Journal of New Technology and Materials (JNTM)
J. New Technol. Mater.
Vol. 09, N°01 (2019)70-80

”~~

'
'
'
'
'
'

o
3 v
A ol

Y

3

OEB Univ. Publish. Co.

Double-diffusive natural convection in an inchned bi-I-shaped
layered porous media: Darcy-Brinkman-Forcheimer model

A. Latreche and M. Djezzar”
Laboratory of Energetic Physics, Department of Physics, University Freres Mentouri Constantine 1, Algeria

*Corresponding author, email: mdjezzar@umc.edu.dz

Received date: June 09, 2018 ; accepted date: May 21, 2019

Abstract

In this study, Brinkman-Forchheimer-extended Darcy model of the two dimensional double diffusive natural convection
heat and mass transfer generated in an inclined squarebi-L-shaped layered porous cavity filled with Newtonian flud has
been investigated numerically. Fach porous layer is considered isotropic, homogeneous and saturated with the same flurd.
The cavity 1s heated and salted from below where as the vertical walls are assumed to be adiabatic and impermeable. The
physical model for the momentum conservation equation makesuse of the Darcy-Brinkman-Forcheimer model, and the set
of coupled equations is solved using a finite volume approach. The power-law scheme 1s used to evaluate the flow, heat and
mass fluxes across each of the control volume boundaries. Tridiagonal matrix algorithm with under- relaxation is used in
conjunction with iterations to solve the nonlinear discretized equations. An mn-house code developed for this study is
validated using previous studies. The results are presented graphically mterms of streamlines, isotherms and iso-
concentrations. In addition, the heat and mass transfer rate m the cavitvis measured in terms of the average Nusselt and
Sherwood numbers for various non dimensional parameters including,the buoyancy ratio N and the inclination angle o.
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1. Introduction

Double-diffusive natural convection i a fluid-saturated
porous medium 1s of significant interest to researchers
owing to its various applications in different fields such as
astrophysics, oceanography, chemical processes, geology,
biology and geophysical problems. It also happens in
many engineering applications such as the migration of
moisture contained in fibrous insulation, drying processes,
chemical transport in packed-bed reactors, grain storage
mstallations, food processing, contamination transport in
saturated soil, the underground disposal of nuclear wastes
[1-6].T0 have an overview of the phenomenon see some
relevant fundamental works [7-9].A  very detailed
summary of the work done in the past 1s presented by
Nield and Bejan [10], Ingham and Pop [11], Vadasz [12],
Viskanta et al. [13] and Fernando [14].Including different
kinds of boundary conditions and methods of solutions, a
literature review shows that relatively less attention has
been given to the phenomenon of the double-diffusive
natural convection in a porous multilayer cavity and most
studies concerned with the thermosolutal convection in
porous medium are made using a layer of porous medium
[15-27], while inpractice, several layers forming the
structure of the porous medium. Hadidi et al. [28] studied
numerically the double-diffusive convection in an inclined
rectangular collector filled with two parallel porous layers.

Each porous layer is considered homogeneous, isotropic
and saturated with the same fluid. The vertical walls of
porous cavity are subjected to uniform temperature and
concentration whereas the other surfaces are adiabatic and
impermeable. They considered the case of mainly
concentration driven flow (N = 10). They used a scale
analysis 1s to characterize the effect of the permeability
ratio on the heat and mass transfer. The study showed that
the permeability of the two porous layers has significant
effect on the flow structure and transfers and indicated the
existence of three regimes, namely, a diffusive regime low
values of permeability ratio, a transition regime where
mean Nuand Sh numbers increase with an increase of
permeability ratio and an asymptotic regime where Nu
and Sh become independent of permeability ratio. They
also analyzed and discussed the effects of inclination angle
on heat and mass transfers. Two-dimensional
thermosolutal natural convective heat and mass transfer in
a bi-layered and inclined porous enclosure has been
studied by same authors [29].All porous layers-cavity may
occupy different positions relative to the horizontal axis
for inclination angle values from 0°to 60°. A scale analysis
for predicting mass transfer rate is represented for the
case, where the two porous layers in the cavity are
arranged vertically and for solute-driven flows(N>>1). The
numerical results showed the existence of the optimal
angle of inclination value that leads to a maximum heat
and mass transfers. Baytas et al. [30] presented a
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numerical study on double diffusive natural convection in
another geometrical multilayer; a saturated porous layer
and an overlying fluid layer in an enclosure using the non-
Darcy flow model. The problem has been investigated for
two cases; namely case I where the interface between fluid
and porous layeris horizontal, and case II where the
mterface contains a step that has a height a. The fluid flow
and heat and mass transfer has been investigatedfor
different values of the step height and the Rayleigh and
Darcy numbers. The results show that the height of the
step at the interface has asignificant effect on the flow field
and heat and mass transfer from the left-hand to the right-
hand walls in the composite enclosure. Double diffusive
convection in a vertical enclosure inserted with two
saturated porous layers confining a fluid layer has been
analyzed by Bennacer et al. [31], the effect of hydraulic
anisotropy on the rate of heat and mass transfer is
discussed. It 1s found thatthe rate of heat transfer and the
rate of mass transfer are weak functions of theDarcy
number for high and low permeability regimes. For
acertain range of the parameters, the rate of heat transfer
decreases when the flow penetrates into the porous layer.
Hence, there is an optimum(minimum) value of Nusselt
number, which is a function of the anisotropy parameter.

To our knowledge no work is cited in an inclined bi-L-
shaped layered porous media which is subject of this
work.

2. Mathematical modeling

Consider steady two-dimensional natural convection in
an inclined square cavity of side H. The cavity contains
two porous Lrshaped layers; each one 1s considered
1sotropic, homogeneous with constant thermo physical
properties and saturated with the same fluid. All the walls
are impermeable. Two opposing walls of the cavity are
adiabatic and the other two walls are maintained at fixed
different temperatures and concentrations as depicted in
Figure 1. Hypotheses of incompressible and laminar flow
are considered and the interaction between the thermal
and concentration gradients, (Soret and Dufour effects)
are neglected. The flow is driven by combined buoyancy
forces because of both temperature as well as
concentration variations. So the density 1s taken as a
function of both temperature and concentration levels
through the Boussinesq approximations:

p=po[l-pr(T-T))-Bs(S-5)] (1)
Where:

br =_i(‘lpj 1s  the thermal expansion
PS

po \ T

coeflicient.
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Bs :_i[a_pj 1s the concentration expansion
P

P\ 3S

coefficient.

The model considered is the Darcy -Brinkman-
Forcheimer. Under the above assumptions, the
dimensionless equations for conservation of mass,
momentum, energy and Species transport are given by:

L Ny 2

oX oy

Ra Prsiz(T + NS )cosa
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aia—T+ua—T+va—T— oT .o )
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The subscripti=1, 2 denoting the respective sub layers.
Where the dimensionless variables are:

X Y U v T-T,
X=y=—U=——v=——_T= ,
HPTH Tali TalH e
B 21,2
5->5 p_¢ H2 P, t=—"t
Sh =S Poa H

The dimensionless boundary conditions are:
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—0:T=S=1u=v=0
wx:d) u=v (8)
y=1:T=S=0,u=v=0
oT &S o

vy: x=00rl:—=—=u=v=0
oxX  OX

At the interface between the two layers, the appropriate
conditions of the variable and fluxes continuity can be

written as:
1
x:g, —<y<l
5 1 h =6
Xx=—, O<y<—
3 y 2 (10)

‘Where ¢ may correspond to P, u, v, T'and 6.

The average values of Nusselt and Sherwood
numbers evaluated on the bottom wall are given by:

1
Nu :—jﬂdx
oy

0

155
,Sh =—[—dx 11)
ey

y=0 4

y=0

Figure 1. Physical Model and Geometry

3. Numerical solution

The volume finite method described by Patankar [32]
1s employed to solve numerically the governing equations
together with the boundary conditions. The power-law
scheme 1s used to evaluate the convective terms. The
solved
iteratively by means of the Tridiagonal matrix algorithm

system of nonlinear discretized equations 1s

with under-relaxation. The computation domain 1s divided
mto rectangular control volumes with one grid located at
the centre of the control volume that forms a basic cell.

The set of conservation equations are integrated over the
control volumes, leading to a balance equation for the
fluxes at the mterface.

The steady state was considered to have been reached
at when the changes in u, v, T'and S satisfies the equation:

sy lors - opd)
i

<1078 (12)

S
i

‘Where thesubscripts 1 and j denote grid locations in the
(x, ¥) plane. A further decrease of the convergence criteria
10-6 does not cause any significant change in the final
results. Numerical tests, using various mesh sizes, were
done for the same conditions in order to determine the
best compromise between accuracy of the results and
computer time. A mesh size of 62 x62 was adopted.

The accuracy of the in-house code was checked using
previous studies. Tablel presentscomparisons for the
natural heat transfer in an inclined porous cavityfor four
different  inclination  angles.  Figure  2.presents
comparisonsfor the double-diffusive natural convection in
a bi-layered and inclined porous cavity. The results given
here are in good agreement with theprevious studies.

Tablel: Comparisonof average Nusselt Number with
afor Darcy model for Ra*=100, A =2

a(®) Nu
Ref.[33] | Ref.[21] | Ref.[34] Present
work
0 2.46 2.59 2.65 2.58
5 2.53 2.60 2.64 2.65
10 2.55 2.24 2.60 2.68
15 2.39 2.39 2.44 2.47




Double-diffusive natural convection in an inclined ...

INTM (2019) A. Latreche et al.

Our results

Figure 2. Comparison of isotherms (leftfor Da;=10%,
Da,=10%and right Da;=107, Da,=10" ), and iso-
concentration lines (l)a1210'3, l)a2:10'4) for €=0.4,
£2-0.5, Ra=7*10°%, a—60°, Pr=7, Le=100 and N=3 with
Hadidi et al. [30]work.

4. Results and discussion
4.1. Consridered situations

In the present work, the results are displayed in the
form of stream, iso-thermal and iso-concentration lines to
mvestigate the effect of inclination angle (-90°< a<90°),
buoyancy ratio (H<N<)),while Rayleigh,Lewis and Prandlt
numbers are taken as 5*10°, 0.1 and 4.5 respectively. The
porosity and the Darcy number of the 2 layers are €,=0.6,
£,=0.4, l)alle'sand 1)212:10'4.'1’}16 rate of heat and mass
transfer at different conditions inthe cavity is measured in
terms of the average Nusselt number and the average
Sherwood number.

4.2. Flow, isotherms and 1so-concentrations distributions

Extensive parametric study has been done todelineate
the flow,heat and solute transportmechanism.
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To show the effects of the angle of inclination (o),
stream lines, 1sotherms and 1so-concentration lines are
presented in Figure 3-5 and Figure 6-8 for N=-5 and 3
respectively.

For the opposed flow (N=-5) and for non-inclined
enclosure (0=0°),flow lines (Figure 3) are split into two
distincteells. The big one covers the majority portion of
cavitywhere the flow is counter-clockwise and Wpax 1s
about four times higher than that of the second cell which
sits at the top right of the cavity where the flow is
clockwise. This second cell disappears once the cavity tilts
clockwise (-90°<a<0°) and the vortex strength of the fluid
in the porous medium increases by the increase of the
mclination angle until 75° where W« reaches a maximum
value.A  significant first layer flow resistance 1s
noticeable;thisbehavior is due to the lowpermeability of
the first porous layer.For this purpose, the fluid circulation
in the second porous layer is more favorableand the
thermo-solutal convection is more pronounced in this
layer. The same behavior we can see when the cavity is
counter-clockwise tilted (0°<a<90°) with a difference that
as [ increases the size and the intensity of the first cell
decrease in favor of the second one. For isotherm lines, it
can be seen in Figure 4 that the isotherms are more
distorted when inclination The thermal
boundary layer develops near the lower part first layer wall
and near the upper part second layer wall when the cavity
is clockwise tlted, and vice versa when the cavity is
counter-clockwise tilted (near the upper part first layer wall
and near the lower part second layer wall). For iso-
concentration lines, it can be seen in Figure 5 that at small
values of the inclination angle the iso-concentrations are
almost parallel to the active walls, indicating that the mass
transfer tend to a diffusive situation. The 1so-concentration
lines are more and more distorted in both layers when
inclination increases.

mncreases.
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Figure 5. Iso-concentrations for different o for N=-5. 1 o X

The same behaviors of the opposed flow we can see for
the assisting flow case (N=3) with some variations, the flow
1s mono-cellular (Figure 6) when the cavity tlts clockwise, a=15 a=75
and multi-cellular (the second cell appears at the bottom

right of the second layer) when the cavity is counter-
clockwise tilted until 45° where the flow becomes mono-
cellular and the vortex strength of the fluid is at the
maximum. The thermal boundary layer appears for lower
angle of inclination near the left lower second layer wall
and 1t develops near the right of the lower second layer
wall and near the upper part first layer wall when the
cavityls clockwise tilted, and vice versa when the cavity is
counter-clockwise tilted (Figure 7). For iso-concentration

lines, it can be seen in (Figure 8) that the iso-

concentrations are more and more distorted in both layers
in comparison with the opposed flow especially for low
angle of inclination. Indeed, the thermo-solutal convection
1s well pronounced in the two layers.
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Figure 8. Iso-concentrations for different a for N= 3.

The effects of the buoyancy ration N on streamlines
are presented in (Figure 9) for tilted angle a=15°. Flow
lines are split into two distinct cells for all values of N
excepting N=-1 where the flow is mono-cellular, the vortex
strength of the fluid in the porous medium increases by
the increase of the buoyancy ration whether it flow
opposed or cooperating cases.

N=-3

= i

P N

Figure 9. Streamlines for various values of buoyancy
ratio N for a. = 15°.
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4.8. Heat and mass transfer parameters

The evolution of heat and mass transfer of the entire
porous cavity versus the angle of inclination (o) at different
values of buoyancy ratio N is presented in Figures 10 and
11. In general, when the angle of inclination (o) increases
clockwise or counterclockwise both Nusselt number and
Sherwood number increase for all values of the buoyancy
ration (except N=-1) until (&) reaches 75°. When N=-1,
Nusselt number increases with increasing of the angle of
mchnation while Sherwood number remaining constant.
The same behavior can be seen (Nusselt number and
Sherwood number increase) when the buoyancy ration

increases. The previous results shows that the maximum
Nu happens when a=-75° and at the same inclination the
maximum Sh happens for the opposing flow and
neighborhood 45° for the assisting flow. Furthermore, the
Nusselt and Sherwood number increase with increasing of
the buoyancy ration N excepting the value N=-1 where the
minimum of both Nu and Sh happens. The maximum of
both Nu and Sh happens when N reaches the maximum
value (N=5). The increase of the Nusselt and Sherwood
numbers 1s due to the increasing the thermal and solutal
buoyancy resulting from the increase of inclination angle
(o) or buoyancy ratio N.

12 4
] —=—N=-5
N=-
97 —A— N=-1
] N=0
—0— N=+1
1 —<4— N=+3
- 64 —»— N=+5
pd
N \_/
0 T T T T T T T T T T 1
-90 -60 -30 0 30 60 90
a®)

Figure 10. Average Nusselt number with angle of inclination (a) at different values of buoyancy ratio N.
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Figure 11. Average Sherwood number with angle of inclination (a) at different values of buoyancy ratio N.

5. Conclusion

Numerical steady of double diffusive natural
convection heat and mass transfer generated in an
mclined square bi-L-shaped layered porous cavity filled
with Newtonian fluid has been investigated. Brinkman-
Forchheimer-extended Darcy model has been used to
solve the governing equations. A number of relevant
results have been presented in this paper for different
values of inclination angle of the cavity (-90°<a<90°) and
the buoyancy ratio (-5<N<5), while Rayleigh, Lewis and
Prandlt numbers are taken as 5*106, 0.1 and 4.5
respectively. The porosity and the Darcy number of the
2 layers are £=0.6, £=0.4, Da;=10" and Da,=10. The
results showed that; single or multiple cell convection can
take place with different tilt angles and buoyancy ratios.
In general, the average Nusselt and Sherwood numbers
icrease when the inclination angle and/or the buoyancy
ratio increase. Furthermore, the maximum Nu happens
when (a = -75°) and at the same inclination the maximum
Sh happens for the opposing flow and when (o = -45°) for
the assisting flow, and both of them reaches the
maximum value when (N=5). Work is under way for

additional studies incorporating.

Nomenclature

A aspect ratio, [=L/H]

78

a
D

Da;

Pr

Ra

thermal diffusivity, m2.s™

solutal diffusivity, m?.s™

Darcy number of layer i, [=Ki/H?]
acceleration due to gravity, m.s™
height of the cavity, m

thermal conductivity of porous layer i,
w.mtK*

permeability of layer i, m

length of the enclosure, m

Lewis number, [=a/D]

buoyancy ratio, [=8s(Sh-S)/ fr(Th-T))]
Nusselt number

pressure, kg.m™s?

dimensionless pressure, [=e’H*P/pya?]
Prandtl number, [=v/a]

Rayleigh number, [=gA(T-T)H*/va]
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S dimensional concentration, kg.m'3
S dimensionless concentration

Sh average Sherwood number

t time, s

t dimensionless time, [= a.t /H’]

T dimensional temperature, K

T dimensionless temperature, [= (T-T))
I(Tw-Ty)]

u velocity components in x direction, m.s™

u dimensionless velocity components in x
direction [=H.u /a]

v velocity components in y direction, m.s™

v dimensionless velocity components in
ydirection [=H.v /a]

X,y  coordinates system, m

X, dimensionless coordinate system, [=x(y)

) /]

Greek symbols

a inclination angle, °

Bs  solutal expansion coefficient, K™

By  thermal expansion coefficient, (m*.kg™)
& porosity of the porous layer i,

Vv kinematic viscosity, m?.s™

p  density of fluid, kg.m™

o ration of specific heats

Subscripts

h higher

i porous layer
| lower

79

max maximum value
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