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Abstract

Mixed convection in a lid-driven composite square cavity is studied numerically. The cavity is composed of two layers,
a Cu-water nanofluid layer superposed a porous layer. The porous layer is saturated with the same nanofluid. The left
and right walls of the cavity are thermally insulated. The bottom wall which is in contact with the porous layer is
isothermally heated and being lid to the |eft, while the top wall is isothermally cooled and being lid to the right. Cavity
walls are impermeable except the interface between the porous layer and the nanofluid. Maxwell-Brinkman model is
invoked for the momentum exchange within the porous layer. Equations govern the conservation of mass, momentum,
and energy within the two layers were modeled and solved numerically using under successive relaxation (USR) up-
wind finite difference scheme. Four pertinent parameters are studied; nanoparticles volume fraction ¢ (0.0 - 0.05),
porous layer thickness Wp (0.1 - 0.9), Darcy number Da (10 — 10™"), and Richardson number Ri (0.01 - 10). The results
have showed that the existence of the porous layer in a specified value can enhance the convective heat transfer when Ri

> 1, while an adverse action of nanoparticlesis recorded when Da= 10,

Keywords: Composite cavity; lid-driven; porous medium; nanofluid.

1. Introduction

Mixed convection flow and heat transfer in enclosures are
encountered in a number of industrial applications such as,
float glass manufacturing, during solidification of ingots,
coating or continuous reheating furnaces, and any application
possesses a solid material motion inside a chamber. The mixed
convection flow in lid-driven cavity or enclosure is generated
from two mechanisms. The first is due to shear flow caused by
the movement of one (or two) of the cavity wall while the
second is due to the buoyancy flow induced by the non
homogeneous thermal boundaries. This type of heat transfer
is complex because of coupling between shear force caused
by movement of wall and the buoyancy force by
temperature difference on the boundary of domain. Cavity
flow simulation was introduced in early studies (Torrance et al.
[1] and Ghia et al. [2]). During those days, performance of a
computer to do simulations was not as accurate as it is
nowadays. As the performance of the technology of
hardware as well as software improves, simulation has
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become a simple task. Lid-driven cavities are found studied in
various situations such as pure or nanofluid filled cavities, and
pure or nanofluid saturated porous medium cavities. Lid-driven
cavities filled with purefluids asin Koseff [3], Mohamad and
Viskanta[4] , Mekrouss et a. [5], Sivasankaran et a. [6], or in
nanofluid filled cavities as in Tiwari and Das [7], Talebi et
al. [8], Abu-Nada and Chamkha [9], Chamkha and Abu
Nada [10], Abbasian et al. [11], Chang Cho et a. [12]. Lid-
driven pure fluid filled cavities as in Oztop et a. [13],
Muthtamilselvan et al. [14]. Lid-driven nanofluid saturated
porous cavities as in Sun and Pop [15], Chamkha and Ismael
[16], Bourantas et a. [17], Yasin et a. [18].

Industrialy and environmentally, the natural convection heat
transfer in a composite cavity layered by fluid and porous
media, vertically or horizontally matched, is widely
encountered in: packed bed solar energy storage, directional
solidification of binary alloys, fibrous and granular insulation
systems, thermal circulation in lakes and shallow coastal aress,
and contaminant transport in groundwater. The porous layer
superimposed by a fluid layer can be found in the following
studies: Chen & Chen [19] who performed a nonlinear
computational investigation of thermal convection due to
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heating from below in a porous layer underlying a fluid layer.
The motion of the fluid in the porous layer is governed by
Darcy's equation with the Brinkman terms for viscous effects
and the Forchheimer term for inertial effects included. Goyeau
et al. [20] conducted a study deals with natural convection
driven by combined thermal and solutes buoyancy forces in a
binary fluid. Their configuration is a confined enclosure
partially filled with a vertical porous layer. Their mathematical
description of the problem is based on the one-domain
formulation of the conservation equations. Their numerical
results showed quantitatively the influence of the porous layer
on the flow structure and on heat and species transfer in the
enclosure. Baytas et a. [21] investigated the double diffusive
natural convection between 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 | where the interface between fluid and
porous layer is horizontal, and case Il where the interface
contains a step with different heights. The fluid flow and
heat and mass transfer has been investigated for different
values of the step height and the Rayleigh and Darcy
numbers. The results showed that the height of the step at the
interface has a significant effect on the flow field and heat and
mass transfer. Bagchi and Kulacki [22] studied numerically
the natural convection in fluid-superposed porous layers
heated locally from below based on the one-domain
formulation of the conservation equations. They reported that
Nusselt numbers increase with a decrease in the heater length
and height ratio, and increase with the Darcy number. Their
results represent an extension of the well studied problem of
buoyant convection in fluid-superposed porous layers with a
fully heated lower surface. Bagchi and Kulacki [23] conducted
an experimental study of natura convection in fluid-
superposed porous layers heated locally from below.
Measurements are made in a rectangular chamber with 3 mm
diameter glass beads as the porous layer and distilled water as
the saturating fluid. The effects of the heater-to-cavity length
ratio and the porous layer-to-cavity height ratio on the overall
heat transfer coefficients are reported. Average heat transfer
coefficients over the heated surface increase with a decrease in
porous layer-to-cavity height ratio, but no clear effect of
heater-to-cavity length ratio is seen. Temperature profiles in
the domain reveal a plume like flow with a single pair of
circulating cells and evidence of convective motion inside the
porous layer. Chamkha and Ismael [24] studied numerically the
laminar natural convection inside rectangular composite
vertically-layered cavities. The porous layer is saturated with
the same nanofluid. Double-domain formulation is followed
for the porous and nanofluid layers with aternative models for
the nanofluid thermal conductivity and dynamic viscosity.
Their results showed that with aid of nanofluid the
enhancement of natural convection can be attained even for
low permeability porous medium. They reported also a critical
thickness for the porous layer at which the convective heat
transfer is maximum. However, the critical literature survey
regarding the topics above, led to ascertain that the mixed
convection in a composite layered cavity filled with nanofluid
has not been investigated before. This motivates us to consider
a square cavity composed of a horizontal nanofluid superposed
a porous layer heated from below and subjected to shear effect
via counter movement of the horizontal walls. It is thought that
this study will enhance the corroboration of the knowledge in
the contributions of nanofluid and porous media in heat
transfer within many engineering and geophysical applications
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Fig. 1 Physical domain and coor dinates system

2. Mathematical Modeling

The considered problem is shown schematically in Fig. 1. It is
a sguare cavity with H side long. A horizontal porous layer of
thickness W, is localized on the bottom part of the cavity and
saturated with a nanofluid. This nanofluid fills the remainder of
the cavity (H-W,). The bottom wall of the cavity which is in
contact with the porous layer is heated isothermally, and kept
at Ty, while the top wall of the cavity is cooled isothermally,
and kept at T.. Mathematically, there exist two approaches for
dealing with porous-nanofluid layer cavity, namely, the
single-domain approach and the double domain approach. The
former put one set of governing equations for both layers with
a binary parameter that modifies the momentum equation to
applicable in any layer. It is simple and requires less boundary
condition. But it restricted by formulating the grid in such
manner that no grids located along the interface. On the other
hand, the double-domain approach employs a separated set of
equations for each layer. The two sets are matched by
appropriate boundary conditions along the interface. In the
present study, and to avoid the restriction of the grid
localization due to the interface, the double-domain approach
is to be used. Darcy—Brinkman model is invoked to represents
the convection within the porous layer, where in this model
there is no problem in the order of the matched momentum
equation in the nanofluid and porous layers. The following
assumptions are used to simplify the proposed model: The flow
is two-dimensional, incompressible, laminar, and steady state.
All outer boundaries are impermeable, while the horizontal
interface between nanofluid and porous layers is permeable.
Regarding the porous layer, uniform and undeformable pores
between the solid matrixes. They (the base fluid and the
nanoparticles) are in thermal equilibrium and no slip occur
between them. A therma equilibrium between the nanofluid
filling pores and the solid matrix. Mixed convection flow is a
steady, laminar, and with constant physical properties except
the density where it varies with temperature according to
Boussinesq approximation. The energy dissipation and
radiation of surface are negligible.

The Navier- Stokes equation based on the previous
assumptions in Cartesian coordinates for (porous and nanofluid
layers) can be written as follow:
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For the porous layer:

Contimuity:
duy dvy, .
Ty 0 (6]

x —direction momentum cqumion:
duy _ P i
pos (tp G2+ v T = Gt Ehy (axz +5) -

g? E;—’ up (2)

y —airection momentum equation:

duy, vy _ o dp vy, 0% v, _
‘D“f;(u?’ax+ ?-’ay)_ £ cry+5““f( 7 ayZ)
&2 M + £ pnf.ISIfg (T =T ) (3)

Energy equation:

Up G2+ 5 ;h = auyy (G2 + f—ﬁ) @
For nanafluid layer:

(;()nlinuially:

Sk M (5)

X—direction momentum equation:

Ay du iap *u %,
p”-f(u“f a: + Ung a”!) T ““"(ax:r-" ay:fr (6)

Y—direction momentum equaliion

dvg s vy BPvgy
Prif(unfd_+ nf d") +'u"f(dx: +V)+
Pn}ﬁnf.g (Tay — T2 (7)
Energy equation:
aTyy aTyy e 32'!',”' BZTM—
tny et + Uyt = g (53 + 5 %) (8)

Where ¢ is the porosity of the porous medium, {8 is the thermal
expansion coefficient, p is the density, K is the permeability of
the porous medium, p is the dynamic viscosity, and o is the
thermal diffusivity. The subscripts p and nf stand for porous
and nanofluid, respectively.

For the given problem, the appropriate boundary conditions at
the system boundaries are,

1- At y=0 (bottomwall),u=-U,,v=0 T=Tj,

2-At y=H (topwdl),u=U, v=0 T=T,

3- At x =0 (left wall) and x = H (right wall), u =v =0,

i

ax

4- At y=Wp (interface ):

Up = Uprs Vp = Vit ; , , ,

v u v

Tp = Tnf, .ue,r'f(% }pzﬂnf(a_y‘l' a)nf
- Oy _ _y . OTns

To=Tu, -kt 5y =k 5

where t isthe shear stress.

In the present study the considered base fluid and the

nanoparticles are water and Copper Cu, respectively with

thermo-physical properties shown in Table 1 [24]. The adopted

relations that prescribe the physical properties of the nanofluid

depend only on the nanoparticles volume fraction ¢ and what

are proven and used in many studies and as follow:

Table 1. Thermo physical properties of fluid and
nanoparticles [24]

Physical property Base fluid Nanoparticle
(water) (Cu)
Cp (Jkg K) 4179 385
p (kg/m°) 997.1 8933
k (W/m.K) 0.613 400
B x 10°5(1U/K) 21 1.67
Prp=(1- (P)pf + @ Pnp ©)
JB:rlf = (1 - (p)ﬁf + (pjgnp (10)
Thermal diffusivity:
— k?!f
nf = (PCP Yy 1D
o kerr
Teff = Gocpyar (12
kepr=(1—e)ks +eknp (13)

Where ks is the therma conductivity of the solid matrix
forming the porous layer.
Heat capacity:

Thermal conductivity, based on Maxwell-Garnetts (MG):

k= CoptZig) 200y bnp) (15)

(krrp‘*zkl‘}“";’(kf_krm} s
Viscosity based on Brinkman model [25]:

u
Hnp = (i- f}z 5 (16)

Although there exists many modified models for the thermal
conductivity and dynamic viscosity of nanofluids, the MG and
Brinkman models till give reasonable results but for low
vetume fractions of nanoparticles, Khanafar and Vafai [26].

The formulation is based on the stream function, u = %, v=

] - v 8 ;
— 2 and the vorti city, w = ZZ —ZZ and on the following non-
ax dx dy
. % W
dimensional parameters: X = 5 Y= z ; Wp = 2 U=
U ol W= W Q= ra H

vttt Ty HU, o,
usual menipulation of eliminating pressure grad.ient terms from
momentum equations, the dimensionless governing Equations
become:

For porous layer

Continuity:

g a’w

b PioE

Axz ayz 'Q’T? (17)
Momentum:
AR, 8, B _ vy 1 3% aznp}_

day ax ax ar vy Re | axz ayz

2 1 Bus 42 p; 2

K vy ReDa Q'n + 'ﬁ.f' £ Ri ax (18)
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Energy:

dW, 00, AW, 00, ans 1 1 %0, 0%,

ay ax  ax W_'EFP;-Re[ax2+av2] (19
and for nanofluid:
Continuity;
Wy W
ax ayzoonf (20)
Momentum
W By OWny BQnp _ Uny 1 [ 02 hly azuﬂf]
ay  ax ax v vy Re | axz ayz
Irjn;f A aﬁn,r
3 Ri —~ (21)
Energy:
H‘I‘nf_ ﬂﬂ,if . aq"ﬂf a.ﬁ'nf = -ﬂ‘_n_{ 1 I-E}ZS.“!' + azg.nf] [22)
ay  ax dx ay ay PrRe ax: ay?
T AATH? .
where Pr = ;1 is the Prandil number, Gr = g—ﬁ’;—— is the
f i

Grashof number, Da = ”iz,b the Darcy number, and Ri = %

is the Richardson number.
The dimensionless conditions on the outer boundaries of the
cavity become;

W Aty

ﬁ=~1, 9:1'92-55"3’”) atr=>o

— —_— —_ p - e
Z=16=00=-(%%) ar=1

ow 20,0 —(T*) ax=

S =0, 00Y=0,0=—(57) ax=0H

The interface boundary conditions are derived from equating
(continuity) of tangential and normal velocities, shear stress,
temperature and the heat flux across the interface, and
assuming the same dynamic viscosity (Uet = Mrr) in both layers.
The agreement of this assumption was proved experimentally
by Neale and Nader [27] and adopted by Sheremet and
Trifonova [28]. Hence, the interface conditions can be written
as;

_ 3y _ Kers 20y
Bp = Ony, Y kap Y (239
aw, ik
Wp=Wap =7 (23b)
Ay 0
Qp = Quy a=lic Sk (23¢)
The local Nusse't number is defined as follows:
= Xy 20
Nugoe = kp v
The average Nusse!t number along the bottom wall is:
1 ¢H
Nug, =~ [i" Nuye dx (24)

3. Numerical Solution and Validations

The square domain was discredited into Nx x Ny grids. The
governing equations (17 — 22 ) were solved numerically using
the central finite difference method. Gauss-Seidel iteration
procedure with Successive Under Relaxation (SUR) method
is followed in the solution. The convective terms of the

momentum and energy equations were treated by the up-wind
scheme to attain the solution stability. The stream function,
vorticity, and dimensionless temperature are to be calculated
from continuity, momentum, and energy equations,
respectively. Along the solid boundaries, the condition on Q
was interpreted using ‘Wilkes formula[29] as;

_ BYWop1 i~ Vora, _ &3
Qo'j - 2An? 6.-3:1 25)
_ (1 for moving boundary
where §'= {0 for fixed boundary

Where o represents the boundary node and An is the interval
normal to this boundary. The conditions on the nanofluid-
porous layers and on interfaces (eguations (23 a-c)) are
interpreted numerically by taking three points backward
gradient and three points forward gradient at each interface.
Accordingly, the following differences equations are invoked
to compute the interface potentials;

A8, i j+ 1)~ By i+ 2)HAKT By (i~ 1)~ KT8, (i,j-2)

6;(i,j) = T (26 9)

W, ]) = d.UJ”I-{i,j+l)—\U”r-[i.j+2)b+4l{-".(i.j—l}—l{’p{i.j—2) (261)
i A0 (1) =00 (1 +2) 44001, j—1)-E0, (1,j-2

Q[(Irj) - g (L + 1=y p (4 +2)+4Q0, (1 - 1) -0, (1§ -2) (26 C)

6

Where the subscripts i refers to the interface between the
porous-nanofluid layers, and K, = A;f £ is the ratio of the

mf
effective thermal conductivity of the porous layer (Eg. (12)) to
the thermal conductivity of the nanofluid (Eg. (15))

The convergence of the numerical solution is determined when
the following criterion is satisfied.

Tnew i)~ Xorallh)1] 6
max | iy =10 @

Where X denotes to any variable, ¥, Q, or 8. An extensive mesh
testing procedure was conducted to guarantee a grid
independent solution. In Fig. 2 various mesh combinations
were explored for the case of Da= 10, Re = 100, Ri = 10, Pr
=6.26, Wp =0.5, 0.7, and ¢ = 0.0, 0.01. The present numerical
solution was tested for grid independence by calculating the
average Nusselt number on both horizontal walls. In harmony
with this, it was found that a grid size of 81x81 ensures a grid
independent solution. The present numerical solution was
further validated by comparing the present numerical solution
results for Gr = 100, Pr = 6.26, and three other different
parameters with the numerical results of Abu- Nada and
chamkha [9]. Two different tests are presented, the first is the
variation of average Nusselt number with the volume fraction
of the nanoparticles and the second is for the horizontal (U)
velocity component at mid section of the cavity (i.e. X = 0.5).
The nanoparticles used are alumina (Al,O3) where the thermo-
physical properties of theses nanoparticle are listed in [9]. As
shown in Fig. 3, the present numerical solution is in good
agreement with Abu-Nada and Chamkha [9]. Moreover, the
comparisons was paid further by calculating the average
Nusselt number at the top (hot) wall for Gr = 100, the work of
Waheed [30], i.e. pure fluid (air). The results of comparisons
are presented in Table 2. Good agreement is also obtained.
Hence, the numerical approximation used in the present paper
isreliable.
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Fig. 3 Comparison of (a) average Nusselt number with nanoparticles volume fraction, and (b) horizontal velocity component
along X = 0.5, for (Al,Oz-water) nanofluid cavity for Ri =0.00104 and Re =316

Table 2: Validation: Average Nusselt number over the lid surface

The value of the porous layer porosity € is fixed at € = 0.398
which corresponds to 3 mm diameter glass beads having a
thermal conductivity of 0.845 W/m.k [23].

for Gr =100
Re Ri Waheed [30] Present
100 0.01 2.08405 203116
400 0.00062 4,047 4.02462
500 0.0004 45006 452671 4.1 Contour Maps
1000 0.0001 5.9357 6.48423

4. Results and Discussion

The results of the present work are to be illustrated graphically
by contour maps of stream function (streamlines) and
dimensionless temperature (isotherms), local and average
Nusselt numbers. The parameters those expected to have
significant effects on the convection within such composite
cavity composed of nanofluid layer overlaying a saturated
porous layer are: Richardson number Ri (0.01-10), Darcy
number Da (107 - 1), thickness of porous layer Wp (0.1 — 0.9)
and volume frication of the nanoparticles ¢ (0.0 — 0.05).
Richardson number is a comparative measure of the natural to
forced convections ratio. Darcy number sometimes called
dimensionless permeability of porous medium.

Figures 4 to 6 show typical contour maps for the streamlines
and isotherms for three parameters (Wp, Da, Ri). Figure 4
illustrates the effect of porous layer thickness (Wp = 0.1, 0.5,
0.7) at 0% and 0.03% nanoparticle volume fractions for Ri = 1,
and Da = 10?. The streamlines manifests the most common
behavior published in many previous works, a single-eye
vortex occupies most of the cavity with small perturbations at
the tail of each moving wall. But in the present case, the
streamlines have a steeper gradient close to the moving lower
wall. The effect of the porous layer thickness can be
distinguished by the reduction of the vortex strength with
increasing Wp. The isotherm maps (the right column of Fig. 4)
shows an isothermal zone at the middle of the cavity with
noticeable thermal boundary layers close to each moving wall
showing convective heat transfer. Along the vertical adiabatic
walls, the isotherms are mostly vertical. It is worth mentioning
to note that the dashed contours refer to the nanofluid (¢ =
0.03) and the solid contours refer to pure fluid. Accordingly,
the addition of nanoparticles can be distinguished by the
isotherms more than the streamlines. This can be attributed to
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that the shear action provided by the movement of the two
horizontal walls is large enough to overcome the viscous and
inertia forces promoted in the nanofluid. Due to this, the
streamlines appear to be less effected by the nanofluid addition.
This attribution can be applied for the following contours too.
Figure 5 presents the effect of Darcy number for Ri = 1 and
Wp =0.5. When Da= 10, the streamlines behavior is as same
as that discussed in Fig. 4. When Da is decreased, the vortex
core is shifted to the upper part of the cavity and tends to
follow the direction of the moving upper wall. Moreover, the
streamlines are crowded close to the moving upper wall which
indicates to the intensification of nanofluid flow there. Within
the porous layer, the streamlines tends to plume towards the
lower corners at Da = 10, When Da = 107, the streamlines
reflects the restricted motion of the nanofluid in the porous
layer. The isothermal zone which is localized at the middle of
the cavity at Da = 10 is transmitted to the right upper part of
the cavity with decreasing Darcy.

The effect of Richardson number isillustrated in Fig. 6 for Wp
= 05and Da = 10° For very low value of Richardson
number (Ri = 0.01), the lid effect (forced convection) is
dominated over the natural convection. Therefore, double-eye
vortex is generated in this case where the nanofluid movement
ismainly due to the shear effect provided by the moving walls.
When Ri is increased to unity (equivalent convection modes),
the natural convection starts to affect the nanofluid motion by
increasing its strength. When Ri is further increased to 10, the
natural convection becomes the dominant mode and this leads
to strengthen the streamlines and form it in a strong single-eye
vortex rotates freely in the nanofluid layer. The isotherm maps
contours (the right column of Fig. 6) illustrates how the
isotherms change from mostly vertical behavior at low Ri to
mostly horizontal behavior at high Ri which means dominated
natural convection.

Wp =0.7

Fig. 4 Streamlines and isotherms for moving bottom and upper layers at different porous thickness layer at Ri =1, Da = 107 ¢

=0.0solid lines,¢qp = 0.03 dashed lines
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Da=10"

Fig. 5 Streamlines and isotherms for moving bottom and up layer at different Darcy number at Ri =1, Wp = 0.5,¢p = 0.0 solid lines, ¢ =

0.03 dashed lines

4.2 Local and Average Nusselt Numbers

The distribution of the local Nusselt number Nu,. aong the
moving bottom hot wall is presented in Figs. 7-9 for different
parameters. Fig. 7 depicts the propagation of Nu. for Wp =
0.5, Da= 10° and ¢ = 0.03. From this figure, no significant
change observed when Ri increased from 0.01 to 0.1, however,
the onset of Nu,, variation isrecorded at Ri > 1. This behavior
is well expected because the forced convection is fixed in this
study (Re = 100), hence increasing Ri means increasing the
natural convection only. The variations of Nuy. for different
porous layer thicknesses are depicted in Fig. 8. The like-peaks
sudden changes in the Nu, refer to the perturbations indicated
in the two ends of the moving bottom wall. The cause of these
peaks (or perturbations) is attributed to the singularities
resulting from meeting stationary and moving walls and also to
that the fluid falling on the bottom wall will be suddenly driven
by the shear friction resulting from the movement of the wall.
The maximum values of Nu,,. arerecorded at the mid of the

right half of the bottom wall. Figure 9 shows the distribution of
Nu,. aong the bottom wall for different values of Darcy
number while the other independent parameters are fixed at Ri
=10, Wp = 0.7 and ¢ = (.05, It is clearly evidence that the
effect of Da in this case is to be contrary with the other
parameters. For Da < 1073, no noticeable variation is seen.
For Da = 102, Nusselt number increases along X with some
peaks values close to the end of the moving wall. This behavior
is mainly refers to the variation of the permesability of the
porous layer

The average Nusselt number Nu,, over the moving bottom hot
wall is presented in Figs. 10-16 for different independent
parameters; Ri, Da, Wp, and ¢. The effect of ¢ on the average
Nusselt number for different porous layer thicknessis shown in
Fig. 10 for Ri = 1, Da=10". The relatively low value of Da =
10 provides high resistance to flow which in turn makes the
enhancement of heat transfer is very slight with increasing ¢
due to the existence of porous layer as it clearly evidence
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where the slop of the curve referring to the lowest porous layer
thickness (Wp = 0.1) is greater than other Wp curves slopes. It
is well known that when increasing the porous layer thickness,
acorresponding reduction in Nuy, is obtained.

Figure 11 presents the variation of Nu, with nanoparticles
volume fraction for different values of Ri. It can be seen that
the Richardson number has less effect in this case especialy
when Ri < 1. Figure 12 shows the effect of Darcy number for
Wp = 0.9 and Ri =1.0. When Da > 10°, Nu, is rapidly
increased to reach its maximum value at Da = 103, In other
words, this value of Da = 10° can be considered as a critical
Darcy number. Figure 13 which is plotted for Ri = 0.1, aso
points out to that the maximum Nu,, is obtained at Da = 10
but for higher Wp values. Moreover, to inspect this critical
value of Da, different examinations were made at different
volume fractions and Richardson numbers as shown in Figs. 14
and 15, respectively. Figure 14 implies to an adverse action of
nanoparticles when Da > 10™. This behavior can be attributed
to the dominance effect of viscous and inertia forces associated
with nanofluid over the thermal conductivity enhancement.
However, examining Figs. 13-15, it can be emphasized that
Da= 1072 is a critical value when Wp > 0.5. When Wp < 0.5,
Nug, remains unchanged with increasing Da beyond 107,

Ri=10

The attribution of this phenomenon refers to that at larger
values of Wp more drag within the porous layer exists and less
penetration of streamlines occurs. When Da is increased, less
drag and more penetration occurs, this will strengthen the
momentum exchange between the two layers. When Da is
further increased larger than Da = 1073, large amount of
streamlines will penetrate through the porous layer which has
low effective therma conductivity (large heat resistance) and
hence, an adverse action appears with increasing the
permeability of the porous layer.

Figure 16 depicts the variation ¢f the average Nusselt number
with the porous layer thickness W, for different values of
Richardson number, at Da = 10~7and ¢ = 0.01. This figure
demonstrates that the Richardson number is inactive when the
porous layer thickness is approximately greater than 0.5, where
when the whole cavity is porous medium, much drag to the
natural convection is exerted. The most important result that
can be drawn from this representation is that for dominant
natural convection (Ri = 1), the porous layer with a thickness
value close to 0.3 can play a positive role in enhancing the
convective heat transfer.

Fig. 6 Streamlines and isotherms for moving bottom and upper layers at different Richardson number at Da =10%, Wp = 0.5, @

=0.0solid lines, @ = 0.03 dashed lines
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5. Conclusions

The present work investigates numerically the mixed
convection inside a square lid-driven cavity composed of
porous and nanofluid layers. The porous layer is saturated with
the same nanofluid. Up-wind Finite Difference scheme was
utilized in the numerical solution. Both horizontal walls are
being lid. The primitive models of nanofluid properties were
adopted, namely, Maxwell-Garantte model for thermal
conductivity and Brinkman model for dynamic viscosity. The
numerical results have led to the following conclusions:

1- The value of Da = 10° can be considered as a critical
value for Wp > 0.5 where the average Nusselt number is
maximum.

2- In general, the porous layer manifests an adverse role in
enhancing the heat transfer inside the cavity. However,
for dominant natural convection (Ri > 1), the existence
of porous layer with a thickness of about 0.3 plays a
positive role in enhancing the convective heat transfer.

3- The strong mixing inside the cavity, due to the shear
action, make the action of nanoparticles addition useless.

4-  When the dimensionless permeability of the porous layer
(Darcy number) is greater than 10, an adverse action of
nanoparticles addition is observed.

Nomenclature

Cp Specific heat at constant pressure (J kg K ™)

g Gravitational acceleration (ms™)
Gr Grashof number, Gr = g (T — To) H3/v
H Height of the enclosure (m)
K Thermal conductivity (W m™ K™)
K Permeability of the porous medium (m?)
Nu Nusselt number
Pr Prandtl number, Pr = v; /og
Re Reynolds number, Re = UoH/v¢
Ri Richardson number, Ri = Gr/Ré?
T Temperature (K)
u, v Velocity components (ms™?)

u,Vv Dimensionless vel ocities components
Uo Lid velocity
Wp Porous layer thickness (m)
X, Y Dimensional coordinates (m)
X, Y Dimensionless coordinates, X =x /H, Y =y /H

Greek symbols
a Thermal diffusivity (m?s™®)
B Thermal expansion coefficient (K™)
€ porosity of the porous layer
@ Nanoparticle volume fraction
Ve Kinematic viscosity (m? S
0 Dimensionless temperature, 8 = (T = T)/(Th— To)
1 Dimensional stream function (m? S%)
Yy Dimensionless stream function, ¥ = y/(UoH)
N Dimensional vorticity (5%
Q Dimensionless vorticity, Q = w/(Uo/H)
P Density (kg m™)
u Dynamic viscosity (N.Sm™)
Subscript
av Average
b Bottom
c Cold
f Fluid
h Hot
nf Nanofluid
np Nanoparticle
loc Local
o] Porous
t Top
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