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Abstract. Natural convection is investigated in a square cavity divided in three layers,
nanofluid at the middle and the upper and lower parts for porous layer. The cavity is
heated from the left and cold from the right at constant temperature Tnh and Tc
respectively. The side walls are well insulated. The Buongiorno’s model was used to
evaluate the distribution of nanoparticles and takes account the Brownian and
thermophoresis motion. The governing equations are solved by the Galerkin finite
element method. The governing parameters are Rayleigh (103< Ra < 108), porous
layer thickness (0.3 < Lp < 0.05).The result shows that increasing buoyancy forces
reinforce circulation flow in the nanofluid layer than the porous layer, the decrease
effect of porous layer thickness improve considerably the convective heat transfer.
The heat and mass transfer are enhanced.

Key words: natural convection, porous layer, panofluid, Buongiorno model, heat
transfer.

1. INTRODUCTION

The porous medium has been a subject of intensive studies, its can improve
significantly convective heat transfer inside cavities [1-3]. In many engineering
applications, such as industrial heat radiators, heat exchanger design, cooling of
micro-electronic devices, solar collector.

A natural convection in enclosure partially filled with a nanofluid and porous
layer, has attired a significant number of researchers A. Alsabery et al. [4-5]. The
studies of the horizontally partitioned cavity have been reported by many authors
[6-12].

A.l. Alsabery et al. [13] have studied a natural Convection in an Inclined
Trapezoidal Cavity Partly Filled with a Porous and nanofluid layers, they resulted
that the heat transfer rate is affected by the inclination angle of the cavity variation
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and by the porous layer increment. Several nanoparticles depicted a diversity
improvement on the convection heat transfer [14].

Zehba A. S. Raizah, et al. [15] have proved that the heat transfer through the
nanofluid porous layer was determined to be the best toward high rates of Darcy
number, porosity, and volume fraction of nanofluid. The control of the natural
convection in partially layered square cavity composed of porous and fluid layer
and a conductive solid body have been analyzed by M. Ismael and Hassan S.
Ghalib [16].

Poulikakos and Bejan [17] have chosen different permeability of porous
layers in a vertical rectangular enclosure.

The heat transfer rate maintains its maximum value when S reaches the
critical value (S = 0.3). Inside a superposed enclosure filled with composite porous-
hybrid nanofluid layers using a local thermal nonequilibrium model [18] and the
existence of the porous layer in a specified value can enhance the convective heat
transfer [19].

The enhancement of natural convection is attained when the permeability
(Da) of the porous medium is very low and the porous layer thickness is greater
than 0.5 of natural convection inside a square composite vertically layered cavity
[20] Muneer A. Ismael & Ali J. Chamkha.

For a low Rayleigh number, the largest porous layer thickness and the highest
cavity orientation improve the thermal performance in inclined partially porous
layered cavity filled with a Cu—water nanofluid [21]. The properties and the
position of porous layer strongly influence the thermal behavior of the cavity [22].

The increase of Darcy number of the porous media with a low value of the
non-uniform porous layer thickness enhance the convective heat transfer in the
cavity [23].

The main effect of porous layers is to reduce the upwind flow and then to
decrease the convective heat transfer have been proved by P. Le Breton et al. [24].

The increasein the portion of the clear flow part in the cavity enhances heat
transfer due to better hybrid nanofluid circulation [25].

M. Ghalambaz et al. [26] have studied the natural convection heat transfer in
asquare cavity filled with porous media saturated with a nanofluid using the
Buongiorno's nanofluid model. The nanofluid and porous media have both positive
and negative influences on heat transfer, since they can weaken the convection and
also strengthen the conduction. Consequently, optimal volume fraction and porous
layer thickness exist for different conditions of Ra and Da in order to maximize the
Nusselt number [27].

2. MATHEMATIC MODEL

The problem configuration is schematically illustrated in Fig. 1. It consists of
2D natural convection in a square cavity containing nanofluid and porous
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layers. H represents the height of the cavity, T, and T, are the hot and cold

constant temperature at the left and right wall, respectively. The remaining
horizontal walls are considered to be adiabatic. The flow is considered to be
laminar, steady, and incompressible, the Buongiorno model is used.

A

Adiabatic wall

Porous medium

Th

Nanofluid

Porous medium

Tc

Adiabatic wall

Fig. 1 — Physical problem studied.

\ 4

The thermophysical properties of water and nanofluids are at 25°C.The

configuration of the cavity and the flow is shown in Table 1.

Table 1
Thermophysical properties of water

Physical property Water

Cp (kg) 4179

p (kg /m®) 997.1

K (Wimk) 0.613

B (kD) 2le-5

1 (kg/ms) 8.55e-4

The two-dimensional equations governing the stationary flow of nanofluids
in natural convection inside a square cavity using Buongiorno mathematical model

are described as follows
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For an incompressible flow, the density of the fluid is constant as a function
of the spatial position (p = constant), the mass equation simply becomes:

ou ov
_—=
ox oy
To generalize the phenomenon, a set of dimensionless variables has been
introduced. It is defined as follows:
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By introducing these dimensionless variables into the dimensional equations
we obtain:
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New parameters appear in the dimensionless equations: Prandtl number,
Darcy number, Rayleigh number, buoyancy ratio, Brownian motion,
thermophoresis and Lewis number
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2.1. BOUNDARY CONDITION

The proposed problem is provides with boundary condition in the
dimensionless form of the cavity walls. At t=0 we have in the whole domain
U=0,V=0, 6=1and ¢=1for t>0;

—Ontheleftwall: U =0,V =0, 6=1 and N;0x0 + N;0x¢ =0;

—Ontherightwal: U = 0,V = 0,6 = 0 and N;ox0 + N;ox¢ =0;

—Onthetopwall: oyU = 0, oyV = 0, 0y = 0 and oyp = O;

— On the bottomwall: oyU = 0,V = 0,0y = 0 and dyp = 0.

The physical quantities of heat transfer are local and average Nusselt and
Sherwood numbers respectively Nuioc, Shioe, NUavg, Shavg are defined as below

o0 o
R W 3)
X=1 X=1
Nu —f—@dv Sh —i—a—q’dv o4
avg ! bo) ! avg ) X ' ()

3. NUMERICAL METHOD AND VALIDATION

The finite element method based on the Galerkin discretization scheme was
used to solve the differential equations with boundary conditions. A triangular
mesh appears more adequate. The convergence criterion is of the order of 1e-6 for
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each variable. The analysis of the different properties values (stream function,
temperature, concentration and average Nusselt and Sherwood number) are
obtained for several meshes with a total number of elements of 26 394.

Table 2

Mesh grid analysis for the present configuration

Elmts 7802 15256 26394 51248 84670

Time 337s 687 s 1158 s 30114 s 69150 s
Y 10.13993 10.14947 10.15307 10.15632 10.15770
T 0.50072 0.50071 0.50072 0.50071 0.50071
C 0.99606 0.99942 0.99894 1.00004 0.99917
Nu 4.64108 4.64333 4.64439 4.64570 4.64616
Sh 4.64110 4.64334 4.64439 4.64570 4.64616

Fig. 2 — Grid mesh.

The validation of the reference geometry is used by de Sheikhzadeh, Nazari
[28] was done under the same conditions, the equations used were similar and we
can conclude that the same results are obtained for the iso-concentrations cases.
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Fig. 3 — Numerical comparison results of average Nusselt number
with Sheikhzadeh, Nazari.

4. RESULTS AND DISCUSSION

The numerical results are presented in terms of contours of streamlines,
isotherms and iso-concentrations as well as the average, local of Nusselt and
Sherwood number at the heated wall. The wide ranges of the governing parameter
are selected. Here, the Rayleigh Ra number (10 < Ra < 10°), the porous layer
thickness (0.3 < Lp < 0.05) and fixing parameters Ra = 10°% Darcy number
Da =10-3, L, = 0.05, ratio buoyancy Nr, Lewis number Le, Brownian motion Nb,

thermopheresis parameter Nt , Nr = Le = Nb = Nt = 0.1.

4.1. EFFECT OF RAYLEIGH NUMBER

Figure.4 presents the effect of the Rayleigh number on the streamlines,
isotherms and iso-concentrations. The Rayleigh number varies from 103 to 108, at
low value of Rayleigh number (Ra =10%), a single cell circulation is at center of

cavity, rotates in clockwise direction, which explains that conduction dominates the
flow, at Ra=10*, a cell circulation covers the majority of the cavity and increases
in intensity, with a low penetration through the porous layer.

At Ra=10°%, the cell elongates horizontally, forming two poles. At highest
Rayleigh number, Ra=10°, the two poles extend horizontally, the nanofluid
penetrates in the porous layer.
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Fig. 4 — Variation of Ra on streamlines, isotherms and isoconentration,
Lp=0.05Da=10% Le=Nr=Nb=Nt=0.1.
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Fig. 5 — Variation of Lp on streamlines, isotherms and isoconentration ,
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So increasing Rayleigh number increase the strength of streamlines, due to
the high buoyancy forces which enhance the convective heat transfer rate.
The isotherms are almost parallel to the vertical walls at Ra =102, indicating

that the heat transfer is conductive, from Ra =10* to 10°, isotherms are modified
due to the augmentation of temperature gradient. At Ra = 10% isotherms become
denser to the hot left wall. The flow passes from conductive to convective
mechanism and enhances heat transfer in the both layers.

The iso-concentration are affected by increasing Rayleigh number, at
Ra =103, iso-concentrations are almost parallel to the walls.at Ra=10, a
stratification of iso-concentrations is observed at bottom cavity. These stratification
becomes important at the left hot wall and at bottom cavity at Ra=10°.

We observe at Ra=10°, a high nanoparticle concentration at the left corner
wall, which signifies important convective heat transfer.

4.2. EFFECT OF THE POROUS LAYER THICKNESS

Figure 5 shows the streamlines, isotherms and iso-concentrations for different
values of the porous layer thickness L,. It is clear that the given parameter ranges
from L, = 0.3 to 0.05.

When we decrease porous layer thickness, we observe that two cells
circulation are formed in the middle of the cavity. The intensity cell circulation is
strong in nanofluid layer but it is weakened in the porous layer. A low penetration
of nanofluid in the porous layer occur especially at L, = 0.05.

We can interpret this phenomena by less hydrodynamic resistance of porous
medium and nanofluids circulate without difficulty in the cavity. The enhancement
of convective heat transfer reaches its maximum at L, = 0.05.

The variation of porous layer thickness from 0.3 to 0.05, shows that the
isotherms profiles are diagonal in the porous layer, indicating the domination of the
convective heat transfer while, by decreasing the porous layer thickness L, the
convective heat transfer leads to mainly horizontal isotherms in the nanofluid layer
and it becomes very denser to the vertical left hot wall.

The iso-concentrations contours are stratified at the bottom of the cavity and
especially from L, = 0.1 to 0.05 at the left corner wall extremely. The zone
stratification indicates that the heat transfer is dominated by the convection mode.

4.3. CALCULATING OF AVERAGE, LOCAL NUSSELT AND
SHERWOOD NUMBERS
4.3.1. Impact of Rayleigh number

Figures 6a and b illustrates the evolution of average Nusselt and Sherwood
number with variation of Rayleigh number (Ra =102, 10°).
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We observe an increase of Nu ayg and Sh ag with Rayleigh number from
Ra =103 to 10°.

We constate that the increase of Ra enhances convective heat and mass
transfer due to the high gradient temperature which augments thermal buoyancy
forces and favors maximum heat transfer particularly at Ra =10°.

We notice that the local Nusselt and Sherwood numbers increase with
Rayleigh number for maximal value of Ra =10°, on other hand, a slight increase of
NU ic and Sh i are marked from Ra=10° to 10* because the presence of
nanoparticles, these increase is not noticeable due to the low temperature gradients
which explain that conduction dominates flow.
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Fig. 6 — Average an Local of Nusselt and Sherwood numbers with the variation of Lp.

A high value of local Nu ic and Sh i is obtained for Ra=10° and 10°, the
Rayleigh number contributes to enhance heat and mass transfer and consequently
convection dominates the flow.

4.3.2. Impact of porous layer thickness

Figure 6 shows the variation of average Nusselt and Sherwood numbers with
porous layer thickness L, from 0.3 to 0.05.
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We notice in Fig. 6e and f that the average Nusselt number Nuayg and Shayg
increase by reducing the porous layer thickness L, from 0,3 to 0,05 ,the heat and
mass transfer augments and convection dominates the flow.

The nanofluid portion has greater space in the cavity which allows the
circulation of nanofluid freely. We conclude that the reduce of the porous layer
thickness has an increasing effect on the heat transfer.

Figures 6g and h shows the effects of various values of porous layer thickness
at vertical hot left on local Nusslet number Nu jocand Shioc along the Y coordinates.

From L, = 0.3 to 0.2, a slight increase of Nuisc and Shiec is observed, continues
to increase from 0.2 to 0.1 and 0.05. It is observed that the maximum values of
Nujec and Shiec are located at the bottom of the hot left wall and decrease towards
the top of the wall, Then the Nuo increases. Afterwards the values tend to fall to a
minimum. Furthermore, by decreasing porous layer thickness L,, a considerable
increase of heat transfer and mass rate due of the reduce of hydrodynamic
resistance of porous medium and consequently the increase of convective heat
transfer.

5. CONCLUSION

The study of natural convection in a square cavity partially filled with a
nanofluid and porous medium is investigated numerically using the Buongiorno
model. Main attention concerning the effects of the Rayleigh number, and porous
layer thickness, on the distribution of dynamic and thermal fields revel the
following result:

—The increase of the Rayleigh number causes increased heat transfer and
reinforce movement nanofluid in the cavity,

—The reduce of porous layer thickness causes intensity of the nanofluid
circulation and leads to enhance heat transfer in the cavity,

—The heat and mass transfer is improved by increasing Rayleigh number and
decreasing of porous layer thickness.

6. NOMENCLATURE

B —thermal expansion coefficient (K™) K — permeability (m2)

C — concentration in dimensional form L — characteristic length

C, - specific heat (kg *K?) Le - Lewis numb

Da — Darcy number Lp — porous layer thickness

g - gravitational acceleration (Ms) Nb — Brownian motion parameter
h — heat transfer coefficient Nr — buoyancy ratio number

H — height Nt — thermophoresis parameter

Kk — thermal conductivity (WmK™?)
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Nu,,, —average Nusselt number Vv — kinematic viscosity (m’s™)
— density (kgm™
NU . — Nusselt number local P v ( g _) . -
N2 o — thermal diffusivity (m°s™)
p — pressure (Nm™) 0 — dimensionless temperature

P —dimensionless pressure ¢ — dimensionless concentrate
Pr — Prandtl number

Ra — Rayleigh number
Sh,,, —average Sherwood number
Sh

T —temperature in dimensional form (K) b — Brownien
u, Vv —velocity components in dimensional ~ § _ flyid

P —nanoparticles

nf — nanofluid

u— dynamic viscosity (kg m-s?)
— local Sherwood number 0 _ reference

loc

form (ms™) N —nanofluid
U, V —dimensionless velocity components g _ 44]id

W' — heat flux Density (Wm3) ¢ — cold

X, ¥ — space coordinates in dimensional h — hot

form (m) p — particle

X,Y —dimensionless space coordinates
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