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1. Introduction

An effective thermal conductivity of a fluid-saturated porous
medium is composed of stagnant thermal conductivity and ther-
mal dispersion conductivity. For the case of pure heat conduction,
the thermal dispersion conductivity is absent. In such heat conduc-
tion case, it is crucial to estimate the effects of tortuosity on the
stagnant thermal conductivity, since the thermal conductivity of
the solid phase is generally much higher than that of the fluid
phase, and thus, whether the solid is connected or not influences
the heat conduction mode significantly. Thermal dispersion, on
the other hand, is the spreading of heat caused by variations in
fluid velocity about the mean velocity. In addition to the molecular
thermal diffusion, there is significant mechanical dispersion in heat
and fluid flow in a fluid-saturated porous medium, as a result of
hydrodynamic mixing of the fluid particles passing through pores.
This thermal dispersion causes additional heat transfer, which
arises further complications in dealing with transport processes
in fluid-saturated porous media.

Accurate estimation of effective stagnant thermal conductivity
of porous media has been continuously investigated since the pio-
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neering work of Maxwell [1]. Standard treatment of heat conduc-
tion in porous media is based largely on the lumped mixture
model under the assumption of local thermal equilibrium condi-
tion. In this treatment, the problem reduces to the construction
of an appropriate composite model for the estimation of effective
stagnant thermal conductivity. Such attempts include Rayleigh
[2], Deissler and Boegli [3], Kunii and Smith [4], Zehner and Schlun-
der [5], Nozad et al. [6], Sahraouni and Kaviany [7] and Hsu et al.
[8,9]. Hsu et al. [9] introduced a one-dimensional conduction mod-
el based on in-line touching cubes, and carried out an elegant anal-
ysis to show good agreement with the experimental data for the
case of packed beds. As for consolidated porous media, Calmid
and Mahajan [10,11] conducted a comprehensive study on the
effective thermal conductivity of high porosity fibrous metal
foams, introducing a one-dimensional heat conduction model.
They found that their analysis agrees fairly well with the experi-
mental data. Chang [12], on the other hand, developed a compara-
tively simple theoretical model based on combined series and
parallel conduction within fluid saturated wire screens. He con-
cluded that his analytical model provides better accuracy than
the existing correlations. Excellent reviews on this topic may be
found in Kaviany [13] and Hsu [14].

In the first part of this paper, we shall consider macroscopic
heat conduction in porous media in a somewhat more general
way by appealing to a volume averaging procedure [15-17]. We
shall introduce a unit cell model, which consists of rectangular sol-
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Nomenclature

A surface area (m?)

At interface between the fluid and solid (m?)
as specific surface area (1/m)

c specific heat (J/kg K)

Cp specific heat at constant pressure (J/kg K)
C size of the touching arm (m)

D size of the solid (m)

Ffg profile functions (-)

H size of the cell (m)

hy interfacial heat transfer coefficient (W/m? K)

k thermal conductivity (W/m K)

L external scale (m)

n; unit vector pointing outward from the fluid side to solid
side (-)

Pr Prandtl number (-)

q heat flux (W/m?)

Rupcss  thermal resistances

T temperature (K)

Vv representative elementary volume (m?)
X Cartesian coordinates (m)

XYz Cartesian coordinates (m)

€ porosity (=)

n dimensionless vertical coordinate (-)
I density (kg/m?)

Special symbols

¢ deviation from intrinsic average

(o) Darcian average

(p)fs intrinsic average

Subscripts and superscripts
f fluid
S solid

ids with connecting arms in an in-line arrangement. This general
model allows us to represent most homogeneous porous media,
which may or may not have directional dependence. Packed beds,
porous foams and wire screens may easily be described by setting
geometrical parameters in the model accordingly. The terms asso-
ciated with the tortuosity in porous media are evaluated, by faith-
fully carrying out surface integrations with respect to the local
temperature over the interface between the solid and fluid phases.

In the second part of this paper, we shall investigate the thermal
dispersion conductivity, which becomes predominant for convec-
tive flows in porous media. According to Wakao and Kaguei [18],
Yagi et al. [19] were the first to measure the effective longitudinal
thermal conductivities of packed bed, taking full account of the ef-
fect of thermal dispersion, and eventually found the longitudinal
component of the dispersion coefficient much greater than its
transverse component. Since the famous analytical treatment in a
tube by Taylor [20], a number of theoretical and experimental ef-
forts (e.g. Aris [21], Koch and Brady [22], Han et al. [23] and Vort-
meyer [24]) were made to establish useful correlations for
estimating the effective thermal conductivities due to thermal dis-
persion (see Kaviany [13]). Furthermore, a series of numerical
experiments were conducted by Kuwahara et al. [25] and Kuwaha-
ra and Nakayama [26], assuming a macroscopically uniform flow
through a lattice of rods, so as to elucidate the effects of micro-
scopic velocity and temperature fields on the thermal dispersion.
It is also worthwhile to mention that Nakayama et al. [27] derived
a thermal dispersion heat flux transport equation from the volume
averaged version of Navier-Stokes and energy equations and
showed that it naturally reduces to an algebraic expression for
the effective thermal conductivity based on a gradient-type diffu-
sion hypothesis.

In this paper, we shall revisit the volume average version of the
two energy equations for solid and fluid phases, derived on the ba-
sis of the volume averaging theory [28]. We shall follow the defini-
tion of thermal dispersion heat flux to evaluate the longitudinal
and transverse components of the thermal dispersion conductivity,
exploiting the derived two energy equations. It will be shown that
the interstitial heat transfer is closely linked with the thermal dis-
persion phenomena. A general expression will be derived using the
inter-relationship found between the interstitial heat transfer and
thermal dispersion. The validity of general expressions for both
stagnant thermal conductivity and thermal dispersion conductivity
will be confirmed comparing the present results with available
experimental and theoretical data.

2. Macroscopic energy equations

We shall consider the energy equation for the fluid phase and
that for the solid matrix phase as follows:

For the fluid phase:
aT 7] 7] aT
P¢C + psCp, —U;T = (k —) (1)
7o ge TP ax T ax T o
For the matrix phase:
aT o oT
PsCs o¢ c')—XJ (ks 0_X]> (2)

where the subscripts f and s stand for the fluid phase and solid
phase, respectively. In order to obtain the macroscopic energy equa-
tion for fluid-saturated porous media, we take a control volume V
within in the medium, whose length scale V'/? is much smaller than
the macroscopic characteristic length, but, at the same time, much
greater than the structural characteristic length (see e.g. Nakayama
[15]). Under this condition, the volume average of a certain variable
¢ in the fluid phase is defined as

W = [ sav 3)
fJve

where V; is the volume space which the fluid phase occupies. The

porosity ¢ = V;/V is the volume fraction of the fluid space. Follow-

ing Nakayama [15], Cheng [16], Quintard and Whitaker [17] and

many others, we decompose a variable ¢ into its intrinsic average

and the spatial deviation from it:

$=() +¢ )

We shall exploit the following spatial average relationships:

(br12) = (1) (da) + (d12) (3)
o¢ 1 8&<</>> 1 4

5oy -2 7 J, oma ©

where A;, is the local interfacial area between the fluid and solid
matrix, while n; is the unit vector pointing outward from the fluid
side to solid side. Similar relationships hold for the solid phase,
whose intrinsic average is defined as

W =g [ oav )
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Upon integrating Eqs. (1) and (2) over the local control volume with
help of the foregoing relationships, we obtain the volume averaged
set of the energy equations as follows [28]:

For the fluid phase:
mnf RIOA
PrCp € ——+ PsCp &6 ——————
fopr (e Ix;
o oy Kk
8xj <£kf o / . Tn;dA — pscp e (@T) )
/ haly (8)
For the solid matrix phase:
T} 0 oT)® ks
0sCs(1 —¢) 5t 78_29- (1- % /m[ Tn;dA
/mt kf ax] (9)

where (TY is the intrinsic average of the fluid temperature, while
(T)® is the intrinsic average of the solid matrix temperature. Obvi-
ously, the parenthetical terms on the right hand side of Eq. (8) de-
note the diffusive heat transfer, while the last term describes the
interfacial heat transfer between the solid and fluid phases. We
combine the foregoing two energy equations to obtain a single mac-
roscopic equation as follows:

A(epsCy (TY +(1-8)pcs(T)") auy (1Y
ar TP,

9 Ty
7(9)(]' (gkf an *

where we exploited the continuity of temperature and heat flux at
the interface. Further assuming that the local thermal equilibrium
condition holds between both phases, namely, (T) = (T)* = (T),
the equation reduces to

— £)PyCs) % + PrCpf 8(1;))((T)

ATY  ke—

(1 —£)Icsa—xj+ / Tn;dA - £pfcpf<uT> >

(10)

(epyCyy + (1

7] o(T) k e
=5 (((ekf + (1 - k) - f / TnjdA — epsc, (i5T) )
(11)
where
;% /V $dv (12)

is the Darcian average of the variable ¢ such that (u;) = 8<uj>f is the
Darcian velocity vector. Thus, we find the macroscopic heat flux
vector ¢; and its corresponding total effective thermal conductivity
tensor kmmz,j as follows:

o(T
—ktomlij %
j

= —(gks +(1— g)ks)agp — (ks — ks)<‘]/ / Tn,»dA> +eppCy (T
Aint

(13)

The last term in the rightmost expression describes the thermal dis-
persion term, while the second associated with the surface integral
describes the effects of the tortuosity on the macroscopic heat flux.
Note that the first term in the expression corresponds to the upper
bound of the effective stagnant thermal conductivity based on the

parallel model, namely, (ekf + (1 — &)ks)d;. Thus, it is the tortuosity
term (i.e. the second term) that adjusts the level of the effective
stagnant thermal conductivity from its upper bound to a correct
one.

3. Unit cell model and effective stagnant thermal conductivity

The present unit cell model of rectangular solid is illustrated in
Fig. 1. We assume that an infinite number of these rectangular sol-
ids are arranged in a regular fashion. The dimensions of the unit
cell and rectangular solid are indicated as (Hy, Hy, H,) and
(Dx, Dy, D,), respectively, while the sizes of touching arms of
square crosssection are denoted by (Cy, Cy, C,), respectively.

We shall apply Eq. (13) to this unit model so as to find out the
effective stagnant thermal conductivity. The axial component of
the surface integral term in the second term in the rightmost
expression in Eq. (13) may be estimated as follows:

< / TndA> HHH/HZ/HY/HX (xyz)/ Tn,dA)dxdydz

s,
DyD;—C? T2 2 CVAH{H,H,

Dy
- ./DyDz—Cf <T|":DTX B T|":*DTX+”X)dA‘C.vA2 H2H,H,

+/ <T\ ~T, cy>dA H;_Cy
Cy(Hy-Dy) cviHyHyH,
C
/ <T\ Tl g )dA G
Cy(Hy-Dy) " R cv2HHH,
Hy-C,

Jr/cZHZ D) (T‘ 5Tl CZ) ’cv.lHiHsz
(

/C ) Tlg - Xfﬁmx)dA‘ G (14)

cva2 H)Z( H,H,
Upon noting that n; is the unit vector pointing outward from the
fluid side to solid side, we considered the two distinctive control
volumes, namely, C.V.1 and C.V.2, as shown in Fig. 2, with their cor-
responding weights, to evaluate the volume average of the surface

integral term associated with the interfacial temperatures.
The temperature differences between the opposing interfaces
may be estimated considering the heat currents, namely,

Fig. 1. Unit cell model.
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Fig. 2. Two distinctive control volumes for the surface integral.

Qe Qu,, Q.. Qs and Qg, as indicated in Fig. 1, and their corre-
sponding thermal circuits as shown in Fig. 3, such that

Q.D
(g~ Tg) 2o
(D,D, — C?)k,
- 2= q,H,H.D, as)
- (e +a+r+ e +7) (DD - GOk
Ree " Ry " Ry ' R T Ry J\FYHz ™ Mx)ls
where
R, — (foDx+&) L. (16a)
ke ks ) D,D, — C.
R, = (16b)
ksC2
_(Hi-Cy G 1
R = ( ke +E Cy(Hy —Dy) (16¢)
(H-C G 1
RCX B ( kf * k5> CZ(HZ - DZ) (16d)
R; Hy ! (16e)

"~k H,H,—D,D, — C,(H, — D,) — G,(H, — D)

The other temperature differences may be evaluated likewise.
Substituting these temperature differences into Eq. (14), we
find

VAL 7 U S S Ll L L TnidA | dxdyd
i-{= ndA ) =i ——— — n; xdydz
v./A ' HxHny./0 /0 /0 V(xy.2) / ' v

int int
1

o R (14)@
i+é+i+i+i \ks  kf H?
. i ] (1_1> (He— )Gy
e tr tre e K K H?
1
rrr () P a9)
E+E+E+E+@ s f Hx

The foregoing expressions are substituted into the definition of the
macroscopic heat flux, namely, Eq. (13) without the dispersion
term, to find

T T (kr — k) (- ) dx
qx:—ksmgm%:—(ekfju(l—s)ks)%_ — (1 1f> 1
(i)

1 D\D, 1 G\G 1 G\ G
X(m(“m)mmx (l‘H—X a &\ "H)H,

Upon solving for the macroscopic heat flux q,, we have

(18)
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Fig. 3. Thermal circuit.
q K o(T) eky + (1 — &)k oT)
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kske ﬁ+é+¢+é+¢

(19)
which gives the effective stagnant thermal conductivity as follows:

ek + (1 — &)k

Ketag,, = s (1R (1) Tl (1 6)% (20a)
1 + (k,—ks) Ray Hy)Ax 'Ry, Hy) Hx "Rey Hy JHy
ksks ﬁ+ﬁ+¢+ﬁ+i
Likewise,
Kee — eks + (1 — &)k, (20b)
Sta; -
By s (1) 1 (G ) (g G
1+(k/—ks) Ray Hy ) Hy Rby Hy JHy "Re, Hy ) Hy
kske ﬁ+¢+%+#+¢
ekr + (1 — )k
Kstag,, = y+ (1= ks (20c)

1(1.D2)Dz, 1 ,,XLXL( ,Ly)iy
—l+(kf*ks)2 Ruz(l HZ)HﬁRbZ(l HZ)HZ+RCZ 5%
ksk I I I O
sKf Ra; ' Rs; *sz R, *sz

The set of Eq. (16) should be used with cyclic permutation to obtain
the resistances R,, to Ry in Egs. (20b) and (20c). Moreover, the
porosity of the unit cell of rectangular solid may be evaluated from

H,H,H; — D,D,D; — C;(H, — D) — C2(H, — Dy) — C2(H; - D)
&=
H,H,H,

(21)

4. Validation of the expression for stagnant thermal
conductivity

In order to examine the generality acquired in our mathemati-
cal model for estimating the effective stagnant thermal conductiv-
ity, we shall apply our model to evaluate the effective stagnant
thermal conductivities of various porous media, such as packed
beds, metal foams and wire screens.

4.1. Packed beds

Hsu et al. [9] introduced a unit cell model of touching cubes in a
regular arrangement and carried out a lumped mixture model
analysis and predicted the effective stagnant thermal conductivity
of the packed beds. They showed that their model of cubes in a reg-
ular arrangement is a rational model to describe heat transfer in
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the packed beds. Albeit the difference in its appearance, our gen-
eral expression based on the volume averaging theory, when ap-
plied to their geometry, turns out to be mathematically identical
to their expression based on the lumped mixture model. Thus, as
for the first example, we shall predict the effective stagnant ther-
mal conductivity of the packed beds. The geometrical parameters
for the packed beds may be set following Hsu et al. [9]:

H,=H,=H,=H, D,=D,=D,=D,
Co=Cy=C,=C=0.13D

D\? , (D\? D
371—<ﬁ> ~3x0.13 <ﬁ> <1—ﬁ>70.36

We have approximated the collection of the spherical particles in
the packed bed by the collection of the cubes with touching arms
of square cross section. Note that its porosity (¢ = 0.36) is set to
the same as that of their packed beds. Eq. (22a) together with
(22b) gives

D/H=086 and C/H=0.11 (23)

(22a)

(22b)

As we substitute foregoing values into Eq. (20a), the ratio of the
effective stagnant thermal conductivity Ky, /k; may readily be
evaluated for each value of the solid to fluid thermal conductivity
ratio, ks/ks. Such a curve showing Kk, /k; is generated from Eq.
(20a) and plotted in Fig. 4 along with the experimental data of Noz-
ad et al. [6] for the case of the packed beds. The prediction follows
the experimental data closely over a wide range of the thermal con-
ductivity ratio. Note that the size ratio of the touching arm to the
rectangular solid, namely, C/D, accounts for the contact resistance
between the particles. Naturally, the resulting stagnant thermal
conductivity is fairly sensitive to the ratio C/D. Empirical informa-
tion on the contact resistance is needed to set the ratio.

4.2. Metal foams

Our general set of Egs. (20) can also be used for evaluating the
effective stagnant thermal conductivities of high porosity metal
foams. In reality, the structure of metal foams is quite complex.
Therefore, it may not be practical to describe all details of the
structure accurately. Calmid and Mahajan [10] approximated such
a complex structure, introducing a hexagonal structure of metal
foam matrix. In this way, they were able to obtain the expression
for the effective stagnant thermal conductivity exploiting a one-
dimensional heat conduction concept. Their prediction agrees very
well with available experimental data. Alternatively, we may apply

3
"% F 2=0.36, H =H =H =H, D =D =D =D, C =C =C =0.13D
Present model
fffff Hsu et al /
e Experimental results (Nozad et al.) 7
10° y
_!“_ /,
-~ S e
g ,
_\:m 1
1 L P
10' o .~
100 L1 s sl r s assnl L vl L1 annl IR ETIT
10° 10' 10° 10° 10* 10°
ks 7kt

Fig. 4. Effective stagnant thermal conductivity of packed beds.

our general model to high porosity metal foams, by setting the geo-
metrical parameters as

Hy=H,=H,=H, Dy=Dy=D,=C,=C,=C,=D

1ol o)

Note that the metal foam structure was approximated by a unit cu-
bic cell structure according to Eq. (24a), and that the porosity was
set equal to that of the corresponding metal form. Eq. (24b) for
the porosity of the unit cubic cell may readily be derived as we sub-
tract the square rod volume per unit (3(H — D)D* + D) from the
unit volume H? to obtain the space occupied by the fluid per unit
cell, then divided it by H>.

In Fig. 5, our prediction based on Eq. (20a) is shown along with
Calmid-Mahajan expression based their hexagonal model [10] for
ks/kr = 357 and 8226, over the porosity range from 0.90 to 0.98. As
can be seen from the figure, both predictions agree with the exper-
imental data very well.

(24a)

(24b)

4.3. Wire screens

As for the third example, we shall consider wire screens and ap-
ply our general model to estimate their effective stagnant thermal
conductivities. A multiple layer of square-mesh standard wire
screens is depicted in Fig. 6.

The multiple layers of wire screens of this kind are often used
for heat pipe applications. Thus, it is essential to estimate the effec-
tive thermal conductivity of wire screens, as we use them for
various heat transfer applications. Chang [12] proposed a compar-
atively simple theoretical model based on combined series and
parallel conduction and showed that his equation gives fairly good
agreement with available experimental data. Our general Eq. (20a)
may also be applied for this case, in order to estimate the effective
thermal conductivity of the multiple layers of wire screens. A care-
ful observation of the cross section of the wire screen, as shown in
Fig. 6 prompts us to set the geometrical parameters as follows:

Hy=H,=H,=H, D,/2=D,=D,=D,
C,=0032D, C,=D, C,=D (25a)

e=1- 2(%)3 —0.032? <g>2<l —2§> - 2(g)z<1 —g) =0.70
(25b)

such that D/H=0.39. We estimated the touching area as
Cy = 0.032D for a multiple layers of wire screens.

| /
100 | ke / Ky =8226

[ H=H =H =H, D =D =D =C =C =C =D
| > y z X y z X Yy z
Present model

----- Calmidi and Mahajan
® Experimental results (Calmidi and Mahajan)

ks‘[ag / kf

10 |

. 1 . [ PR WU WU U . 1 .
0.90 091 092 0.93 0.94 0.95 0.96 097 098

€

Fig. 5. Effective stagnant thermal conductivity of metal foams.
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Fig. 6. Schematic views of wire screens.

Note that the wire screen structure was approximated by a unit
cell structure of a rectangular prism 2D x D x D with four thick
arms D x D x (H-D)/2 and two thin arms 0.032D x 0.032D
x(H —2D)/2 as given by Eq. (25a), and that the porosity was set
equal to that of the corresponding wire screens. Eq. (25b) for the
porosity of the unit cell may be derived as we subtract the solid
volume per unit 2D* + 0.032°D*(H — 2D) + 2D*(H — D) from the
unit volume H® to obtain the space occupied by the fluid per unit
cell, then divided it by H>.

Our prediction based on the general Eq. (20a) is illustrated in
Fig. 7, which indicates fairly good agreement among our predic-
tion, Chang’s prediction and the experimental data of the wire
screens reported by VanSant and Malet [29]. This suggests that
our general set of Egs. (20) is valid even for the prediction of effec-
tive stagnant thermal conductivity tensors in anisotropic porous
media.

5. Expressions for thermal dispersion conductivity

Even when the local thermal equilibrium holds at the macro-
scopic scale, the interstitial heat transfer takes place between the
solid and fluid phases. In other words, the interface at the pore
scale is never at local thermal equilibrium. In fact, it is this interfa-
cial heat transfer at the local non-thermal equilibrium that controls
the spatial distribution of the temperature at the pore scale and
thus the thermal dispersion activities.

Upon introducing the interstitial heat transfer coefficient h; and
the effective porosity tensor, &;, as function of the stagnant thermal

conductivity tensor, Ksag, = ksmgxx(?,l?) + Kstag,, (7, i+ ksmgu(la E), the
two energy equations (8) and (9) may be rewritten, as follows:

50F =07, Hx=Hy=Hz=H‘ Dxf2=Dy=DZ=D

r C_=0032D,C,=C_=D
45 L X y z

Present model

kstagxx ! kf

10° 10° 10*

ke ! s

Fig. 7. Effective stagnant thermal conductivity of a multiple layer of wire screens.

For the fluid phase:
0 o™ o T
PrCor =51+ PrCry éxj = a—xj(.sjkkf + .skdisjk)aTk
— ashy (1Y —(T)") (26)
For the solid matrix phase:
ouTy 9 S Ty s r
PrCp (1 —8) ot :a—xj (9jic — &j)ks 9%, —ashy((T)" = (TY)
(27)
where the effective porosity tensor is defined as
) (ks + (1 — &)ks) i — Kistag,
A J) — Ky (28)

ks — kf

such that sjkkf + (O — ka)ks = ksmgjk, while the dispersion thermal
conductivity tensor is defined by

Ty

0 (29)

= T\
—prpf<u]'T> = kdfskj
Moreover, the interstitial heat transfer between the fluid and solid
phases is modeled according to Newton'’s cooling law as

g g = oy (1~ 17) (30

where a; and hy are the specific surface area and interfacial heat
transfer coefficient, respectively.

5.1. Longitudinal thermal dispersion conductivity

The energy Eq. (26) at the steady state may be written along the
macroscopic flow direction x as follows:

f
pycn ) 25T = —aphy((1) — (17 31)

We have dropped the diffusion term, since the convection term on
the left hand side predominates over the diffusion term, as the ther-
mal dispersion becomes appreciable. A magnitude analysis reveals
that the diffusive term in Eq. (26) may be neglected when the Peclet
number based on an external scale L and dispersion thermal con-
ductivity kg, namely, pfcpf<u)L/kd,-s, is sufficiently large. As will be
shown later (see Eq. (46)), we have kg ~ PrCp (W)D for convective
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flows. Hence, p;cy, (U)L/kais ~ L/D > 1 and Eq. (31) may readily be
satisfied for most convective flow cases. Exploiting the foregoing
equation, the longitudinal thermal dispersion term may be evalu-
ated as follows:

—psCo (T = —pyey (W) (T — (TY*)(f — 1) (g~ 1)Y

—w«fl)(gl» o1y 32
Hence,
Kais, —%«f—n(g— 10 (33)
where
u= w'f() (34a)
and
T—(T)* = (T —(T)")g(n) (34b)

We shall consider a convective flow through cubes in a regular
arrangement as shown in Fig. 8, where the dimensionless coordi-
nate # is defined as

n=2y/(H-D) (35)

The cubes are assumed to have no touching arms, since the effects
of such arms on the thermal dispersion may be negligibly small for
packed beds of our interest. For the first approximation, we may as-
sume the following profile functions describing the laminar fully
developed velocity and temperature profiles:

fn) = %(1 -1 (36a)
and
g01) = 15 (5~ 617 + 1) (36)

Noting that (¢)' =1 [, ¢dn such that (f) = (g)/ = 1, and substitut-
ing the foregoing profiles into (33), we readily obtain

kas, 3 (oG W)® 1 Pl
ke 14 eashsk, — 28¢(1-¢) (h’fj)
s

(37)

where Pep = p;c,r(u)D/ks is Peclet number based on the Darcian
velocity and particle diameter. Note also af = 6(1 — ¢)/D for spher-
ical particles of size D. Assuming ¢ = 0.4 and using Wakao and

Kaguei’'s empirical equation [18] for the interstitial heat transfer
coefficient for packed beds, namely,

h;;—D =2.0+1.1Pe%8 /Pr0?’ (38)
f

we obtain the longitudinal thermal dispersion in the laminar

regime as follows:

kdisxx _ Pef) .
kT 2.0+ 1L1PeSS /P07

Laminar regime (39)

The foregoing equation gives kg, o Pes for small Peclet number,
which is consistent with Taylor and Aris analysis [20,21]. The equa-
tion also implies the existence of the transition regime from laminar
to turbulent, in which we have kg, o Pep*.

A similar procedure can be taken to estimate the longitudinal
thermal dispersion for the case of fully turbulent flow, using the
wall laws as

U=1u; (% Inn* + B) (40)

and

T (Ty = — _Qw0r <1 Inn* +A> (41)
UcpPsCof \K

where u; and q,, are the friction velocity and wall heat flux, respec-
tively, and n™ =u.n/v; is the dimensionless distance measured
from the wall surface (n =452 —y). k is the von-Karman constant
while both B and A are the empirical constants. It is easy to find

i="(nc+1) (42)
K

and

T:_% In¢+1) (43)

where

(=1-7 (44)

Using these profile functions (42) and (43), we have

S Ef_ O1qy 2 _ 01y _ O1PsCh (U) O(TY
7prD[<ujT> - K2 ((ln{+ 1) > - K2 - Kza; Ox (45)

where we used Eq. (31) to eliminate q,, = —hf(<T>f —(T)®) in favor of
the temperature gradient. Setting x and o7 to 0.41 and 0.9, respec-

(@) T ) = (ye— (o}

J’L 3 <'/
4

Fig. 8. Cubes in a regular arrangement and prevailing velocity and temperature fields.
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tively, according to Launder and Spalding [30], we obtain for the
turbulent regime:
Kis,,  OTP5Cpy (U) or

kK~ kak 6(1— oK Pep = 1.5Pep :  Turbulent regime
f ff -

(46)
Thus, the thermal dispersion conductivity increases in proportion to
Peclet number for the turbulent regime. It should be noted that, for
the case of turbulent flow, the turbulence thermal conductivity
should be added in addition to the thermal dispersion conductivity.
However, the recent study of Nakayama and Kuwahara [31] gives
keurn / ks = 0.0233Pep /(1 — &) for the case of packed beds, which is
much smaller than the dispersion thermal conductivity, and thus,
can be dropped for the first approximation.

5.2. Transverse thermal dispersion conductivity

The transverse thermal dispersion must be taken into account
correctly, when we evaluate the heat transfer from the bounding
wall. Let us consider the energy Eq. (26) close enough to the solid
surface for the convection to be negligible, but sufficiently away
from the solid surface, such that the transverse thermal dispersion
dominates over the stagnant thermal diffusion:

2, f
IV ahy((ry — (1) (47)
dy
A magnitude analysis reveals that the convection terms in Eq. (26)
vanish near the wall due to no-slip conditions and at the same time
that transverse diffusion overwhelms the longitudinal one for
(L/8)* ~ (L/D)* > 1 where § is the thermal boundary layer thick-
ness. Hence, Eq. (47) may be satisfied for most near wall flow cases.
Upon assuming (T)f = (T)° at infinity, we integrate the foregoing
equation and obtain

dry  |ah s
=t~ “

Thus, the transverse thermal dispersion term may be evaluated as
follows:

—psCo (DTY = —ppcy, () (TY — (T))(F(g - 1))

k is, f
~ oyt 0[S F g~ ) d;% (49)

8kdisyy

Hence,
s, = 0 (g - 1)) (50)
where
= (uF(n) (51)

such that (F)' = 0. It is interesting to note that Eq. (50) obtained for
the transverse thermal dispersion conductivity is identical to Eq.
(33) obtained for the longitudinal thermal dispersion conductivity,
except the difference in the multiplicative constants, namely,
((F(g = 1)Y)? and ((f — 1)(g — 1))’. Fried and Combarnous’ experi-
mental data [32] suggest that ((f — 1)(g — 1)) is about 20 times lar-
ger than ((F(g—1)))? such that we propose the following
equations:

Kai 2 ) .

" _ 0.0075 % : Laminar regime (52)
ks 2+1.1pe)°/Pr®

ki

% =0.075Pep :  Turbulent regime (53)
f

6. Validation of the expressions for longitudinal and transverse
thermal dispersion conductivities

In Fig. 9, our results for the case of packed beds are presented in
terms of the ratio of the total longitudinal effective thermal con-
ductivity to the fluid thermal conductivity, namely,

Keotaly . kstagxx + ks,

kf ](f (54>

The present results obtained for the cases of (Pr, k;/k;) = (0.71,
53.28) and (7.02, 2.30) are compared with the experimental data re-
ported by Fried and Combarnous [31] and the empirical equation
€kis,. /kr = 0.5Pep proposed by Wakao and Kaguei [18] for high Pec-
let number. The stagnant thermal conductivity ks, was evaluated
using the general Eq. (20a) along with Eqs. (22a) and (22b), which
was also added to their experimental data to show the total longi-
tudinal effective thermal conductivity. Fairly good agreement can
be seen between the present correlation and the experimental data.

Likewise, the correlations established for the transverse thermal
dispersion conductivity are presented along with the experimental
data reported by Fried and Combarnous [31] for the transverse
thermal dispersion conductivity. The present expressions appear
to be in good accord with the experimental data (see Fig. 10).

10° F v

® Experimental data of Fried and Combarnous
) Present model L
10" ----05Pe,

- Pr=0.71
kg / kg =53.28

10°
Pr=7.02
kg /ke=2.3
10—‘ 1 1 sl 1
10" 10° 10' 10° 10° 10
Pe

Fig. 9. Longitudinal effective thermal conductivity of packed beds.

® Experimental data of Fried and Combarnous

100 | — Present model
o L Pr=0.71
x kg / ke =53.28
_= 10 |
E:
&~ L

Fig. 10. Transverse effective thermal conductivity of packed beds.
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The foregoing comparison suggests that the present expressions
for both longitudinal and transverse thermal conductivities are va-
lid for the packed beds. The present expressions as function of the
interstitial heat transfer coefficient is quite general, in the sense
that they can be applied for other porous media as their correla-
tions for the interstitial heat transfer coefficient are available.

7. Conclusions

A volume averaging theory was exploited to evaluate both stag-
nant thermal conductivity and thermal dispersion conductivity
within porous media. For the stagnant thermal conductivity, a gen-
eral unit cell model, consisting of rectangular solids with connect-
ing arms in an in-line arrangement, was proposed to describe most
homogeneous porous media. The resulting expression for the stag-
nant thermal conductivity has been validated by comparing the
present results with available experimental and theoretical data
for packed beds, porous foams and wire screens. As for the thermal
dispersion conductivity, a general expression has been derived
with help of the two energy equations for solid and fluid phases.
It has been revealed that the interfacial heat transfer at the local
non-thermal equilibrium controls the spatial distribution of the
macroscopic temperature and thus the thermal dispersion activi-
ties. The resulting expressions for the longitudinal and transverse
thermal dispersion conductivities agree well with available exper-
imental data and empirical correlations.
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