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1. Introduction

Porous media are most frequently met in nature and
in many engineering fields. The thermal conductivity
of porous media is one of the important properties for
thermal design and numerical simulations. In the past
decades, many measuring results were obtained for the
thermal conductivity of the saturated and dry porous
media [1,2], and some models have been proposed [3—
5]. Relatively, the studies on the thermal conductivity
for unsaturated wet porous media are limited [6]. The
usually adopted method to measure the thermal con-
ductivity of wet unsaturated porous media is the tran-
sient heat probe method. It is confirmed that the
measurement are heavily affected by the moist mi-
gration during the measurement process, especially for
the lower saturation. There are different treatments to
obtain the thermal conductivity from the measured
data [7]. De Vries [8] and Singh et. al. [9] have pro-
posed different models to estimate the conductivity of
the unsaturated porous media. But, both of these
models are not convenient to use due to so many
adjustable parameters in them.

The variation of capillary pressure with saturation
presents the internal structure of unconsolidated por-
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ous media and the distribution of solid, liquid and
gaseous phases. Here, a new model for thermal con-
ductivity of unconsolidated porous media has been
established based on the Leverett—Lewis equation for
the relationship of the capillary pressure—saturation.
The predictions of the thermal conductivity for dry
and saturated porous media using this model agree
reasonably with the results of other models and exper-
imental data. A relation was obtained for the thermal
conductivity of the unsaturated porous media when
A/2s<0.2.

2. Formulation

The porous media is composed of solid, liquid and
gaseous phases and the solid matrix is liquid wetted.
Therefore, the liquid phase always occupies the nar-
rowest pores of the porous media and formed a con-
cave surface between liquid and gas, as shown in
Fig. 1. The capillary pressure, p., across the interface
due to the surface tension, o, can be expressed ap-
proximately as:

40 cos 0
Pec = D (1)
Here, D is the characteristic diameter of the interface
between liquid and gas, 0 is the contact angle between
the solid and liquid surface.

The volume based density function of pore diameter
distribution, (D), in the unit representative element
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Nomenclature

D void channel diameter

Dy maximum value of D for a given porous
sample

saturation factor of capillary pressure
hydraulic permeability

capillary pressure

quantity of heat

saturation

effective wetting area in cavities for heat
transfer

max theoretical maximum value of X

unified effective wetting area in cavities for
heat transfer

ko xETRRE AS

Greek symbols

Ap  pressure step

AT temperature difference

o unified void channel diameter

A effective thermal conductivity of the unsatu-
rated porous media

Adary  effective thermal conductivity of the dry por-
ous media

At thermal conductivity of the fluid phase for
saturated porous media

Ag thermal conductivity of the gas phase in un-
saturated porous media

A thermal conductivity of the liquid phase in
unsaturated porous media

As thermal conductivity of the solid phase for
unsaturated porous media

Ju unified effective thermal conductivity of por-
ous media

Awer  effective thermal conductivity of wet saturated
in porous media

a surface tensor

¢ porosity

volume for the porous media can be expressed as [10]:

pep d(1 — )
D dp.

W(D) = 2
where s is the wet saturation and ¢ is the porosity of
the media. For the unconsolidated porous media, the
relationship of capillary pressure—saturation can be
satisfactorily described with Leverett-J function as [11].

pe= 75055 3)

Vk/¢

The normalized pore size distribution of the unconsoli-
dated porous media has been plotted in Fig. 2, with
the Udell’s J(s) function [12]:

Fig. 1. Internal structure of wet porous media.

Jis)=14171 —s) = 2.12(1 — )°+1.263(1 —s)  (4)

The volume of pores having radium between D and
(D+dD) is:

dV = y(D) dD

Then, the porosity of the porous media can be given
as:

+00
¢ = J (D) dD 5)
0

Define a variable, X, as:

o
w
—
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Fig. 2. Pore size distribution.
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Fig. 3. Relationship between X and D.

224D (6)

o

The relationship between D and X is shown in Fig. 3.
The upper limit of X, X, can be determined with
J(s) function.

B ¢ |
Xonax = 0.8024(2\/;) @

For a given porous medium, D always has a limited
value. Here D,z may be taken as ,/20K/¢ (see to
Fig. 3). With normalized variables 6 = D/Dp, and
x=X/Xmx, @ representative unit element was
obtained in the Cartesian coordinate, as illustrated in
Fig. 4. The area of zone ABCDEFHA equal to the
porosity, ¢. Since the space, whose size is less than D,
is filled with water and the other space is filled with
gas, X presents the effective wetting volume in pore
space of the porous media. The line segment HC in
Fig. 4 presents the dimensionless void size that the

X
B C 1

Fig. 4. Characteristic unit element for porous media with the
distribution of solid, liquid and gas.

water can reach at certain saturation. Therefore,

1
o= J 5(x) dx ®)
0

X()

s = qu o(x) dx )
0

For a given s, 6 and x can be calculated accordingly

as:

1
= Clm (10)

x=0C Jf(s) ds (11)

Thus, the curve shape, which presents the relationship
between x and 0 in Fig. 4, can be determined. The
constants C; and C, are determined as follows. For
porous media made up of spherical particles, the mini-
mum porosity is 0.259 [11]. The solid particles contact
closely at this situation. 6(0) = 0, when ¢ = 0.259.
The integration area under the 0—x curve will be 0.259.
This curve is referred as the basic one of the variation
of d(x). With the increase of ¢, the curve Jd(x) will
move from right to left to ensure the sum of the area
of zone II and III equals to ¢. This means that the
contact condition among solid matrix becomes weaker
with the increase of ¢. The curve J(x) vs. ¢ is shown
in Fig. 5.

For a porous medium of porosity of ¢, the position
of line segment CH varies with saturation. Thereby,
the representative unit domain could be divided into
three regions in Fig. 4, i.e. solid matrix volume (zone
I), liquid volume (zone II) and gas volume (zone III).

In order to obtain the effective conductivity of the
wet porous media, a temperature gradient was applied

Fig. 5. Curve d(x) and different ¢. (1) ¢ =0.259; (2)
2¢ =0.3; (3) ¢ =0.35; (4) ¢ =0.4; (5) ¢ =0.45; (6) ¢ =0.5.
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to the representative unit element. The surfaces E-F-G
and B-C-D in Fig. 4 are assumed to be isothermal,
while the other two boundary conditions are thermally
insulated. The radiation heat transfer in the porous
media can be neglected, as usual. The two-dimensional
steady temperature field can be calculated with the
finite element method. The quantity of heat trans-
ferred, Q, across the unit element through different
phase zones, with heat conductivity s, 4; and 4, re-
spectively, can be determined and the effective thermal
conductivity of the wet porous media can be obtained
thereby.

3. Results and discussions

In order to check the validity of the proposed
model, the prediction for saturated or dry porous
media was compared with other models, such as Kunii
and Smith [3], Zehner and Schlunder [4], the Modified
Z-S [5] and Nield models [13]. The results for the por-
ous medium with A4, = 3.35 W/m/K at saturated (4, =
0.6 W/m/K) and dry (4, = 0.024 W/m/K) conditions
were shown in Fig. 6. For the dry situation, the results
of the proposed model are close to that of Z—S model
for larger porosity and close to that of the modified
Z-S model for small porosity. At wet saturated situ-
ation, the results of present model are between the
results of the Nield and Z-S models.

Table 1 showed the reasonable comparison with the
experimental data given by Prasad et al. [1], in which
A1, /2 and A3 are obtained from Zehner—Schlunder [1],
Kunii and Smith [3], and Nield [13] models, respect-
ively. 4, is the prediction by the present model.

Noting that the effective thermal conductivity of wet
unsaturated porous media is affected by porosity, wet
saturation, and thermal conductivity of the solid,

2.5
—e&— Present model
—#--; Modified Z-S[14]
—&—: Z-S[4]
2r wet saturated —#— Neild[13]
1.5
=
2
g 1
-~
0.5 | dry
0

0.2 0.2 0.3 0.3 0.4 0.4 05 0.5 0.6

¢

Fig. 6. The comparisons of this model with other models at
dry and wet saturated condition.

A (W/m/K)
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S

Fig. 7. The thermal conductivity at different ¢ for unsaturated
porous media.

liquid and gaseous phases, for the porous medium of
4s = 3.35 W/(m/K), 4 = 0.6 W/(m/K) and 4, = 0.024
W/(m/K), the variation of the effective thermal con-
ductivity with saturation at different porosity is shown
in Fig. 7. The effective conductivity increases very dra-
matically with s at low saturation. This can be
explained as the result of thermal bridging of liquid
phase in narrower void space at low saturation.

The effective thermal conductivity of wet unsatu-
rated porous media of different porosity can be unified
by introducing following parameter defined as

Fu = (= Zay )/ v = ) 2

Here A4y and Ay are the thermal conductivity of por-
ous media at dry and saturated condition, which can
be measured accurately. The effect of ¢ has been
included in A4y and Aye. 4y is only the function of
saturation, as shown in Fig. 8. It can be fitted into
following equation:

0 0.2 0.1 0.6 0.8 1
S

Fig. 8. The unified thermal conductivity at different ¢ for
unsaturated porous media.
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Table 1
The comparison with experiments

Medium ¢ As At A o 3 Measured Zp
1 Water/glass 0.369 1.10 0.616 0.855 0.831 0.857 0.837 0.921
2 Water/glass 0.425 1.10 0.618 0.840 0.810 0.847 0.842 0.901
3 Glycol/glass 0.349 1.10 0.259 1.515 0.656 0.608 0.559 0.703
4 Glycol/glass 0.427 1.10 0.259 1.371 0.555 0.553 0.597 0.615
5 Glycol/steel 0.416 37.39 0.262 5.848 2.167 2.389 2.584 1.436
6 Glycol/acrylic 0.402 0.16 0.261 0.450 0.206 0.195 0.221 0.196
7 Water/acrylic 0.427 0.16 0.630 0.292 0.371 0.279 0.479 0.315
4y = 0.1811 In(s) 4- 0.9878 (13) tivity of liquid-saturated porous beds of spheres, Int. J.
. . . Heat Mass Transfer 32 (3) (1989) 1793-1796.
The eﬁ'ectl(\il?( tf%ern;al dco.n dzcitl\.llty of wet unsaturated [2] E. Hahne, Y.W. Song, U. Gross, Measurements of ther-
porous media can be dertved as. mal conductivity in porous media, in: S. Kakac, B.
, Kilkis, F.A. Kulacki, F. Arinc (Eds.), Convective Heat
= Ju(Awet — 4 A 14 > > ,
& u( wet dry) T Adry (14) and Mass Transfer in Porous Media, Kluwer Academic
Publishers, Dordrecht, 1991, pp. 849-865.
[3] D. Kunii, J.M. Smith, Heat transfer characteristics of
4. Conclusions porous rocks, AIChE Journal 6 (1960) 71-77.
[4] P. Zehner, E.U. Schlunder, Thermal conductivity of

In conclusion, the variation of capillary pressure
with saturation reflects the internal structure of wet
unsaturated porous media and the probable contri-
bution of solid, liquid and gas phase. The proposed
model may effectively predict the thermal conductivity
of both saturated and wet unsaturated unconsolidated
porous media. The comparisons with the experimental
data for saturated porous media show that the present
model is reasonable and feasible to predict the thermal
conductivity of porous media. It’s difficult to obtain a
unified equation about the thermal conductivity of wet
unsaturated porous media for all conditions. When
A/2s < 0.2, Eq. (14) can be used to predict the effective
thermal conductivity, i.e.

A= )“u (iwet - /ldry) + idf}’
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