvþ lf

e
o2v
ox2
þ o2v

oy2

� �
ð16Þ

ðqCpÞf u
oT f

ox
þ v

oT f

oy

� �

¼ hvðT s � T fÞ þ
o

ox
ðk�f þ kdÞ

oT f

ox

� �
þ o

oy
ðk�f þ kdÞ

oT f

oy

� �
ð17Þ

0 ¼ hvðT f � T sÞ þ
o

ox
k�s

oT s

ox

� �
þ o

oy
k�s

oT s

oy

� �
ð18Þ

The above equations can be non-dimensionalized by intro-
ducing the following variables:

X ¼ x
H
; Y ¼ y

H
; U ¼ u

ui

; V ¼ v
ui

;

Pr ¼ l=qf

kf=ðqCpÞf
; Da ¼ K

ð2HÞ2
; Re ¼ qfui2H

l
;

U M ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2
p

ui

; h ¼ T � T i

qwH=kf

; Nu�fs ¼
hvH 2

kf

ð19Þ

Additionally, the variables were changed to replace the
velocity components with the vorticity, x, and the stream
function, w.

x ¼ � oU
oY
þ oV

oX
; oU ¼ oW

oY
; oV ¼ � oW

oX
ð20Þ

The vorticity-transport equation is obtained. The dimen-
sionless governing equations are then,

�x ¼ o
2W

oX 2
þ o

2W

oY 2
ð21Þ

U
ox
oX
þ V

ox
oY
¼ � e2

2Re � Da
x� e2CFU M

2
ffiffiffiffiffiffi
Da
p x

þ e2CF

2
ffiffiffiffiffiffi
Da
p U

oUM

oY
� V

oU M

oX

� �

þ 2e
Re

o
2x

oX 2
þ o

2x

oY 2

� �
ð22Þ
U
ohf

oX
þV

ohf

oY
¼ 2Nu�fs

Re �Pr
ðhs�hfÞþ

2

Re �Pr
o

oX
k�f þ kd

kf

� �
ohf

oX

� ��

þ o

oY
k�f þ kd

kf

� �
ohf

oY

� ��
ð23Þ

0 ¼ Nu�fsðhf � hsÞ þ
k�s
kf

o2hs

oX 2
þ o2hs

oY 2

� �
ð24Þ
3.2. Boundary conditions

Roache [8] presented the boundary conditions for the
vorticity-transport equation; the relevant boundary condi-
tions are assumed to be as follows:

at X ¼ 0 : W ¼ Y ; x ¼ �o2W

oX 2
; hf ¼ 0;

� k�s
kf

ohs

oX
¼ Nu�fsC1ðhf � hsÞ ð25Þ

at X ¼ L=H :
o2W

oX 2
¼ 0;

ox
oX
¼ 0;

ohf

oX
¼ 4

Re � Pr
;

Nu�fsðhs � hfÞ ¼
k�s
kf

o
2hs

oY 2

� �
ð26Þ

at Y ¼ 0 : W ¼ 0; x ¼ � o
2W

oY 2
; hf ¼ hs;

� 1 ¼ k�f
kf

ohf

oY
þ k�s

kf

ohs

oY
ð27Þ

at Y ¼ 1 : W ¼ 1; x ¼ � o2W

oY 2
; hf ¼ hs;

1 ¼ k�f
kf

ohf

oY
þ k�s

kf

ohs

oY
ð28Þ

Notably, C1 in the boundary condition of the solid matrix
temperature at the channel inlet is determined empirically.
The value of C1 generally depends on the structure of the
porous medium.

3.3. Thermophysical properties

Table 1 lists some porous properties and empirical cor-
relations for air-flow across porous channels. The effective
conductivity of the solid k�s is a function of the geometry
and the solid conductivity ks. The effective conductivity
of the fluid k�f can be expressed in simple form as ekf.

3.4. Numerical procedure

The governing equation was discretized using the power-
law scheme. The stream function equation and vorticity-
transport equation are solved simultaneously by iterations.
The velocity components U and V are determined from the
stream function. When the velocity components have been
determined, the energy equation can be solved to obtain
the temperature distribution. All discretized algebraic
equations are solved using the SIS algorithm developed
by Lee [12]. The solutions are confirmed by varying the
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grid spacing and the convergence criterion. The number
of grid-cells in the flow direction is 121, and that perpen-
dicular to the flow is 31. The convergence criterion is

Max F ðnÞ � F ðn�1Þ	 

= F ðnÞmax � F ðnÞmin

� �  6 1� 10�6, where F

is W, x, hf or hs. The numerical results are verified by vary-
ing the length of the computational domain to ensure the
validity of the boundary condition at the exit. The ratio
L/H should be sufficiently large to allow the local bulk
Nusselt numbers (Nub) in the streamwise direction to
approach a constant value. This follows from the assump-
tion that the thermal fully developed boundary condition
at the exit is suitable. The numerical results for the inlet
Nusselt number (Nui) and the bulk Nusselt number
(Nub) on the channel wall are defined by

Nui ¼
qw2H

kfðT w � T iÞ
¼ �2

k�s
kf

ohs

oY
þ k�f

kf

ohf

oY

� ��
hw ð29Þ

Nub ¼
qw2H

kfðT w � T fbÞ
¼ �2

k�s
kf

ohs

oY
þ k�f

kf

ohf

oY

� �� R 1

0
hfudY
ui

 !

ð30Þ
4. Results and discussion

4.1. Validity of numerical calculation

Fig. 3 compares the numerical prediction with the pre-
vious correlation for parallel-plate channels, to validate
the numerical calculation. Fig. 3 plots the bulk Nusselt
number as a function of X/(Re Æ Pr). The numerical pre-
diction is very consistent with the correlation obtained
by Shah and London in Ref. [13] for parabolic flow,
X/(RePr)

0

10

20

30

40

50

Nub

Parallel-plate channel with isoflux surfaces

Numerical results

 Correlation
Shah [13] , Parabolic flow
Eq. (6), Slug flow

12

8.235

10-4 10-3 10-2 10-1

ig. 3. Bulk Nusselt number as a function of X/(RePr) for parallel-plate
hannels.
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indicating that the presented numerical calculation is
reasonable. Besides, Eq. (6), given in the section on the
thermal network model can be determined from numerical
solutions for slug flow. This data-fitting is accurate to
within 1%. The correlation is applied to predict the heat
transfer in porous channels.

4.2. Validity of thermal network model

This section addresses the validity of the thermal net-
work model in porous channels by comparing its results
with other experimental results. Fig. 4 plots the distribu-
tion of inlet Nusselt numbers in the streamwise direction
for the sintered copper bead porous channel with uniform
heat flux on the surface of the bottom wall of the channel.
Calculations were made under the following conditions;
channel height, H = 10 mm; medium porosity, e = 0.37;
permeability, K = 2.9 · 10�10 m2; inertial coefficient, CF =
0.242; Reynolds number, Re = 889–5556; effective fluid
conductivity, k�f ¼ 0:01 W/(m �C); effective solid matrix
conductivity, k�s ¼ 10:57 W/(m �C), and various interstitial
heat transfer coefficients as presented in Table 1. The above
values of the relevant parameters match those used in the
experiments performed by Hwang et al. [4]. Fig. 4 reveals
that the predictions obtained by applying the presented
thermal network model are generally consistent with the
experimental data of Hwang et al. [4]. The average devia-
tion is 12.1%. The average inlet Nusselt number predicted
using this thermal network model were also compared with
the experimental data reported by Calmidi and Mahajan
[6] for asymmetrically heated aluminum foam channels.
Fig. 5 presents the comparison. The experimental data of
Calmidi and Mahajan [6] for foam–air combinations indi-
cate that the transport-enhancing effect of thermal disper-
sion is extremely weak, because the conductivity of the
solid matrix is relatively high. It also shows that the inter-
stitial heat transfer coefficient is sufficiently high to cause
LTE. Therefore, the effect of pore density (PPI) on the
Nusselt number is negligible. The predictions made using
the thermal network model support this finding. The theo-
retical results appear to under-predict the experimental
Nusselt number at high Reynolds number, and over-pre-
dict it at low Reynolds number. The former finding reveals
that another transport-enhancing effect (such as turbu-
lence) may occur, as reported by Calmidi and Mahajan
[6]. The latter result follows from the differences between
the thermal boundary conditions. The experiments of
Calmidi and Mahajan [6] involved a quasi-uniform wall
temperature boundary condition; whereas the thermal net-
work model herein is based on a uniform wall heat flux
boundary condition. The predictions made using the pre-
sented model are generally reasonable for asymmetrically
heated aluminum foam channels. Hence, Figs. 4 and 5
demonstrate that the presented thermal network model
can accurately predict the convection heat transfer in por-
ous channels.

4.3. Identify inlet thermal boundary condition and LTE

Fig. 6 plots the distributions of bulk Nusselt numbers in
the streamwise direction for C1 = 0 or C1 = infinity at var-
ious hv. The C1 is a factor in the inlet thermal boundary
condition that was described in the section on Boundary
Conditions. When C1 is zero, the gradient of the solid
matrix temperature is also zero at the channel inlet. If C1

approaches infinity, the LTE is between the solid matrix
and the fluid at the channel inlet. These two values of C1

are just the two limits in the boundary condition at the
channel inlet. Calculations were made under the following
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conditions; channel height, H = 30 mm; medium porosity,
e = 0.875; permeability, K = 2.193 · 10�8 m2; inertial coef-
ficient, CF = 0.162; Reynolds number, Re = 600; effective
fluid conductivity, k�f ¼ 0:0219 W/(m �C); effective solid
matrix conductivity, k�s ¼ 3:38 W/(m �C), and various
interstitial heat transfer coefficients, hv = 2.07 · 102 –
2.07 · 105 W/(m3 �C). Fig. 6 reveals that the prediction
made using the thermal network model is between the
numerical calculations obtained by applying the two limit-
ing values of C1. Moreover, the effect of C1 on the numer-
ical calculation becomes weaker as the interstitial heat
transfer coefficient increases because the larger interstitial
heat transfer coefficient corresponds to a shorter thermal
entrance.

Fig. 6 also reveals that the predictions obtained using
the presented thermal network model at local non-thermal
equilibrium are reasonably between the numerical calcula-
tions made at C1 = 0 and those made at C1 = infinity.
These accurate predictions are successful until hv rises to
2.07 · 105 W/(m3 �C) because the porous channel with
hv = 2.07 · 105 W/(m3 �C) was in LTE. Therefore, the pre-
dicting model was changed from the one for local non-ther-
mal equilibrium to that for LTE. How can the LTE be
identified? The effective fin efficiency may be a useful index.
When the effective fin efficiency is smaller, the thermal con-
dition between the fluid stream and the solid matrix is
nearer LTE. This work introduces a new parameter to
specify the LTE. As stated in the section on the thermal
network model and in Fig. 2, the overall heat transfer
mechanism can be divided into two parallel heat transfer
paths through which the channel wall transfers heat into
the fluid stream. One is an indirect path through the solid
matrix; the other is a direct path to the fluid stream. Theo-
0
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Fig. 6. Effect of C1 on prediction of Nusselt number in the porous
channel.
retically, the heat transfer coefficient of the indirect heat
transfer path is maximum when the thermal condition
between the fluid stream and the solid matrix is in LTE.
The relevant relationship is as follows:

ghvH � 6 hb

k�s
k�f þ kd þ k�s

ð31Þ

Substituting Eqs. (2)–(6) into Eq. (31) for thermal fully
developed flow enables Eq. (31) to be reduced as follows:

X ¼
ffiffiffiffiffi
hv

k�s

s
H �

 !
tanh

ffiffiffiffiffi
hv

k�s

s
H �

 !
6 3 ð32Þ

Then, the value of X is used to specify LTE in porous chan-
nels. Under the LTE condition, X exceeds three; otherwise
the thermal condition between the fluid stream and the
solid matrix is at local non-thermal equilibrium. Fig. 7
presents the X as a function of Reynolds number for alumi-
num foam channels and sintered copper bead porous chan-
nels with different channel heights. The values of X were
obtained by substituting hv, k�s and H* listed in Table 1 into
Eq. (32). The experiments of Calmidi and Mahajan [6] on
aluminum foam channels yielded a value of X that exceeds
three. In other words, all they are LTE. This result is con-
sistent with that of Calmidi and Mahajan [6], who found
that the phases in their experiments were close to LTE.
So the correlation for hv, as posited by Calmidi and Maha-
jan [6], is unnecessary in their numerical simulations. A
comparison with the results obtained by Hwang et al. [9]
for an aluminum foam channel with e = 0.95/10PPI and
H = 45 mm reveals that the LTE conditions applied in
the same Re region as identified by Calmidi and Mahajan
[6]. However, X is much smaller than that of Calmidi and
Mahajan [6]. The correlation for hv presented by Hwang
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Fig. 7. X as a function of Reynolds number for various porous channels.
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et al. [9] was determined by the single-blow method, which
is the most popular experimental method for measuring hv.
The hv correlation posited by Calmidi and Mahajan [6] may
have been over-predicted. However, it does not influence
the predicted thermal performance for aluminum foam
channels with e P 0.91, H = 45 mm and Re P 4700
because the phase is at LTE. Fig. 7 also reveals that X
declines as the channel height (H) or Reynolds number
falls, indicating that local non-thermal equilibrium may
apply at small H and Re. For instance, the criterion for
LTE in aluminum foam channels with e = 0.95/10PPI
and H = 45 mm is Re P 1600; but that with e = 0.95/
10PPI and H = 25.4 mm is Re P 6600. Fig. 7 plots the
results obtained by Hwang et al. [4] for a sintered copper
bead porous channel. The results in this work are consistent
with those of Hwang et al. [4], who found that the LTE
assumption was better justified at higher Reynolds num-
bers. This figure indicates that the criterion for LTE in
sintered copper bead porous channels with e = 0.38/d =
1.59 mm and H = 10 mm is around Re P 6600.

5. Conclusions

An algorithm model, which is simple and convenient for
estimating the heat transfer of the porous heat sink in a
channel, was successfully developed by applying the fin
theory and thermal network concept. A comparison with
numerical calculations and other experimental results vali-
dated that the presented algorithm model can accurately
predict the convection heat transfer in various porous
channels, such as metal foam channels and sintered porous
channels.

The inlet thermal boundary condition was also investi-
gated. Two limiting conditions applied at the channel inlet;
(1) a zero gradient of the solid matrix temperature, and (2)
LTE between the solid matrix and the fluid. The results
show that the prediction made using the presented algo-
rithm model is between the numerical calculations at the
two limits. Additionally, the effect of the inlet thermal
boundary condition on the numerical calculations becomes
weaker as the interstitial heat transfer coefficient increases.

A parameter X in terms of hv, k�s and H* was postulated
to specify the LTE in porous channels. When X > 3, the
phase is under the LTE condition, otherwise, it is under
the local non-thermal equilibrium condition. Analytical
results reveal some criteria for LTE in various porous
channels. For instance, the criterion for LTE in aluminum
foam channels is: if e = 0.91 and H = 45 mm, Re P 4700;
if e = 0.95/10PPI and H = 45 mm, Re P 1600; if e = 0.95/
10PPI and H = 25.4 mm, then Re P 6600. Besides, the
scope of LTE in sintered copper bead porous channels with
e = 0.38/d = 1.59 mm and H = 10 mm is about Re P 6600.
Our results further demonstrate that X decreases as the
channel height (H) or Reynolds number declines. There-
fore, the phase in local non-thermal equilibrium could
occur at a small H and Re.
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