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Abstract

Thermosolutal natural convection in an enclosure filled with fluid and inserted with isotropic or anisotropic porous layers is analyzed
numerically. Identical porous layers are attached to the vertical walls, and the walls are held at constant temperatures and concentrations
The horizontal walls of the enclosure are assumed to be adiabatic and impermeable. The aspect ratio of the cavity is equal to two and the
saturating fluid is air®r = 0.71). The analysis is performed for thermal Grashof numbefsat@ 10, Schmidt number of 7.1 and for
different Darcy number, porous layer thickness and permeability ratio. The results are presented for thermally drivée=fiavgnd for
concentration driven flowlv = 10. The effect of hydraulic anisotropy on the rate of heat and mass transfer is discussed. It is found that
the rate of heat transfer and the rate of mass transfer are weak functions of the Darcy number for high and low permeability regimes. For a
certain range of the parameters, the rate of heat transfer decreases when the flow penetrates into the porous layer. Hence, there is an optimt
(minimum) value of Nusselt number, which is a function of the anisotropy parameter. Correlation for heat and mass transfer are presented.
0 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction is unavoidable under different environmental conditions.
Most insulation materials are anisotropic, such as fiberglass,
Heat and mass transfer in confined porous media with wood etc. Therefore, isotropic modeling of this problem
different configurations have been investigated numerically, is unrealistic. However, for comparison proposes isotropic
theoretically and experimentally due to its importance in media is also considered here. From an engineering point-
many engineering and geophysical applications [1,2]. Nat- of-view it is more economical to partially fill the gap
ural convection in confined saturated porous media can beof the insulator with porous media. Understanding the
classified in two categories: convection in horizontal and process of heat and mass transfer in such systems is
vertical enclosures. important in optimizing the insulator geometry. Another
The subject of this work is on the heat and mass related applications include underground pollution transport
transfer in a vertical enclosure inserted with isotropic or and nuclear disposal management, and, heat and mass
anisotropic layers of porous matrix saturated with fluid. transferin human and animals skin. A review of the literature
Buoyancy driven flow by heat and species diffusion is indicated that heat transfer in a vertically layered porous
considered. One of the practical motivations of this work medijum was first considered by Poulikakos and Béjan [3].
arises from the design of building insulation and insulation Their objective was to model inhomogeneity and channeling
of heat storage systems. It is common to use layeredeffects on the heat transfer by considering three layers
porous media, with and without an air gap in between of porous media with different permeabilities and thermal
the layers, when designing insulators. Moisture or radon giff,sjvities. Lai and Kulacki [4] extended the work of [3]
migration of other undesirable gas into the insulating layers py accounting for layers with different thermal conductivity.
The flow within the porous layers was modeled via a
~* Corresponding author. Darcy equation in both cases. Hence, the results do not
E-mail address: amohamad@enme.ucalgary.ca (A.A. Mohamad). account for the continuity of velocity and shear stress at
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Nomenclature

A aspect ratio= H/L X,Z  dimensionless coordinates, X*/H and

C dimensional solute concentration ... .. kg3 =Z*/H

D mass diffusivity . .................... 1

Da Darcy number,i K7/ H? Greek symbols

e dimensionless gap filled with fluid (without o fluid thermal diffusivity .............. st
porous materialy= e*/L Bs coefficient of volumetric solutal

g gravitational acceleration.............. .92 EXPANSION ..o ee e Sthg1

Grs solutal Grashof numbes g8sAC H3/v? Br coefficient of volumetric thermal

Grr  thermal Grashof numbes g7 AT H3/1? EXPANSION ..ottt K

H,L height and width of the enclosure .......... m ¢ porosity

K permeability of the porous medium ... ... Bl ) dimensionless concentration,

K" permeability ratio= Kx /K7 =(C—(C2+C1)/2)/AC

Le Lewis number=a/D 6 dimensionless temperature,

N buoyancy ratio= BsAC/Br AT =(T — (T +T1)/2)/AT

Nu average Nusselt number (Eg. (10)) A viscosity ratio= jtef/ [t f

p dimensionless pressure Aeq  equivalentthermal conductivity .. W1.K~1

Pr Prandtl number= v/« m dynamic viscosity of the fluid. . . . . kg 1.st

Ra*  Porous thermal Rayleigh number,Pr Gry Da v kinematics viscosity . ................ g1

Ngr dimensionless tensor of hydraulic anisotropy 0 fluddensity ........................ kyg—3
(Eg. (6)) ;

K¢ effective Schmidt numbes v/ D Stbscripts

Sh Average Sherwood number (Eq. (10)) eff effective

T dimensional temperature .................. K f fluid

U(W) horizontal (vertical) dimensionless component  ref reference
of velocity,= U*H /v(W*H v) N solutal

1% dimensionless velocity vector T thermal

the interface. Other researchers [5-9], investigated naturalan isotropic porous medium. Their results are presented for
convection within vertical cavities divided into a fluid layer a buoyancy ratio (solutal to thermal) of 10, aspect ratio
and a porous layer. Only the heat transfer in homogenous anctbf 2, Lewis number of 100 and for Prandtl number of 10.
isotropic porous layer was considered. The main conclusionsThe effect of the porous layer thickness, the Darcy number
of the previous studies are that the intensity of the convection gnd the thermal Rayleigh number on the rate of heat and
is much stronger in the fluid region than in the porous mass transfer was discussed. They found that a relatively
medium region. The degree of fluid penetration into the hin porous layer has a significant effect on the reduction of
porous layer increases with increasing permeability and et and mass transfer, as mentioned before. Furthermore,

thermal Rayleigh num_ber. It is also found that _the rate of they noticed that the rate of heat transfer decreases as the
heat transfer substantially decreases by attaching a porou%arCy number decreases and reaches a minimum value
layer to the hot or cold wall of the enclosure. The decrease

in the rate of heat transfer is very sharp for the porous layer
attached to the wall and occupying only 20% of the cavity

before increasing again. A preliminary explanation of this
phenomena was presented in a subsequent publication [12].

. . ; The present work analyses the insulating problem and
volume. Further increase in the thickness of the layer does ds th its of 111.12]. b deri . .
not have a significant influence on the rate of heat transfer. extends the results of [11,12], by considering anisotropic

This effect was investigating by Le Breton et al. [10] by p9r0u§ layers symmetrically Iocate_d in an enclos_ure filled
attaching a very thin porous layers on the hot and cold walls with air. A more extensive explanation of the physics of the
of an air filled square enclosure. Their results indicated that Minimum in the rate of heat transfer as the porous layer
porous layers having a thickness of the order of the boundaryP€rmeability decreases is presented. The effect of attaching
layer thickness are sufficient for the purpose of effective Porous layers on both vertical walls of an enclosure filled
insulation. A similar decrease in mass transfer is noticed With fluid is discussed on the rate of heat and mass transfer is
by Gobin et al. [11]. They examined the consequence of discussed. A parametric study of the effect of Darcy number,
thermosolutal convection, in aqueous solution, on heat andthickness of the porous layers and permeability ratio on the
mass transfer in a confined enclosure partially filled with rate of heat and mass transfer is presented.
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2. Mathematical formulation where, K" = Kx /K.
The dimensionless parameters that characterize the phy-
The physical model and coordinate system are shownsics of the problem are the aspect ratio of the cavity
in Fig. 1. The geometry under consideration is a two- A = H/L, the Prandtl numbePr = v/a, the Schmidt
dimensional vertical rectangular enclosure of heighand number Sc = v/D, the thermal Grashof numbesr; =
width L filled with a binary fluid (moist air) and with (g AT H3)/v? and the solutal Grashof numb@&rs =
two identical porous medium layers attached to the walls. N Gry = (BsgACH® /v2. The dimensionless parameters
The thickness of the fluid layer between the porous layers that characterize the flow in porous media are the Darcy
is denoted bye*. The vertical walls of the enclosure are nhumberDa = K;/H?, the ratio of the effective viscosity
subjected to temperature and concentrati@nand Ci, to the fluid viscosityA = peft/i r and the ratio of the fluid
at the left wall, and7> and C> at the right wall. Zero  thermal conductivity to the porous media effective conduc-
normal temperature and concentration gradients are imposeqivity (R, = A/Aeff). The porous thermal Rayleigh number
at the horizontal surfaces. It is assumed that the flow is j5 defined aRa* — Gr7 Pr Da. Hydraulic anisotropy of the
incompressible, steady and laminar and the binary fluid porous medium is represented by the dimensionless second
is Newtonian. The thermophysical properties of the fluid_ order tensor Eq. (6). The analysis is performed for high
are assumed to be constant, except for the density inporosity material and the porosity of the solid matrix ap-
the buoyancy term, which depends linearly on both the pears only in the inertia term. In this case, the inertia term
local temperature and concentration, i.e., the Boussinesqjs relatively negligible in porous media. This reason allows
approximation is assumed to be valid, us to set the porosity equal to one. We are considering moist
o(T,C)= po[l— Br(T — Ty) — Bs(C — Co)] (1) air and we setA and R, to unity, Pr = 0.71, A = 2 and
Gry =10° and 10.
17 9p 1T ap The boundary conditions for the governing equations
Br = __[_} and Bs= _[_} are the non-slip condition at the impermeable walls of the
po AT | poOC |7 enclosure, constant temperature and species concentration
Soret and Dufour effects on heat and mass diffusion are at the vertical walls and zero heat and mass fluxes at the
neglected. The solid matrix is supposed to be rigid and in horizontal walls of the cavity. Hence,
local thermal equilibrium with the fluid. The permeability of
the porous medium is anisotropic. The principal directions W =U =0, 6=0.5, ¢=05 atXx=0 @)
of permeabiltieg K, K;) coincide with the horizontal and W=U=0, 6=-05 ¢=-05 atX=05 (8)
vertical coordinate axes.

where,

The height of the cavity i) is taken as a reference W =U =0, 9 =0, 99 =0 atZ=0andz=1
length for the spatial coordinateX (= X*/H and Z = 9Z 9Z
Z*/H), except for the thickness of pure fluid layer which ©)
reference variables for velocity, pressure, temperature andayng(pAC)/H for mass, the average rate of heat and mass
species concentration are defined &g = v/H, Pret = transfer across the left wall (& = 0) are expressed in
pv/H% AT =T1 — T andAC = C1 — C2, respectively. dimensionless form by the Nusselt and Sherwood numbers:

The Darcy—Brinkman formulation, including the convec-
tive inertia term, is adopted in the analysis and we use 1

. . - a0

the one domain approach [13]. The dimensionless macro-Ny = — dz (10a)
scopic conservation equations of mass, momentum, energy 0 X ) x=0
and species can be written as follow: 1
V.V — d
V.V=0 2) Sh:/ 9%\ 4z (10b)
1 - - - X ) x=0
S(V-v)v 0

&

S 1= - -
= AV2V — — RV —VP 4+ (Grr +Grsp)k  (3)
Da X 3. Numerical method

S o 1
(V-V)o=_"R,V% (4) o o o

Pr A finite control volume approach is utilized in this
- YU S work. The set of conservation equations (2)—(5) is integrated
(V-V)p= Vo (5 _ .

LePr over the corresponding control volumes; it leads to a
Hydraulic anisotropy of the porous medium is represented system of algebraic equations. Continuity of the primitive
by the dimensionless second order tensor: variables and fluxes at the interfaces are insured by a

= K" 0 harmonic mean averaging procedure. A classical hybrid
Nk :[ 0 1} ( scheme is used to approximate the advection—diffusion
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terms. SIMPLEC algorithm [14] is utilized for the pressure- performed to establish that the number and the distribution

velocity coupling in the momentum equation. For highy,

of the control-volumes are sufficient to resolve the thinnest

a central difference scheme was also used in approximatingboundary layer; with more control volumes concentrated
advection—diffusion terms. This was done to validate that near boundaries and at the interfaces (sinusoidal in each
the present hybrid results are free from numerical diffusion layer). In order to ensure that the results are grid size
effects. The results were consistent with the prediction of the independent, a mesh sensitivity analysis was undertaken and

hybrid scheme.

The resulting algebraic system being solved by the
ADI technics. The pressure-velocity interlinking is solved
using the SIMPLE algorithm. Numerical experiments were

Z
Adiabatic and impermeable surface
A
N
Tl Porous layer: T2
H Fluid
Cy C,
A A
o _ __ /
Adiabatic and impermeable surface
< >
L
(@)
50
49 -
48 ] Sinusoidal
47 -
46 T
3 45
44 -
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43 ;
a2y 7
41 T T T T T T T T
0 40 80 120 160
Grids

(b)

represented on Fig. 1(b). It is found that the irregular grids
are necessary. Most calculations presented in this paper were
performs using non-uniform 116 145 grids.

The convergence criteria are based on maximum errors
in global mass, momentum and energy imbalances. Con-
vergence was insured when the maximum errors become
less than 10°. The code was validated by comparison with
the results of Gobin et al. [11] in a composite fluid-porous
layer. Details of the numerical validation are reported else-
where [15].

4. Resultsand discussions

It is difficult to address the effects of each controlling pa-
rameters systematically, when the number of the parameters
are quite large. Since, the interest is on the thermal insulation
system, the working fluid is air, and hence the Prandtl num-
ber is fixed to 0.71. In order to cover all the set of the binary
gas and analyze the largest difference in time diffusion, the
Schmidt number is fixed to 7.1 in order to get a Lewis num-
ber of 10. This Le value allow us to amplify the coupling
effect and to cover the order of magnitude of the real Le in
binary gases. The results are presented for the cases of the
thermal and solutal buoyancy forces aiding each other. The
solutal buoyancy force becomes dominantfor- 1 and the
thermal buoyancy force dominates the flow wh&n< 1.

For N = 0, the flow is solely driven by the thermal buoy-
ancy force. In the following sections, the numerical results
are discussed first considering isotropic layers. The effects
of anisotropy on the results are considered in the subsequent
section.

4.1. Isotropic layers

Fig. 2 shows the effect of the thickness (isotropic porous
layer K" = 1) on the rate of heatNu) and mass %)
transfers, for a thermally driven flonM = 0) with Grr =
10’ and Da = 10~’. The figure indicates that the major
reduction in the rate of heat and mass transfer takes place
when the porous layers occupies about 40% (20% each
layer) of the enclosure widthe(= 0.6). Further increase
in the porous layer thickness does not have a significant
influence on the transport mechanism. This is true for
porous layer thickness equal or greater than the boundary
layer thickness [10]. The results are consistent with results
of [10,11]. The reason behind the reduction in the rate

Fig. 1. (a) Schematic diagram of the problem and coordinate system, and©f heat and mass transfer is that the rate of heat and

(b) the effect of the meshes refinementshin(A =1, Pr =0.71, N =0,

Ra* = 10%).

mass transfer is mainly controlled by the boundary layer
thickness. The porous layers add hydraulic resistance to the
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by solutal buoyancy, where the solutal boundary layer is
mainly embedded in the porous layer due to the high
Schmidt number (Fig. 4(c)). The effect of solutal buoyancy
in the fluid region is insignificant as evidence from Fig. 4(c).
The species concentration in the clear fluid region is diluted
compared with the species concentration in the porous
layer region. The horizontally conducted heat warms the
clear fluid and induces the buoyancy in the fluid region.
Accordingly, the flow in the pure fluid region is mainly
thermally driven. As the permeability of the porous layer
increases, the heat transfer is predominatly by advection
and the scale of the horizontally conductive heat decreases.
Hence, the peak value in the velocity profile, in the fluid
region, starts to diminish aBa increases, i.e., more fluid
penetrates into the porous layer.

Temperature profiles at the mid-height of the cavity are
shown in Fig. 4(b). For lowDa (Da < 10°%), the heat
transfer in the porous layer is mainly conductive and the
temperature profile is linear. As the permeability increases,
the flow penetrates into the porous layer, the slope of the

temperature profile decreases and consequently the rate
e of heat transfer decreases (Fig. 5). This is evidence in
Fig. 4(b) by comparing slope of the temperature profiles
for Da=10"% andDa =5 x 10~°. As mentioned before,
the decrease in the rate of heat transfer by increasing the
permeability of the porous layers is due to the decrease
boundary layer region. Even though the porous layer may jn the rate of horizontal conductive heat transfer, which
enhance the conduction mechanism, this enhancement doegeduces the intensity of the flow (buoyancy) in the pure
not compensate the reduction in the advection mechanism. fluid region. Hence, an increase in the advection mechanism
Fig. 3, show streamlines, isotherm and iso-concentrationin the porous layer (enhanced by solutal effect) does not
lines forGrr =10°, N =10,Sc=7.1ande =08 and for  compensate the decrease in the rate of the heat transfer in
three regimes of flow in porous layers, i.e., low, intermediate the pure fluid region. Therefore, the total rate of heat transfer
and high permeable regimes. For a low permeability porous decreases.
layer Da = 10~7), the flow motion is confined to the fluid From the above it becomes clear that the minimum rate
region and the flow in the porous media is negligible (as of heat transfer should also be a function of the porous
seen in Fig. 3(a)). For the same reason the heat and masfayer thickness (this issue will be discussed later, Fig. 6(a).
transfer in the porous layer are mainly conductive. For Furtherincreases in the permeability, enhances the advection
intermediate permeability, flow penetration into the porous in the porous layer and results in increases of the rate of
layers becomes significant (Fig. 3(b)). For high permeability heat transfer-notice the increase in the temperature profile
porous layers (Fig. 3(c)) the flow is stronger and is similar to slope forDa > 10~*. This case corresponds to one main
the first case (Fig. 3(a)). circulation in the entire enclosure as shown in Fig. 3(c).
Fig. 4(a), (b) and (c) show velocity, temperature and Fig. 4(c), shows concentration profiles for differ@d. The
species concentration profiles at the mid-height of the cavity solutal boundary layer is thinner than the thermal boundary
for Grr = 10°, Sc= 7.1, N = 10 and for differentDa layer because the Schmidt number is set to be higher than the
numbers, respectively. It is evidence (Fig. 4(a)) that the Prandtl numberl(e = Sc/Pr > 1). It should be mentioned
flow penetration into the porous layer f@a < 1076 is that the ratio of the thermal to solutal boundary layers is
not that significant and the heat and mass transfer in proportional toLe [16]. No inversion in the slope of species
the porous layer are mainly dominated by the conduction concentration is evidence in Fig. 4(c$h monotonically
mechanism (Fig. 4(b)). Flow penetration increasedas increases aPa increases for the intermediate permeability
increases (permeability of the medium increases). It is values, see Fig. 5.
interesting to note the two peaks in the velocity profiles  The effects of the porous layer thickness on the rate of
for Da = 107°, one inside the porous layer and another heat and mass transfer are illustrated in Fig. 6(a) and (b),
in the clear fluid region. This can be explained as follows: respectively. For a high permeability porous lay&a >
when the flow penetrates into the porous layer, part of 10-3), the existence of the porous layers do not influence
the heat advects vertically and the other part conductsthe rate of heat and mass transfer significantly, especially
horizontally. The vertical advection mechanism is enhanced the rate of mass transfer. F@a < 10~23 the rate of heat

Fig. 2. Nusselt and Sherwood numbers as function of porous layer thickness
for thermally driven flow = 0), Gry = 107, Da= 10~/ andLe= 10.
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a) Da=10", Wnax=7.90

Streamlines Isotherms Isoconcentration lines

Fig. 3. Streamlines, Isotherms and IsoconcentratiorGigr = 108, N = 10,Le= 10, ¢ = 0.8 and for (a)pa= 107, (b) Da=10"4, and (c)Da= 102,
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tration profiles at mid height of the enclosure fér; = 108,
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and mass transfer decreases by increasing the porous layer Based on the above argument, a minimum Nusselt num-
thickness. The rates of heat and mass transfer decreasber exists in double diffusive phenomena due to the existence
significantly for porous layer thickness from 0 to OeAriom of double boundary layers (solutal and thermal). The mini-
1t0 0.8). Further increases in the porous layer thickness onlymum inNu (Sh) is possible if the solutal (thermal) boundary
has a mild influence on the reduction of the rates of heat layer is mainly embedded in the porous layer, while ther-
and mass transfer. As mentioned before, it is interesting to mal (solutal) boundary layer is extended into the pure fluid
note that the rate of heat transfer decreases by decreasingegion. For thermal (or solutally) driven flow it is possible
the Darcy number. A further decreasel¥a then increases  to obtain two peaks in the velocity profiles (Fig. 7(a)) due to
the rate of heat transfer. This is clear toe 0.8. Thisissue  flow penetration into the porous layer. However, no inversion
is clearly illustrated in Fig. 5. in the evolution of the thermal boundary layer is evidence in
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Fig. 7(b), i.e., for thermally driven flow no minimum in the 30 oo L oo i
rate of heat transfer can be expected, Fig. 5. b
o =
4.2. Effect of anisotropy 25F o 10
= —o0— 1x10-3
In several applications, the porous material is anisotropic, @2 [ —o— 1x10-5

such as fiberglass, layered insulator, etc. In general, anisotro- 5 L -----. - i
pic materials have anisotropy in permeability and in thermal, /
species diffusivities (see for instance [17]). In [17] the effect
of anisotropy in the permeability (hydrodynamic anisotropy) 15
is considered.

ChangingK’, i.e., the ratio ofKx to Kz, addresses the
effect of hydraulic anisotropy. It should be mention that 10
when K" < 1 the flow channels in the vertical direction
and asKk” > 1 the flow channels in the horizontal direction.

A new paramete¢(Da K") arises in the momentum equation 5 .
in the anisotropic porous media, hence the transport phe- I . . . ]
nomena in th_e anlsgtroplc media is more complicated than 0.6 0.7 08 09 10
in the isotropic media case. e

Fig. 8(a) and (b) show the effect of Darcy nhumber on (b)

the rate of .heat_ transfer and mass transfer' respectively (forFig. 6. (a) Nusselt number, and (b) Sherwood number as function of porous

N =10). Itis evidence that fdba > 0.01 (highly permeable |ayer thickness for different Darcy numbers and @r; = 106, N = 10

region) and forDa < 5 x 10~ (low permeability region) andLe= 10.

the effect of anisotropy on the rate of heat and mass transfer

is negligible. In fact forDa < 10, the porous medium is

almostimpermeable and heat and mass transfer are diffusive The value oDa at which the minimunNu value takes place

For Da > 10~2 (high permeable media), the existence of dependsok”. As K" decreasePaincreases for minimum

porous layers does not influence the flow significantly. rate of heat transfer. This is true féf" < 1. ForK" > 1,
The rate of heat transfer (Fig. 8(a)) starts to decrease bythe optimalDa is almost constanffa= 8 x 10°°). For k"

increasingDa above 10° until it reaches a minimum value  greater than unity, the flow is only due to vertical porous

and then the rate of heat transfer increases by increBging  resistance (vertical channels).
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Darcy number. . - .
Fig. 8. The effects of permeability ratio on (a) the Nusselt number, and (b)

the Sherwood number as a function of Darcy number for fixed porous layer

L . thickness.
The principle of minimum rate of heat transfer can be

explained on the same bases as discussed for isotropic

media. In other words, flow penetration into the porous layer transfer is not a strong function of the Darcy number and
induces heat transfer by the advection mechanism, whichpermeability ratios for both the high permeability and the
is enhanced by solutal buoyancy and consequently reducegow permeability range oba (Da > 10~2 andDa < 10~6).

the flow intensity in the clear fluid region. The rate of mass For 10°° < Da < 102 (intermediate permeability range)



150 R. Bennacer et al. / International Journal of Thermal Sciences 42 (2003) 141-151

the rate of mass transfer decreasekéglecreases for the
same Darcy number and féf" less than unity. In fact, it is gL Gr,=1x105Da=1x104 N=10,Le=10
possible to obtain optimal (minimal) value for mass transfer, -7
if the thermal boundary layer is embedded in the porous
layer and solutal boundary layer extended into the pure fluid
region. =
Fig. 9(a) and (b) show the effect of the permeability 'z al
ratio on the rate of heat and mass transfer respectively,
for different porous layer thicknesses. The figure is for
Da=10"%, Gry = 10°, N = 10 andSc = 7.1. The effect
of anisotropy is not that significant for high and low
permeability ratios. Therefore for range T0< K" < 1,
for a fixed porous layer, increasing the permeability ratio
increases the rate of heat and mass transfer. The rate of
heat and mass transfer is mainly controlled by the diffusion
mechanism for low permeability ratios. The convection
(advection) mechanism increases as the hydraulic anisotropy 24
increases, for high permeability ratios the convection will be

the main mechanism of the transport. This is consistent with el
result of [17]. Their results show that the thermal boundary 104 103 102 101 100 101" 102 103
layer thickness decreases as the permeability ratio increases, Kr

i.e., the rate of heat transfer increases with an increase in the @)

permeability ratio. Also, it is evidenced from Fig. 9 that for
fixed permeability ratio, the rate of heat and mass transfer
decreases as the thickness of the porous layer increases as 30 Gr,=1x106Da=1x10-4,N=10,Le=10 7
in the case for isotropic porous layers. The miniriNal is

deeper for porous layer thickness of 0¢l= 0.8) and the

minimal value inNu diminishes as porous layers become 25
thicker. For thick porous layer, both thermal and solutal
boundary layer embedded in the porous layers and the rat

of heat and mass transfer is enhanced by the advection 20
mechanism.

15
5. Conclusions

. . . . . 10
Double diffusive, natural convection in a closed, verti-

cal enclosure fitted with two symmetrical porous layers con-
fining a fluid layer is analyzed numerically. The effect of
anisotropy on the rate of heat and mass transfer is discussed.
A porous layer can be classified into three: low permeabil-
ity, intermediate and high permeability. The heat and mass

transfer are conduction dominated for low permeable porous 20_4” 103 102 101 100
layer and flow penetration into porous layer is insignificant.
The effect of high permeable porous layer on the rate of
transport of momentum, heat and mass is minimal. For in-
termediate permeable region, there is a possibility to obtain Fig. 9. The effects of porous layer thickness on (&) the Nusselt number, and

PRI AR T R T TT AR
1017 102 103
Kr

(b)

(b) the Sherwood number as a function of permeability ratio for given Darcy

a minimum value in the Nusselt number or Sherwood num- umber

ber.

The paper clarifies the physics behind the existence of
a minimalNu, which have been noticed by others and also the clear fluid region. Hence, the occurrence of miniiial
observed in the present. The optimal (minimulN) is a is a function of the porous layer thickness.
double-diffusive controlled phenomena. The minimurilin Nusselt and Sherwood numbers are not functions of
takes place if the solutal boundary layer is contained in the permeability ratio for high and low permeability ratio, i.e.,
porous layer while the thermal boundary layer extends into for the range of 10* > K" > 1. The rate of heat and mass
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transfer increases as the permeability ratio is varied in the [6] T.w. Tong, E. Subramanian, Natural convection in rectangular enclo-
range 104 < K" <1.The Darcy number at which minimal sures partially filled with a porous medium, Internat. J. Heat Fluid
Nusselt number take places increases as the permeability _ Flow 7 (1986) 3-10. o _

ratio decreases fok” less than unity. The Darcy number [7] C. Beckermann, S. Ramadhyani, R. Viskanta, Natural convection flow

. . . . p and heat transfer between a fluid layer and a porous layer inside a
at which minimalNu takes place is not a function &f" for rectangular enclosure, J. Heat Transfer 109 (1987) 363-370.

K" greater than unity. [8] C. Beckermann, R. Viskanta, S. Ramadhyani, Natural convection in
vertical enclosures containing simultaneously fluid and porous layers,
J. Fluid Mech. 186 (1988) 257—284.
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