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convection heat transfer between an inclined hot basement roof and a cold environment
are investigated numerically, using the Control Volume based Finite Element Method
(CVFEM). The medium between the cold and hot surfaces is filled by soil, which can
be considered as a porous media. The physical model can be approximated as an enclosure
with various inclination angles. The cold wall of the enclosure is assumed to mimic a
sinusoidal profile with different dimensionless amplitudes. The numerical investigations
are conducted at the Prandtl number (Pr = 1) and various values of non-dimensional
governing parameters, namely, the porosity (¢), Darcy number (Da) and Rayleigh number
(Ra). The geometrical variables in this study are the inclination angle (v) and dimensionless
amplitude (a) of the sinusoidal cold wall. The obtained results show the significant effects
of v and a on the streamlines and isotherms, as well as the local and average Nusselt
numbers at various values of Da, ¢ and Ra. Effects of the governing parameters on heat
transfer and fluid flow in the upper and lower parts of the enclosure are also investigated.

© 2013 Sharif University of Technology. All rights reserved.

1. Introduction

Natural convective flow in differentially heated enclo-
sures filled with Darcian or non-Darcian fluid-saturated
porous media has received considerable attention in
the literature. This topic is of practical interest in
several sciences, engineering, agriculture, building and
geothermal sciences. Nithiarasu et al. [1] examined the
effects of variable porosity on convective flow patterns
inside a porous cavity. In their study, the flow was
triggered by sustaining a temperature gradient between
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isothermal lateral walls. They found that for the case
of a medium with variable porosity, the nature of
porosity variation significantly affects heat transfer and
flow results. Pakdee and Rattanadecho [2] performed
numerical investigations of transient natural convection
flow through a fluid-saturated porous medium in a
rectangular cavity with a convection surface condition.
It was found that the heat transfer coefficient, Rayleigh
number and Darcy number considerably influenced
characteristics of flow and heat transfer mechanisms.
Furthermore, the flow pattern is found to have a
local effect on the heat convection rate. Baytas
and Pop [3] have studied natural convection on a
trapezoidal porous enclosure with situations such as
the top enclosure being cooled, the bottom surface
being heated and the remaining two non-parallel plane
sidewalls of the enclosure being adiabatic. Although
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their study deals with heat transfer analysis on various
application in trapezoidal porous spaces, a comprehen-
sive analysis on heat transfer and flow circulations for
applications on the extraction of molten metals, salt
water and olive o0il confined within a porous bed is yet
to appear in literature for various tilt angles.

The geometrical pattern can be useful in improv-
ing the heat transfer performance. Natural convec-
tion heat transfer inside a wavy enclosure is one of
the several devices employed for enhancing the heat
and mass transfer efficiency. Flow and heat transfer
from irregular surfaces are often encountered in many
engineering applications to enhance heat transfer such
as micro-electronic devices, flat-plate solar collectors
and flat-plate condensers in refrigerators, geophysical
applications, electric machinery, cooling system of
micro-electronic devices, etc. Saidi et al. [4] presented
numerical and experimental results of flow over and
heat transfer from a sinusoidal cavity. They reported
that the total heat exchange between the wavy wall
of the cavity and the flowing fluid was reduced by the
presence of a vortex. Das and Mahmud [5] conducted
a numerical investigation of natural convection in an
enclosure consisting of two isothermal horizontal wavy
walls and two adiabatic vertical straight walls. They
reported that the amplitude-wavelength ratio affected
local heat transfer rate, but it had no significant influ-
ence on average heat transfer rate. Adjlout et al. [6]
conducted a numerical study on natural convection in
an inclined cavity with a hot wavy wall and cold flat
wall. One of their interesting findings was the decrease
of average heat transfer with the surface waviness,
when compared with a flat wall cavity.

The numerical investigation of natural convection
in an enclosure with vertical wavy walls was studied
by Mahmud et al. [7]. In this work, for a fluid with
Pr = 0.7, they simulated the behavior of fluid flow and
heat transfer performance for different values of aspect
ratio, Grashof number and amplitude-wavelength ra-
tio. They showed that the average heat transfer will
decrease with the increase of surface waviness and that
a higher heat transfer rate is observed at lower aspect
ratios for a certain value of Grashof number. Yao [§]
has studied theoretically the natural convection along a
vertical wavy surface. He found that the heat transfer
rate for a wavy surface was constantly smaller than
that of a corresponding flat plate. The influence of the
geometrical parameters on the mean Nusselt number
is clearly shown from his results. Dalal and Das [9]
analyzed numerically the natural convection in a cavity
with a wavy wall heated from below. Their results
showed that the presence of undulation in the right
wall affected local heat transfer rate and flow field, as
well as thermal field. Rostami [10] investigated the
unsteady heat transfer and fluid flow characteristics in
an enclosure with two vertical wavy and two horizontal

straight walls. Simulation was carried out for different
values of Grashof number, Prandtl number, wave ratio
and aspect ratio.

Kumar [11] analyzed numerically, using the finite
element method, the free convection induced by a
vertical wavy surface with uniform heat flux in a porous
enclosure. The results revealed that small sinusoidal
drifts from the smoothness of a vertical wall with
a phase angle of 60° and high frequency enhanced
the free convection from a vertical wall with uniform
heat flux. Chen et al. [12] analyzed numerically the
steady-state free convection inside a cavity made of
two horizontal straight walls and two vertical bent-
wavy walls filled with a fluid-saturated porous medium.
Their results showed that the dependence of the local
Nusselt number on Darcy number and porosity was
not small at large Darcy-Rayleigh numbers. Ghasemi
et al. [13] studied the steady two-dimensional laminar
forced magneto-hydrodynamic Hiemenz flow against a
flat plate with variable wall temperature in a porous
medium [14-16] analytically by means of the homotopy
analysis method (HAM) [17-20]. It was found that
increments in the suction/injection parameter, the
Hartmann number and the permeability parameter
increase the velocity profiles but decrease the temper-
ature profiles. Contrarily, increments in the Prandtl
number decrease the velocity profiles and increase the
temperature profiles.

The main objective of the present work is to
conduct a numerical investigation of natural convection
heat transfer in an enclosure with one cold sinusoidal
wall at different inclination angles and dimensionless
amplitude of the cold wall, using the Control Volume
based Finite Element Method (CVFEM) [21-24].

Control Volume based Finite Element Method
(CVFEM) is a scheme that uses the advantages of
both finite volume [25-28] and finite element methods
for simulation of multi-physics problems in complex
geometries

The numerical investigation is carried out for
different governing parameters such as the Rayleigh
number, Darcy number; porosity and the inclination
angle of the enclosure.

2. Geometry definition and boundary
conditions

The physical model along with the important geo-
metrical parameters and the mesh of the enclosure
used in the present CVFEM program are shown in
Figure 1. The enclosure has a width /height aspect ratio
of two. The two sidewalls with length H are thermally
insulated, whereas the lower flat and upper sinusoidal
walls are maintained at constant temperatures 73 and
T., respectively. Under all circumstances, T, > T,
condition is maintained. The shape of the upper
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Figure 1. (a) Geometry and boundary conditions with (b) the mesh of enclosure considered in this work.

sinusoidal wall profile is assumed to mimic the following
pattern:

Y =H — {a(H +sin(rz — 7/2))}, (1)

where a is the dimensionless amplitude of the sinusoidal
wall. The above geometry could be considered as heat
transfer between the roof of a basement and a cold
environment.

3. Mathematical modeling and numerical
procedure

3.1. Problem formulation

The porous medium is assumed to be homogeneous and
thermally isotropic and saturated with a fluid that is in
local thermodynamic equilibrium with the solid matrix.
The fluid flow is laminar and incompressible. The
pressure work and viscous dissipation are all assumed
negligible.  The thermo physical properties of the
porous medium are taken to be constant. However,
the Boussinesq approximation takes into account the
effect of density variation on the buoyancy force.
Furthermore, the solid matrix is made of spherical
particles, while the porosity and permeability of the
medium are assumed to be uniform throughout the
enclosure. Using standard symbols, the governing
equations describing the heat transfer phenomenon are
given by:
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where k is medium permeability, 3 is thermal expansion
coefficient, « is effective thermal diffusivity of the
porous medium, g and v are viscosity and kinematic
viscosity of the fluid, respectively. In the present study,
the heat capacity ratio, o, is taken to be unity, since
the thermal properties of the solid matrix and the
fluid are assumed identical. The momentum equa-
tion consists of the Brinkmann term, which accounts
for viscous effects due to the presence of the solid
body [29]. This form of momentum equation is known
as the Brinkmann-extended Darcy model. Lauriat
and Prasad [30] employed the Brinkmann-extended
Darcy formulation to investigate the buoyancy effects
on natural convection in a vertical enclosure. Although
the viscous boundary layer in the porous medium is
very thin for most engineering applications, inclusion of
this term is essential for heat transfer calculations [31].
However, the inertial effect was neglected, as the flow
was relatively low. The variables are transformed into
the dimensionless quantities defined as:
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where w and v represent dimensional vorticity and
stream function, respectively. Symbol a denotes ther-
mal diffusivity.
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where the Darcy number, Da, is defined as k/HQ, and
Pr = v/« is a Prandtl number where oo = k./(pC,);

is the thermal diffusivity. The Rayleigh number, Ra, is
defined as:

Ra = gBL*(T, — T.)/(av).
The boundary conditions as shown in Figure 1 are:

0=1.0 on the hot wall,

©® =0.0 on the cold wall,

00/9n = 0.0 on the two other insulation (11)
boundaries,

¥ =0.0 on all solid boundaries.

The values of vorticity on the boundary of the enclosure

can be obtained using the stream function formulation

and the known velocity conditions during the iterative

solution procedure. The local Nusselt number along

the hot wall can be expressed as:

00

N oc — A
u1 or

(12)

hot wall

The average Nusselt number on the hot wall is evalu-
ated as:

v
1
N ave — S 17 N oca . 1
U, 2H/ Ulocal (2)dz (13)
0

3.2. Numerical procedure

Triangular elements are considered as the building
block of the discretization, using CVEM. The values
of variables are approximated with linear interpolation
within the elements. A control volume is created by
joining the center of each element in the support to the
mid points of the element sides that pass through the
central node ¢, which creates a close polygonal control
volume (see Figure 1(b)).

To illustrate the solution procedure, using the
CVFEM, one can consider the general form of
advection-diffusion equation for node ¢ in integral form:

_V/QdV—A/kV¢~ndA+/(v~n)¢dz4:0, (14)

A

or point form:
=V (kVg)+ V- (vg) —Q =0, (15)

which can be represented by the system of CVFEM
discrete equations as:

n;

la; + Qc; + Bei] ¢ = Zam(bsi,j +Q@p;, + Bsp,.
j=1 (16)

In the above equation, the a’s are the coefficients, the
index (7,7) indicates the jth node in the support of
node 4, the index S; ; provides the node number of the
jth node in the support, the B’s account for boundary
conditions and the @’s for source terms. For the
selected triangular element which is shown in Figure 2,
this approximation without considering the source term
leads to:

—(a¥+al)oi+(as+ay)ds, , +(al + ay)ds, , =0.
(17)

By the upwinding, advective coefficients, identified
with the superscripts ()*, are given by:

ai’ = max|gs1, 0] + max[gss, 0],
ay = max[—qy1,0],

a3 = max[—gys,0]. (18)

Figure 2. A sample triangular element and its
corresponding control volume.
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And the diffusion coefficients, identified with the su-
perscripts ()*, are given by:

af ==k Nio AGp1 + kg N1y ATy
— kpaN1. AYpa + ko N1y AT f,
a5 = — k1 Noo Afp1 + kg1 Noy AT py
— kpoNoy Ayfpo + ko Noy AT g,
a = — kg1 Nso A1 + kg1 N3y ATy
~ kyaNsw Afis + ko Nay AZ o (19)

In Eq. (15), the volume flow across face 1 and 2 in the
direction of the outward normal is:

Qfl =v- n.A’flz UilAffl — DglAgfl,
qf2 =10 n'A’f2: U£2Agjf2 - 1}52A37f2. (20)

The value of the diffusivity at the mid-point of face 1
can be obtained as:

5 5 2
k’fl :[lel +N2k2 +N3k3]f1 :Ek1+ﬁkz+ﬁk3,
(21)

and at the mid-point of face 2:

5 2 5
k2 =[Niky+Noks +Noks] p2 = ki 5 kot o ks
(22)

The velocity components at the midpoint of face 1 are:

vll = iv + EU + 31}
T2 12 12t
5 5
vt = Tl + 3% + 3% (23)
And on face 2:
. 5 2 5
f2 _ 2 = -
Uy, 12%1 + 121}“ + 12%37
. 5 2 5
v)? = Tl + 3% + 3l (24)

These values can be used to update the ith support
coefficients through the following equation:

k

a; = a; +ay,
_ k
a3 = a;3 + ao,

@ig = Gia+ a§. (25)

In Eq. (18), moving counter-clockwise around node ¢,
the signed distances are:

An=3 % 5
Ajn =% -2 -2
Ag’fzz—%+%+% (26)

The derivatives of the shape functions are:

ON; (yz - yS)

Mo = or  2vee
Ny, = 8;; L = (xg‘/_elfz’),
No, = a;i 2 = (ygv_eff>7
Noy = a(;; Y
Ny, = 3(;\;2 _ (3!;‘/—61?12)7
N, = ONj3 _ (zq — :vl), (27)

dy oV ele
and the volume of the element is:

oYz — x3Y2) + x1(Y2 — ys3) + y1(x3 — x2)
2 (28)

Vele — (

The obtained algebretic equations from the discretiza-
tion procedure, using CVFEM, are solved by the
Gauss-Seidel Method.

3.3. Implementation of source terms and
boundary conditions

The boundary conditions for the present problem can

be enforced using Bp, and B, as follows:

Insulated boundary:

B =0 and B¢, =0, (29)

Insulated boundary:
Bp, =0 and Be, = 0, (30)
Fixed value boundary:

BB;, = Pualue X 10'° and BC;‘ = 10167 (31)
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Table 1. Comparison of the average Nusselt number Nu,ye for different grid resolutionat Ra = 10%, Da = 0.1 and ¢ = 0.5;

v =90° and Pr = 1.

Mesh size
21 x41 31 x61 41 x81 51 x101 61 x121 71 x141 81 x161 91 x181 101 x 201
3.176 3.374 3.460 3.503 3.527 3.543 3.552 3.558 3.563

where @yaue is the prescribed value on the boundary,
and Ay is the length of the control volume surface on
the boundary segment. The volume source terms can
be applied to Eq. (16) as:

elements

> [ow=av. (32)
j=1 VJ

or after linearizing the source term:
QiVi=—Qc,9i + @B, (33)

4. Grid tsting and code validation

A mesh testing procedure was conducted to guarantee
the grid-independency of the present solution. Various
mesh combinations were explored for the case of Ra =
105, Da = 0.1, e = 0.5 and v = 90° for Prandtl number
(Pr = 1), as shown in Table 1. The present code was
tested for grid independence by calculating the average
Nusselt number on the inner hot wall. In harmony with
this, it was found that a grid size of 71 x 141 ensures
a grid-independent solution. The convergence criterion
for the termination of all computations is:

max [T —T"| <1077, (34)
grid

where n is the iteration number, and I' stands for
the independent variables (Q, ¥, ©). To validate the
present study, the results obtained, using the CVFEM
code, are compared for Pr = 0.7 with other works
reported in [32,33], as seen in Table 2. Table 3
illustrates the comparison between the calculated
average Nusselt numbers of Nithiarasu et al. [1]. These
comparisons illustrate an excellent agreement between
the present calculations and the previous works.

Table 2. Comparison of the present results with previous
works for different Rayleigh numbers when Pr = 0.7.

De Vahl Davis

Ra Present Khanafer et al.

[32] [33]
10 1.1432 1.118 1.118
100 2.2749 2.245 2.243
105 4.5199 4.522 4.519

Table 3. Comparison of the present results with previous
works for different Rayleigh numbers when Pr = 1.

e=0.4 e =0.6
Ra Present Nithiarasu Present Nithiarasu
et al. [1] et al. [1]
10 1.0199 1.01 1.0249 1.015
10* 1.4222 1.418 1.5571 1.530
105 3.1674 3.083 3.6497 3.595

5. Results and Discussion

Numerical simulations of natural convection flow
through a fluid-saturated porous medium in an enclo-
sure with one sinusoidal wall were performed. Effects
of the dimensionless amplitude of the sinusoidal wall,
Rayleigh number, porosity, Darcy number and inclina-
tion angle of the enclosure on the heat transfer and fluid
flow are shown in terms of streamlines and isotherms.
The heat transfer characteristic from the straight hot
wall is investigated using the average and local Nusselt
numbers. Figure 3 shows the effect of dimensionless
amplitude (a) of the sinusoidal wall, along with the
inclination angle () on the isotherms and streamlines
at Da =103, ¢ = 0.5 and Ra = 103. For all inclination
angles, the temperature distribution and temperature
contours are uniformly distributed, and isothermal
lines are nearly parallel to each other following the
geometry of the sinusoidal surfaces; this shows the
characteristic of the conduction dominant mechanism
of heat transfer at low Rayleigh numbers. At v = 0°
two counter rotating vortices are observed. This bi-
cellular flow pattern divides the enclosure into two
symmetric parts, with respect to the vertical centerline
of the enclosure. An increase of a for this inclination
angle results in stronger circulation in the enclosure
because of the decrement of distance between the hot
and cold walls. As seen in Figure 3, the effect of
enclosure wall amplitude on the streamline is more
pronounced at v = 45° and 90°, while this effect is
negligible on the temperature distribution contours at
v =0° At~ =45°, asingle vortex is formed within the
enclosure for @ = 0.1 and 0.2. From the streamlines,
it can be seen that an increase of a from 0.1 to 0.2
causes the center cell of the vortex to move upward.
Afterward, as a enhances further up to 0.3, this single
cell divides into two cells with different strengths; a
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Figure 3. Isotherms (up) and streamlines (down) contours for different values of dimensionless amplitude (a) and

inclination angle (y) at Da = 0.001, ¢ = 0.5 and Ra = 10°.

stronger cell in the upper region and a weaker cell in
the lower region of the enclosure. However, at v = 90°
the division of the main cell into two vortices with equal
sizes and strength occurs at ¢ = 0.2. It is worthwhile
mentioning that contrary to v = 0°, an increment
of a at v = 45° and 90° decreases the strength of
vortexes inside the enclosure, because the sinusoidal

wall suppresses the flow circulation for these inclination
angles.

In Figure 4, the effects of a and ~ are investigated
for a high Rayleigh number, i.e. Ra = 10°. In
general, as the Rayleigh number increases up to 10°,
the buoyancy-driven circulations inside the enclosure
become stronger, as seen from the greater magnitudes
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Figure 4. Isotherms (up) and streamlines (down) contours for different values of dimensionless amplitude (a) and

inclination angle (y) at Da = 0.001, ¢ = 0.5 and Ra = 10°.

of stream function. In addition, more distortion
appears in the isothermal lines. The figure also displays
that at v = 0°, an increase in a decreases the intensity
of the two counterclockwise vortices. This finding is
in contrast with the previous result for Ra = 102,
which may be due to the domination of the conduction
mechanism at this Rayleigh number as the distance

between the hot and cold walls reduces. The magnitude
of the stream function also illustrates that for v = 45°,
the upper cell for ¢« = 0.2 and 0.3 is stronger than
that of the lower one (at the bottom), whereas at
v = 90°, an opposite trend is observed. The isotherms
for v = 45° and 90° show that the thermal boundary
layer in the vicinity of the hot wall in the upper region
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of the enclosure is thinner at v = 45°, compared to
v =90°, and it is thicker at v = 90° in the lower region
of the enclosure. It should be noted that the thermal
boundary layer thickness in these regions is related to
the intensity of two existent vortices; as stated above,
at v = 45°, the upper vortex is stronger than that of
v = 90°. A similar justification could be adopted for
the boundary layer at the lower part of the enclosure
where the thermal boundary layer is thinner than that
of v = 45°.

Effects of the Darcy number on the fluid flow
and temperature inside the enclosure are depicted in
Figure 5. For this case, the effect of Darcy number is
investigated at different dimensionless amplitudes (a)
and Darcy number (Da), and at a fixed inclination
angle of enclosure (v = 90°), porosity ¢ = 0.5
and Ra = 10° The streamlines and isotherms are
depicted for Darcy numbers Da = 1071, 1073 and 1079
where the dimensionless amplitude varies from 0.1 to
0.3. From the definition of Darcy number, the direct
proportion of the Darcy number to the permeability is
clear. The permeability in porous medium works to
measure the flow strength and can be considered as
conductivity for a fluid flow. Hence, high permeability
causes the strong flow circulation in the enclosure,
whereas low permeability inhibits the flow circulation
inside the enclosure. Comparison of the isotherms
shows that for a higher Darcy number, the convection
heat transfer inside the enclosure decreases, whereas
the conduction is the main heat transfer mechanism
at low Darcy numbers. As a result, the isothermal
contours are more distorted at high Darcy numbers,
while they follow the form of the enclosure at low Darcy
numbers. Figure 5 also displays that the dimensionless
amplitude of the sinusoidal wall of the enclosure has
a significant effect on the flow characteristic inside the
enclosure. This influence is completely obvious even
at low Darcy numbers in which the the main heat
transfer mechanism is conduction. The streamline for
different Darcy numbers indicate that the division of
the main cell into two vortices occurs when a = 0.2
at Da = 107>, while this division corresponds to
a = 0.3 at higher Darcy numbers, i.e. Da = 1073
and 1071,

The influence of porosity (¢) along with the effect
of dimensionless amplitude is reported in Figure 6 for
v = 90°, Da = 1072 and Ra = 10°. As a general
observation, the effect of various porosity values on
the streamlines and isotherms are less significant, in
comparison with the effect of other governing param-
eters such as Darcy or Rayleigh numbers. From this
figure, it is clear that for higher porosity, the drag terms
are less significant, leading to greater dimensionless
flow velocities. Hence, increase of ¢ results in higher
flow circulation inside the enclosure and a greater
magnitude of stream function. In addition, the effect of

Figure 5. Isotherms (up) and streamlines (down)
contours for different values of dimensionless amplitude (a)
and Darcy number (Da) at v = 90, ¢ = 0.5 and Ra = 10°.
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Figure 6. Isotherms (up) and streamlines (down)
contours for different values of dimensionless amplitude
(a) and porosity (£) at v = 90°, Da = 0.001 and Ra = 10°.

¢ on the isotherm is the same as that of on the increase
of Ra.

The distribution of local Nusselt number on the
hot wall is depicted in Figures 7 to 10. Figure 7
shows the effect of the inclination angle and Rayleigh
number on the local Nusselt number for Da = 1073,
¢ = 0.5 and a = 0.3. The figure shows that the
inclination of the enclosure has no significant effect
on the local Nusselt number, which is symmetric with
respect to the vertical center line of the enclosure;
this is due to the domination of the conduction heat
transfer mechanism where the buoyancy forces and
therefore the effect of inclination angle is negligible.

Figure 7. Effects of the Rayleigh number and inclination
angle on local Nusselt number at Da = 0.001, ¢ = 0.5 and
a=0.3.

Figure 8. Effects of the dimensionless amplitude on the
local Nusselt number at Da = 0.001, ¢ = 0.5, Ra = 10°
and v = 90°.
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Figure 9. Effects of the porosity on the local Nusselt
number at Da = 0.001, a = 0.3, Ra = 10° and ~ = 90°.

Figure 10. Effects of the Darcy number on the local
Nusselt number at ¢ = 0.5, a = 0.3, Ra = 10° and v = 90°.

For Ra = 10° at v = 90°, the Nuj,. is again symmetric
because of the symmetry of the geometry and boundary
conditions with respect to the enclosure’s centerline.
Given this Rayleigh number for v = 45° and 90°, the
local Nusselt number is greater at the lower part of the
enclosure where the isotherms become denser due to
the returning flow accompanying the cold fluid. It is
worthwhile mentioning that the local Nusselt number
in the lower part of the enclosure is greater for v = 90°,
in comparison with v = 45°, while an opposite trend
is seen at the upper part of the enclosure. It may be
in correspondence with the strength of the upper and
lower vortices for these cases, as stated and discussed
in Figure 4.

Figure 8 shows the effects of the dimensionless

amplitude on the local Nusselt number at Da = 0.001,
e = 0.5, Ra = 10° and v = 90°. As seen, when a
decreases, the local Nusselt number profile becomes
monotonous, whereas the profile experiences a peak
near the center of the enclosure for higher values of
a.

Effects of the porosity on the local Nusselt number
at Da = 0.001, ¢ = 0.3, Ra = 10% and v = 90° are
shown in Figure 9. The general trend of the local
Nusselt number is the same for various values of ¢,
and the increase of the porosity enhances the maximum
value of the local Nusselt number. Figure 10 illustrates
the effect of Darcy number on the Nuj,. at ¢ = 0.5,
a = 0.3, Ra = 10°, and v = 90°. As stated previously,
an increase in Darcy number makes the convection heat
transfer mechanism more pronounced; hence the values
of local Nusselt number on the straight heated wall
increase.

Figures 11 to 13 display the effect of governing pa-
rameters on the average Nusselt number on the heated
wall. Figure 11 indicates that at low Rayleigh number
(Ra = 10?), the inclination angle of the enclosure has
no significant effect on the average Nusselt number.
The figure also indicates that for this case, the effect of
(7) on the Nu,e. at Ra = 10* is in contrast with that
of Ra = 10°; for Ra = 10°, the average Nusselt number
increases with decrement of inclination angle while it
is vice versa for Ra = 10*. Figure 12 demonstrates the
effect of porosity and Darcy numbers on the average
Nusselt number at v = 90°, @ = 0.2 and Ra = 10°. It
can be seen that increasing the porosity enhances the
Nu,ve especially at greater Darcy numbers.

Figure 13 compares the effect of different values
of @ on the Nusselt number; as a enhances, the
magnitude of Nu,y. decreases due to the increase of

Figure 11. Effects of Ra and v on the average Nusselt
number at £ = 0.5, a = 0.2, Da = 0.1.
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Figure 12. Effects of £ and Da on the average Nusselt
number at v = 90°, a = 0.2, Ra = 10°.

Figure 13. Effects of a and Ra on the average Nusselt
number at v = 90°, Da = 0.1 and, £ = 0.5.

wall amplitude, which inhibits the flow circulation
inside the enclosure.

6. Conclusion

In this study, the effects of different governing pa-
rameters on natural convection heat transfer between
an inclined hot basement roof and a cold environ-
ment, which can be approximated as an enclosure,
are investigated numerically, using the Control Volume
based Finite Element Method (CVFEM). The cold
wall of the enclosure is assumed to mimic a sinusoidal
profile with different dimensionless amplitudes. From
the numerical investigation, it can be concluded that
the inclination angle () of the enclosure and the
dimensionless amplitude of the sinusoidal wall (a)

can control the parameters at different Darcy number
and porosity. In addition, the effects of increasing
a on the streamlines and local and average Nusselt
numbers depend on the values of Rayleigh number
and inclination angle of the enclosure. Moreover, the
streamlines and isotherms indicate that both a and ~
have an obvious effect on the formation and division of
the vortices inside the enclosure, as well as the strength
of flow in the upper and lower regions of the enclosure
and magnitude of the local Nusselt number on the
hot wall. To examine the effect of Darcy number and
various values of porosity on the heat transfer and fluid
flow inside the enclosure, the effects of these parameters
are investigated in terms of streamlines, isotherms,
local and average Nusselt numbers.
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