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1. Introduction

Heat transfer in porous media has been the subject of

many investigations due to the increasing interest in

chemical catalytic reactors, building thermal insulation,

heat exchangers, petroleum reservoirs, geothermal oper-

ations, and so on. In addition to these conventional

applications, new applications have been found in the

emerging field of microscale heat transfer [1]. For exam-

ple, smaller flow passages and fins are needed for com-

pact heat exchangers and electronics cooling, as Bejan

[2] has noted. As the dimensions get smaller, classical

flow structures approach a limiting case that is much

better suited for porous medium analysis [2]. Koh and

Colony [3], Tien and Kuo [4] and Kim and co-workers

[1,5] have modeled microscale structures as a porous

medium. The pores in porous media have a wide range

of sizes from several hundred micrometers in sintered

metals to lager than one millimeter in packed beds.

For both conventional and new applications, porous

medium analysis has been used to understand the ther-

mal characteristics of porous media as well as microscale

structures by calculating the Nusselt number, the overall

heat transfer coefficient, or the thermal resistance. To

make these calculations, the bulk mean temperature,

hTbi, should be determined:

hT bi ¼
1

umAC

Z
TudAC

� �
ð1Þ
0017-9310/$ - see front matter � 2004 Published by Elsevier Ltd.

doi:10.1016/j.ijheatmasstransfer.2004.07.009

* Corresponding author. Tel.: +1 630 252 6439; fax: +1 630

252 5568.

E-mail address: Choi@anl.gov (S.U.S. Choi).
where AC, T, u, um and h i are cross-sectional area, tem-
perature, velocity, mean velocity and volume-averaged

value. Because it is very difficult to calculate the bulk

mean temperature in porous media using Eq. (1), many

investigators [5–9] have calculated the bulk mean tem-

perature using Eq. (2) in their analyses.

hT biprevious ¼
1

humiAC

Z
hT ihuidAC ð2Þ

However, results from Eq. (2) are not identical to those

from Eq. (1). Therefore, the Nusselt number, overall

heat transfer coefficient or thermal resistance that is cal-

culated from Eq. (2) may not be valid for many practical

applications [10].

In this paper, a model for determining the bulk mean

temperature in porous medium analysis is theoretically

derived based on the spatial decompositions of velocity

and temperature presented by Carbonell and Whitaker

[11]. Then, we compare calculations from our model

with numerical results obtained from classical momen-

tum and energy equations. This comparison shows that

our proposed model accurately predicts the bulk mean

temperature in porous medium analysis. In addition,

we show that the previous model, which has been gener-

ally used by many researchers, is invalid except for select

cases and identify important parameters that bring

about the difference between the proposed model and

the previous model.
2. Model for the bulk mean temperature in porous media

The bulk mean temperature in porous medium anal-

ysis is defined as follows:
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hT bi ¼
1

umAC

Z
TudAC

� �
¼ 1

humiAC

Z
TudAC

� �

¼ 1

humiAC

Z
hTuidAC ð3Þ

Because the velocity of the solid phase is zero, Eq. (3)

can be rewritten as

hT bi ¼
1

humiAC

Z
hT bubidAC ð4Þ

where the subscript b denotes the fluid phase in a porous
medium. To determine hTbubi, we use the spatial decom-
positions of velocity and temperature presented by Car-

bonell and Whitaker [11]:

ub ¼ hubib þ eub; T b ¼ hT bib þ eT b ð5Þ

where eub and eT b are the spatial deviation of velocity and

temperature from the averaged value; h ib is the volume-
averaged value of b phase. By using Eq. (5), we can esti-
mate the value of Eq. (4):

hT bi ¼
1

humiAC

Z
hT bibhubib

D E
dAC þ hT bibeub

D E
dAC

�

þ eT bhubib
D E

dAC þ heT beubidAC
�

ð6Þ

Since heT bi ¼ 0 and heubi ¼ 0, Eq. (6) can be rearranged
as

hT bi ¼
1

humiAC

Z
hT bibhubib

D E
dAC þ heT beubidAC

� �
ð7Þ

FurthermoreZ
hT bibhubib

D E
dAC ¼

Z
hT bihubidAC ð8Þ

Based on Eqs. (7) and (8), we can obtain a relation

between Eqs. (1) and (2) as follows:

hT bi ¼ hT biprevious þ
1

humiAC

Z
heT beubidAC ð9Þ

The second term on the right-hand side of Eq. (9) can

be theoretically derived with the simple assumption that

the pore within a porous medium has a small circular

geometry, and that the fluid flow is hydrodynamically

and thermally fully developed. These assumptions seem

appropriate because new model calculations agree well

with numerical results, as shown in Figs. 2 and 3. From

the analytical solutions of velocity and temperature for a

circular tube with constant heat flux boundary condi-

tion, the spatial deviations of velocity and temperature

are expressed by

eub ¼ 2hubib 1� r2

R2

	 

� hubib;

eT b ¼ �
q00p
kf

dp 0:208�
1

2

r2

R2
þ 1
8

r4

R4

� �
ð10Þ
where kf , dp, q00p, r, and R are the heat transfer coefficient,
Nusselt number, heat flux dissipated in a pore, radial

distance, and pore radius, respectively.

By substituting Eq. (10) into Eq. (9), we obtain

hT bi ¼ hT biprevious � 0:0625
q00p
kf

dp ð11Þ

where dp and kf are pore diameter and fluid thermal con-

ductivity, respectively. Parameters, which differentiate

Eq. (1) from Eq. (2) are heat flux dissipated in a pore,

pore diameter and fluid thermal conductivity. As the

heat flux dissipated in a pore is increased, the pore dia-

meter increases or the fluid thermal conductivity

decreases, the difference between Eqs. (1) and (2) be-

comes larger. Therefore, Eq. (2) should not be used to

predict the bulk mean temperature except for specific

cases where the heat flux dissipated in a pore is very

small, pore diameter is very small, or the fluid conducti-

vity is very large.
3. Validation

To check the validity of our proposed model for the

bulk mean temperature of a porous medium, Eq. (11),

we numerically investigated two ideal porous media:

the fin structures shown in Fig. 1 and a microchannel

structure [5,12]. We compare the results calculated from

Eq. (11) with those from Eq. (2), as well as classical sim-

ulation results.

3.1. Fin structures

The problem under consideration is the parallel flow

through the fin structured channel shown in Fig. 1(a).

The air flows along the x-axis. The bottom surface is

kept at constant heat flux, and the top surface is insu-

lated. An REV (representative elementary volume) for

volume-averaging is shown in Fig. 1(b). For the numer-

ical domain, the no-slip boundary condition is pre-

scribed at the top and bottom surfaces, and the

symmetric condition is specified on two sides located

normal to the y-axis. Porosity is 2/3, and size of a fin

is 2cm · 2cm · 10cm. By using the finite-volume

method, we can numerically calculate the bulk mean

temperature and compare the bulk mean temperature

with that from Eq. (11). Fig. 2 shows that results from

Eq. (11) match closely with classical numerical results.

On the other hand, results based on the previous model,

Eq. (2), produce significant errors in predicting bulk

mean temperature.

3.2. Microchannel structure

To further validate the proposed model, we compare

the thermal resistance calculated from Eq. (11) with re-
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Fig. 1. Fin structures as an ideal porous medium. (a) Physical domain. (b) Numerical domain.
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Fig. 2. Bulk mean temperatures in a fin structure obtained from

classical numerical results and from present and previous

models.
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Fig. 3. Comparison of thermal resistances for the microchannel

structures.
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sults from Eq. (2), as well as classical numerical results

of Min et al. [12]. The thermal resistance for the micro-

channel structure is defined as

h ¼ hTwi � hT ini
q

¼ hT wi � hT bi
q

þ 1

_mCp
ð12Þ

where Tw, Tin, q, _m, and Cp are maximum temperature at
the base of the microchannel structure, inlet tempera-

ture, heat transfer rate, mass flow rate, and heat capac-

ity, respectively. Fig. 3 shows that the proposed model
predicts accurately the numerical results of Min et al.

[12], while the results from Eq. (2) have a large error

of 12.2%.

Having confirmed the validity of the proposed

model, we conducted a parametric study to quantita-

tively evaluate the difference between the proposed

model, Eq. (11), and the previous model, Eq. (2). Fig.

4 shows that the two models differ substantially for a

practical range of microstructure size, fluid thermal

property, and heat flux. For example, Fig. 4(a) shows
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Fig. 4. Parametric results for jhTbiproposed � hTipreviousij as
function of pore diameter, heat flux, and fluid thermal

conductivity. (a) Effect of a pore diameter. (b) Effect of fluid

thermal conductivity.

5606 S.P. Jang et al. / International Journal of Heat and Mass Transfer 47 (2004) 5603–5607
that the two models may yield up to about 10 �C differ-
ence in the bulk mean temperature for water at a heat

flux of 10W/cm2 and pore diameter of 1mm. Fig. 4(b)

shows that the two models give up to about 20 �C differ-
ence in the bulk mean temperature of air at a heat flux of

1W/cm2. Considering that the heat flux on microscale

structure cooling devices is continually increasing due

to trends toward faster speeds and smaller features for

microelectronic devices, more power output for engines,

and brighter beams for optical devices, the results from

the parametric study clearly show the advantage of the

new model over the previous model in predicting the

bulk mean temperature.
4. Conclusion

In this paper, we propose a new model for calculating

the bulk mean temperature in a porous medium. The

model, Eq. (11), is theoretically derived by using the spa-
tial decomposition of velocity and temperature pre-

sented by Carbonell and Whitaker [10]. Calculated

results with new model match closely with classical

numerical results. Furthermore, the previous model,

Eq. (2) cannot be used to predict the bulk mean temper-

ature in a porous medium except for select cases. Final-

ly, we identify important parameters which bring about

the difference between the previous model, Eq. (2) and a

new model, Eq. (11) and quantitatively evaluate the dif-

ference. Because the two models differ substantially for a

practical range of microstructure size, fluid thermal

property, or heat flux, the new model has the clear

advantage over the previous model in accurately predict-

ing the bulk mean temperature for all these parameters.
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