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Abstract
Natural convection heat transfer and fluid flow is investigated, numerically, inside a tilted wavy
walled enclosure. Simulating solar air heater, flat ceiling is considered as cover {cold temperature) of solar air
heater and wavy wall as absorber (hot temperature). The flow describiag equations are presented in, 1wo
dimensional in Cartesian coordinates, dimensionless form by introducing appropriate dimensionless independent and
dependent variables, The dimensionless form of the governing equalions is solved by using the finite divided difference
technique. Solving these equations, the temperature distribution and the hydrodynamic flow field in the enclosure are
predicted and accordingly, local and average Nusselt number can be calculated. The effects of system parameters on
the natural convection heat transfer inside enclosure are simulated. These parameters are Rayleigh number
(5%10° £ Ro <10%), the characteristic height ratio of the channel (I < A < §), characteristic geometric ratio (1 <
L < 5) and the inclination angle (10° < ¢ < 60°) on heat transfer performance are investigated considering air
as working fluid. The numerical results show that, the character of clockwise rotating vortex is found 1o be,
strongly, depending on problem parameters. Heat transfer is increased with increasing Rayteigh number and
characteristic geometric ratio. To suppress the natural convection heat loss effectively, 4 should be equal to 2,
L larger thao [ and ¢ between 20° and 40°.

Nomenclature
a Amplitude height of the wavy wall m
A Characteristic height ratio -
g Gravity of acceleration m/s*
h Heat transfer coefficient Wim® K
H " Height of the channel m
H Average height of the channel "
L Characteristic geometric ratio of wavy wall, --
L=AXf4a
Nu, Local Nusselt number --
Nu Average Nusselt number -
yz Dimensionless pressure --
Pr Prandtl number, Pr =0/o -
Ra Rayleigh number, Ro = (g BATH? juz) Pr -
T Dimensicnless temperature -
u, v Dimensionless velocity components in x and -
y directions
Xy Dimensicnlegs Cartesian coordinates -
Greek symbols
a Thermal diffusivity m’/s
B Thermal expansion coefficient /K
0 Density kg/m’
U Kinematics viscosity m’s
@ [nclination angle degree
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A Wavelength
Subscripis
C H Cold wall and hot wall
Superscripts
* Dimensional form

1. Introduction

Natural convection heat transfer
and fluid flow in enclosure with flat walls
are important in engineering applications
such as, cooling of electronic devices,
building design, furnaces, solar collectors,
and double pane windows. In addition to
enclosures with flat walls, inclined or
wavy walled enclosures have great
importance for natural convection in roofs
or solar collectors to control heat transfer.
However, flow and temperature fields are
very complex in these kinds of complex
geometries.

Yao [1] investigated the flow and
temperature field near a vertical wavy
wall. The local heat transfer rate is found
to be smaller than that of the flat plate
case and decreases with increase of the
wave amplitude. Mahmud et al. [2]
performed a numerical solution to
investigate free convection inside an
enclosure bounded by two isothermal
wavy walls and two adiabatic straight
walls. The height ratio was found to be
the most important parameter for heat
transfer and fluid flow. Kumar and
Shalini [3] investigated the effects of
surface undulations on natural convection
in a porous enclosure with global
cumulative heat flux boundary conditions
. for different undulation numbers and
thermal stratification levels. The local
Nusselt number was very sensitive to
thermal stratification. Rees and Pop [4]
performed an analytical study by solving
boundary layer equations for wavy
surface in a porous medium. Adjlout et al.
[5] investigated the inclined square
enclosure with right vertical wall having a
sinusoidal  function with different
undulation number. The governing
equations were solved in stream function—
vorticity  form  using  curvilinear
coordinates. Das and Mahmud [6]

-

investigated the natural convection inside
an enclosure that contains two wavy
isothermal walls (bottom and top) and
two adiabatic straight (left and right)
walls using the finite volume method. The
temperature and flow field was affected
by the amplitude-wavelength ratio. Gao et
al. [7] performed a numerical study to
investigate natural convection inside a
wavy collector. The results indicated that,
in order to suppress the natural
convection heat loss effectively,
characteristic height ratios should be
larger than 2, amplitude lengths should be
larger than 1 and inclination angles
should be smaller than 40°. Dalal and Das
[8] performed a numerical study to obtain
temperature and flow fields in an inclined
square cavity whose right wall has a
sinusoidal function. A spatially variable
wall temperature to the upper wall was
applied. The results indicated that, with
the increase in amplitude, the average
Nusselt number on the wavy wall was
high at low Rayleigh numbers. Lun-Shin
Yao [9] investigated, theoretically, the
natural-convection boundary layer along a
complex vertical surface created from two
sinusoidal functions. The total heat-
transfer rates for a complex surface were
found to be greater than that of a flat
plate. The enhanced total heat-transfer
rate was seemed to be depending on the
ratio of amplitude and wavelength of a
surface.  Aounallah et al. [10]
investigated, numerically, the turbulent
natural convection of air flow in a
confined cavity with two differentially
heated side walls. The strong influence of
the undulation of the cavity and its
orientation was indicated. The trend of
the local heat transfer rate was varied
with different frequencies for each
undulation. An increase in the convective
heat transfer on the wavy wall surface
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compared to the square cavity for high
Rayleigh numbers was caused by
turbulence. Abdalla Al-Amiri {11} studied
numerical the mixed convection heat
transfer in lid-driven cavity with a
sinusoidal wavy bottom surface. The
implications of Richardson number,
number of wavy surface undulation and
amplitude of the wavy surface on the flow
field and heat transfer characteristics were
investigated. The trend of the local
Nusselt number was found to fellow a
wavy pattern. The results iflustrated that
the average Nusselt number increases
with an increase in both the amplitude of
the wavy surface and Reynolds number.
Recently, the boundary heat flux profiles
in  an enclosure containing  solid
conducting block was investigated by Fu-
Yun Zhao et al. {12]. Numerical solutions
were obtained for the case of a square
enclosure centrally-inserted with a solid
block and subjected to an unknown heat
flux on one side and to known conditions
on the remaining sides. The accuracy of
the heat flux profile estimations was
shown to depend, strongly, on the thermal
Rayleigh number, body size and relative
thermal conductivity of the solid material.

The present study investigates,
numerically, the natural convection instde
the channel between the flat-plate cover
and wavelike absorber of the cross-
corrugated enclosure, This configure
ration simulates the solar air heater. These
kinds of study are crucial for minimizing
the heat loss due to natural convection
and improving the efficiency of the solar
air heater. A cross-corrugated solar air
heater is developed, whose absorber and

back plate (they form the channel where
the air is heated) are placed across from
each other and both have the sine-wave
shape. This study is different from the
others due to the. shallow geometry.
Rayleigh number, inclination angle,
characteristic height ratio and
characteristic geometric ratic of enclosure
are considered as study parameters. The
characteristic height ratio of the channel,
A, i1s defined as the ratio of the channel
height to the amplitude height of the
wavelike absorber. While the
characterisic geometric ratio, L, is
defined as the ratio of one-fourth of the
wavelength to the amplitude height of the
absorber. ‘
2. Problem formulation

The dimensions of the tilted wavy
enclosure are shown in Figure. 1, along
with the coordinate system and boundary
conditions. The computational domain is
chosen as the upper part of the model.
The problem ireated is a two-dimensional
heat transfer in an inclined closed cavity.
The hot bottom wall, wavelike absorber,
is wavy with a constant temperature Ty
The cold top wall, cover, is opposite to
the latter with a constant temperature ¢
while the other sides are adiabatic of
average height & . In this figure, a, 4 and
¢ denote amplitude, wavelength and
inclination angle respectively. The shape
of the wavy bottom wall is taken as
sinusoidal with fixed wavelength of 0.4 m
for..all cases. The Rayleigh number is
varied up to 10° while Prandtl number is
equat to 0.71.
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Figure, 1. Schematic diagram of tilted wavy enclosure,

The steady-state - viscous
incompressible flow inside a closed
cavity and a temperature distribution is
described by the Navier-Stokes and the
energy equations. The Boussinesq
approximation is used with the
assumptions of constant properties and
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Where, 4 and v are the dimensionless x-
velocity and y-velocity components, p is

the dimensionless pressure. In addition,

negligible viscous dissipation. To put the
governing equations and their boundary
and initial conditions in dimensionless
form, one introduces the following
dimensionless independent and dependent
variables as;

v H
y=—
v
()
......................................................... 2)
-:-&Tr;os;é crvvrneaninanasassnnsssesnrasnneenes (3)
Pr
+£3Tsin¢ ...................................... 4)
Pr
.. (5)

the velocity and temperature boundary
conditions, take the following form:
On all solid wallsw=0and v=10,
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On the wavy surface (absorber),I= Ty =1,
On the top surface (cover), T=Tc =0,
On vertical boundaries, d7/8x=10.... (6)

v gBAT H? ,

Pr=— & Ra-=

a 02

Where, 8, a and v are the coefficient of
thermal expansion, thermal diffusivity,
and kinematics viscosity of the fluid,
respectively. To solve the dimensionless
governing equations, one has to know the
pressure field which is difficult to obtain.

X e o ¥

U=—

éy ox
v Ju
a’ = e————
gx Jy

Substituting in equations (2-4) with
the corresponding expressions of velocity
components (7-8), one can eliminate the
pressure from both momentum equations.

2 2
J ;;/+~0q—:'2£=0 ..................................
ox ay

ax Ay

Huw) . Ny )_(ﬁlw . aiw]+ Gr(

axt 8y’

ér 8T 1 (&'t &7
U——tV—=—| =——+
Ax Ay Prl ax? &y’

The average Nusselt number is the

average of local Nusselt number along the

Where, s is the total length along the
wavy sinusoidal wall.
3. Numerical method

Governing equations are solved
numerically using finite  difference
technique. According to this technique,
partial differential equations which,
describing the flow field are transformed
to associated sets of linear algebraic
equations. To transfer the final form of
differential equations to difference
equations, the derivatives of the problem
are approximated by finite centered

........................

Also, the dimenstonless number Pr and
Ra are Prandtl and Rayleigh numbers, are
defined according to the following
relations:

To avoid solving the pressure field
directly, one employ the widely used
vorticity-stream function method [13].
The dimensionless stream fanction ()
and vorticity (@) are defined as follows:-

- (9

Then the following transport goveming
equations for y and o are obtained:

............................................................ (10)
or a7 .

Ecosgﬁ—?i;smgé] ......................... (11)
............................................................ (12)

wavy wall and is defined by the following

equation:

differences [13, 14]. The system of
algebraic equations is solved using
Gauss-Siedel iteration method to obtain
the steady state solution of the problem
considered. The calculations are done on
finer grid size distribution. To ensure
convergence, an under relaxation was
needed for the non-linearity and strong
coupling of the equations. The relaxation
factors are used for stream function,
vorticity and temperature equations and
are, respectively, 0.9, 0.2 and 0.5.
Variations by less than 10 over all grid
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points were adopted as a convergence
criterion. A computer program in
FORTRAN language is developed to
perform the numerical solution according
to the above-mentioned technique.

Numerical grid generation has now
become a fairly common tool for use in
the numertical solution of partial
differential equations on arbitrarily
shaped regions [15]. A curvilinear mesh
is generated over the physical domain
such that one member of each family of
curvilinear coordinate lines is coincident
with the boundary contour of the physical
domain. The results were checked for gnd
independence. Grid sizes change from
420%30 to 420x120 according to the
charactertstic  height ratio of the
enclosure.
3.1. Grid independence study of the
problem concerned

The grid independence test is

performed using successively sized grids,
400x110 , 420x120 and 440x130 for Ra
=5x10°, L =1, 4 =4 and ¢= 60°. The
value of average Nusselt number at wavy
wall is shown in Table 1. It is clearly seen
that there is a little difference between the
three grid results and the grid of 420x120
1s used in all subsequent calculations
considering the same channel
characteristic height ratio. This procedure

is repeated for all examined characteristic
height ratio.

Table 1
Comparison of average Nusselt number
at several grids for Ra = 5><105, L=1A4

=4 and ¢=60°
400x110 [ 420x120 | 440x130
Nu 2.41 s | 222

3.2. Code validation

The present code is validated for
patural convection heat transfer by
comparing the results of laminar heat
transfer in a closed cavity with
differentially heated walls. The bottom
wavy wall was kept hot while the top wall
was cooled. The left and right walls are
insulated. In the present work numerical
predictions  using the  developed
algorithm, are obtained for Rayleigh
numbers between 10° and 10°. Table 2
compares the present results with those
by de Gao et al. [7], Varol et al. [16] and
Dalal et al. [8]. The results are in very
good agreement with the benchmark
solution. More over, a comparison is
made between the present study and
Claudio et al. [17] considering flat plate
square enclosure. A good agreement is
found, specially, at lower values of
inclination angles.

Table 2 Comparison of solutions for natural convection in wavy wall and flat wall

enclosures
Paramelers Present study | Gaoeial (7] | Varol ctal(16] | Dalal et al(8] | Cianfrini[17]
(numerical) | (numerical) (CEFD) (numerical) (flat wall)
h | (a) Ra = 5x10°, L = 4.26
1,4=2, ¢=730°
(b) Ra = 5x10°, L =
2,4A=2, $=30° 4.17
Nu | (@) Ra = 3x10°, L = 14.07 13.8
4,4=4, ¢=40°
(b) Ra = 1x10% £ =
2,A=3, ¢=20° 13.36 12.9
Nu|[Ra=10°,L=2A4= 37 3.51
20, ¢= 90°. (4-unduiations) (3-undulations)
Nu | (a) Ra= 10", ¢=20°. 4.82 4.5
(b) Ra =105, $=30".
6.47 6.2
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4. Results and discussions
A numerical study is carried out to
determine the influence of inclination
angle (¢), Rayleigh numbers (Ra),
characteristic height ratio {4) and
Characteristic geometric ratio (L)
on the flow field and heat transfer in
wavy enclosure. Inclination angle is
considered in the range of 10-60° in steps
of 10° to obtain the inclination. The Rg is
varied between 5x10° and 10° to cover a
large range. The influence of the

{a) Ra=5x10*
Fig. 2. Streamlines for different Rayleigh numbers at A=4, L=2 and ¢= 40"

characteristic height ratio s
examined for the values in between | and
5 considering different values of
characteristic geometric ratio.

4.1 Flow field

Figure 3 shows the effect of
inclination angles for the case of Ra =
10°, 1=2 and 4=2. The flow is more
complex for small inclination angles. As
seen in Figure. 3a, seven cells are formed
inside the enclosure and the biggest one is
located at the top end of the cavity. The
length of cells is increased with
increasing inclination angle. Similar
results were obtained by Mahmud et al.

[21.

Another important parameter
which affects the flow field is the
characteristic height ratio since the
distance between the hot and cold walls is

Streamlines are given at different
values of Rayleigh numbers in Figure 2
for the case of A=4, L=2 and ¢ = 40°
Circulation cells form in each cavity of
the wavy wall in counter clockwise and
clockwise directions because hot fluid

moves up along the hot wall and it
circulates to the left. It impinges on the
top wall and moves downward. The fluid
is stagnant between cells.

() Ra=5x10°

While Ra number is increased as
indicated in Figure 2b, the flow is
intensified at the middle of the enclosure.
There are mainly two cells encompassing
at the enclosure ends, complete domain
with a small one at middle.
the most important parameter for heat
transfer. The effect of characteristic
height ratio for Ra = 10%, L=2 and ¢=40°
is shown in Figure. 4. Generaily,
streamlines  strongly  follow  the
boundaries except for the lowest part of
the enclosure. At the right comer of the
enclosure, the flow is almost stagnant due
to the insulation boundary conditions.
Considering lower values of characteristic
height ratio, the flow is very complex and
circulation cells are distorted because of
the high velocity as shown in Figure 4a.
Considering Figure. 4b, the length of
circulation cells in each undulations along
wavy wall are changed.
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(a) g = 40°

(b) ¢=60°

Figure. 3. Streamlines for different inclination angles at Ra = 10°, £=2 and A=2.

(a) A=2

4.2 Local Nusselt number

The local Nusselt number
distribution, MNu,, 1is plotted versus
dimension x for different problem
parameters as shown in Figure. 5 to
Figure 8. Generally, local Nusselt number
distribution shows rise and fall in each
cycle and this tendency depends on the
examined parameters. The presence of
hill in the wavy wall, which leads to
narrow flow passage, is the suggested
reason for Nu, rise. Figure. 5 shows the
effects of inclination angle of the
enclosure on the distribution of local
Nusselt number at 4 =2, L =2 and Ra =
5x10%, In general, as inclination angle is
increased, the wvalue of peak Nusselt
number is decreased along the wavy wall.

(b) A=3
Figure. 4. Streamlines for different characteristic height ratio at Ra= 10°, L=2 and ¢ = 40°.

For the values of ¢ = 20° and ¢ = 40°, the
local Nusselt numbers follow the same
pattern. The maximum Nusselt number is
obtained for ¢ = 20° at the third hill (x" =
0.9). Also, the maximum Nusselt number
is obtained for ¢ = 40° near the second
hill <" = 0.6). Figure 6 illustrates the
distribution of local Nusselt number along
the wavy wall at A =4, L =4 and Ra =
5x10* for different values of inclination
angles. The local Nusselt number has
peak values near hills position at ¢ = 20°
and ¢ = 40°. Comparing Figure 5 and
Figure 6, for the same Rayleigh number,
the local Nusselt number values at 4 =2
and L = 2 are higher than that the case of
A =4 and L =4 due to increasing distance
between hot and cold walls. In addition at



Mansoura Engineering Journal, (MEJ), Vol. 35, No. 1, March 2010. M. 9§

A =2 and L = 2, the number of peak
values of Nu, is larger than the case at 4 =
4 and L = 4. The flow reattachment is the
suggest reason for these additional peak.
Figure 7 illustrates the distribution
of Nu, along the wavy wall at 4 = 2, ¢ =
20° and Ra = 10° for different values of
characteristic geometric ratio. It is clear
that at L = 1, small peak values of Nz,

40
n An2, =2 Ro=510°
g —— =20
§ a0
:
% 20
z
g 10
0 " ) I S P DU T — w
0.2 0.4 08 0.5 1 12

Distance, x” (m}

Figure. 5. Distribution of Jocal Nusselt number

Local Nusselt nurmbes, N,
[
o

exist along the wavy wall. On the other
hand, large peak values of Nu, exist at L =
2 and L = 3. In the case of L = 3, the local
Nusself number has a maximum value
near the left vertical wall and it has four
other peak wvalues. Considering the
present study, similar trend is observed at
different inclination angles [8 and 16].

40

La)
(=]

-
(=]

D P 1. —l e L ——

0.2 0.4 08 0.8 1 1.2
Distance, x" {m)

Figure. 6. Distribution of local Nusselt number

along the wavy wall for different values of along the wavy wall for different values of

inclination angle at 4=2, L=2.

As early indicated, the
charactenistic height ratio is another
important parameter affecting the heat
transfer and flow field inside the
enclosure. Figure. 8 shows the variation
of local Nusselt number along the wavy
wall at L =2, ¢=20° and Ra = 5x10° for
different values of characteristic height
ratio. The trend of local Nusselt number
1s almost the same for the examined
values of 4. The comparison between the
local Nusselt numbers at the examined

inclination angle at A=4, L=4,

values of A showed that, Nu, for4 = 2 is
higher than Nu, for 4 = 3 and 4. The peak
values of MNu, is increased with the
decrease of 4. Examining the definition
of 4, it 1s decreased with the decrease in
average height of the channel (H).
Which in turn leads to narrow passage at
hill and conseguently Nu, is increased.
Finally, the highest heat transfer is found
at the middle section of the enclosure.

80 — o S P 80 e ey
“ { A=24=20" ,( | {L=2,§=207Ra =5"1
3 i —— S S AR2 1
- B0 |l—e— re2 - B0 f|l—m— A=3 .
2 ILT_'_—‘;.LL‘L_ -‘ E ——— Amg J
g ' £
£ 4 1 = 40 | |
= 4 =
? i
: | 2
-§ 20 1 . § 20 :
—J -~

0 A % . 1] " M 1 . 0 —~— L

0.2 0.4 0.6 0.8 1 12 0.2 04 08 0.8 i 1.2

Distance, x™ (m} Distance, x* (m)
Figure. 7. Distribution of local Nusselt number Figure, 8. Distribution of local Nusselt number
along the wavy wall for different values of along the wavy wall for different values of
characteristic geometric ratio. characteristic height ratio.
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4.3 Average Nusselt number

To obtain the heat transfer
performance, the average Nusselt number
is present for different problem

parameters as shown in Figure 9 to Figure
2.

Figure 9 illustrates the average
Nusselt number, Nu, versus Rayleigh
number at 4 = 2 and L = 1 for different
values of inclination. angle. The trend of
average Nusselt number is similar for the

examined inclination angle and is almost
10 e i | v

o ! e v M
AmZ =1
$= 10
& =20
=33
= aD
=30

B -

—_—
—_——

8

———

|

|
6 [—»—

2

Average Nussedt mumber, Nu
F-9

1E+005

1E+003 1E+004 1E+006
Rayleigh number, Ra
Figure. 9. Average Nusselt numbers versus

characteristic geometric ratio at different values

of inclination angle A=2, L=1.

In the same manner, Figure. 10
shows Nu versus Raat A =4 and L = 4
for different values of inclination angle.
The same previous results are obtained,
except that the higher values of Nu occurs
at ¢ = 40°. Comparing Figure 9 and
Figure. 10, considering the same Rayleigh
number, the average Nusselt number
values at 4 =4 and L = 4 are higher than
that the case of 4 = 2 and L = 1.
Decreasing of channel height and
consequently the distance between hot
and cold walls is the suggested reason for
this increase. In present study, the highest
average Nusselt number is obtained for L
=4 and 4 = 4 at the value of ¢=40° It is

Average Nusseit number, Nu

linear. The value of average Nusselt
number is increased with increasing
Rayleigh number as expected. Generally,
the larger average Nusselt number is
obtained for the smaller inclination angle.
The higher values of Nu are occurred at ¢
= 20°% On the other hand, at ¢ = 10°
lowest value of Nu is obtained [2, 8, 16].
It is clear that, at Ra < 5x10°, the average
Nusselt number is independent of
inclination angle.

20—y
Amd Lmd

T ¢.|0

16

12 H

——— =20
=30

=40

1E+003 1E+004 1E+005 1E+00€

Raylelgh number, Ra

Figure. 10. Average Nusselt numbers versus
characteristic geometric ratio at different values
of inclination angle A=4, L=4,

concluded that, the inclination angle can
be a control parameter for heat transfer.

Figure 11 shows the average
Nusselt number versus characteristic
geometric ratio, L, at 4 = 4 and Ra =
5x10° for different values of inclination
angle. The value of average Nusselt
number is increased, linearly, with
increasing characteristic geometric ratic.
An interesting result is obtained for
higher characteristic geometric ratio. The
highest average Nusselt number is
achieved at ¢ = 40° in the case of L > 2 as
illustrated in Figure. 11. On the other
hand, this highest value of average
Nusselt number is achieved at ¢ = 20° in
the case of L < 2.
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20 - —T—
g A=4,Ra=510°
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Figure, 11. Average Nusselt numbers versus

characteristic geometric ratio at different values

of inclination angle. :

Finally, Figure. 12 show the
average  Nusselt number  versus
characteristic height ratio, 4, at L = 2 and
¢ = 40° for different values of Rayleigh
number. It is found that Nu increases with
A when 4 < 2 but decreases thereafter,
and this decreasing rate is almost linear.
From the figure, it is apparent that A
should be equal 2 to minimize the heat
loss through natural convection heat
transfer inside the channel.
Conclusions

A numerical study is conducted to
examine the steady state heat transfer by
natural convection inside the channel
between the flat-plate cover and the sine-
wave absorber in a tilted wavy enclosure. The
effects of system parameters on the natural
convection heat transfer inside the tilted wavy
enclosure are simulated. Rayleigh number
(Ra), inclination angle (¢), characteristic
height ratio (4) and characteristic
geometric ratio (L) are considered as
problem parameters with air as working
fluid. Where, 4 is defined as the ratio of the
channel height to the amplitude height of the
sine wave absorber and L is defined as the
ratio of one-fourth of the wavelength to the
amplitude height of the absorber. The results
indicated that, the flow field is affected
by wavy wall. The more complicated
flow is obtained for lower inclination
angle. Heat transfer is increased with the
increase of characteristic geometric ratio
and Rayleigh number for the examined
inclination angles. It is found that, to
minimize the heat loss through natural
convection heat transfer inside the

M. 101

20

L _—r

$=d0 Ln2

. Re=1E04
18 ] Rl*JEﬂ‘ﬂ

. Ra-fEO&J
12 =t Ra=5g08

Average Nusselt number, Nu
o

1 2 3 4 &

Characterlstic helght ratio, A
Figure. 12. Average Nusselt numbers versus
characteristic height ratio at different values of
Rayleigh number.

channel between the cover and the
absorber, 4 should be equal to 2, L larger
than 1 and ¢ between 20° and 40°. The
wavy wall can be used to control of heat
transfer and flow field in addition to
inclination angles.

References

[1] L.S. Yao, "Natural convection along a
vertical wavy surface," Journal of Heat
Transfer," Vol.105, pp.465-468, 1983.

[2] S. Mahmud, P.K. Das, N. Hyder and
AKM. Islam, "Free convection heat
transfer in an enclosure with vertical
wavy walls," International Joumal of
Thermal Sciences, Vol.4l, pp. 440-446,
2002,

{31 B.V.R. Kumar and Shalini, "Natural
convection in a thermally stratified wavy
vertical porous enclosure,” Numerical
Heat Transfer Part A, Vol.43, pp.753-
776, 2003.

[4] D.A.S.. Rees and 1. Pop, "Free
convection induced by a horizontal wavy
surface in a porous medium,” Fluid
Dynamics Research, Vol.14, pp. 151-166,
1994.

(5] L. Adjleut, O, Imine, A. Azzi and M.
Belkadi, "Laminar natural convection in
an inclined cavity with a wavy wall,"
International Journal of Heat and Mass
Transfer, Vol.45, pp. 2141-2152, 2002,
[6] P.K. Das and S. Mahmud, "Numerical
investigation of natural convection inside
a wavy enclosure,” International Journal
of Thermal Sciences, Vol42, pp. 397-
406, 2003,

{77 W. Gao, W. Lin and E. Luy,
"Numerical study on natural convection



M. 102 H. H. Sarhan

inside the channel between the flat-plate
cover and sine-wave absorber of a cross-
corrugated solar air heater,” Energy
Conversion Management, Vol. 41, pp.
145-151, 2000.

[8] A. Dalal and M.K. Das, "Laminar
natural convection in an inclined
complicated cavity with spatially variable
wall temperature," International Journal
of Heat and Mass Transfer, Vol. 48, pp.
3833-3854, 2005.

[9] Lun-Shin Yao, "Natural convection
along a vertical complex wavy surface,"
International Journal of Heat and Mass
Transfer, Vol. 49, pp. 281-286, 2006.
[10] M. Aounallah, Y. Addad, S.
Benhamadouche, O. Imine, L. Adjlout
and D. Laurence, "Numerical
investigation of turbulent natural
convection in an inclined square cavity
with a hot wavy wall, " International
Journal of Heat and Mass Transfer
Vol. 50, pp. 683-1693, 2007.

[11] Abdalla Al-Amiri, K. Khanafer, J.
Bull and I. Pop, "Effect of sinusoidal
wavy bottom surface on mixed
convection heat transfer in a lid-driven
cavity, " International Journal of Heat and

Mass Transfer ,Vol 50, pp. 1771-1780,
2007.

[12] Fu-Yun Zhao, Di Liu, and Guang-Fa
Tang, "Determining boundary heat flux
profiles in an enclosure containing solid
conducting block," International Journal
of Heat and Mass Transfer, Vol. 53,
pp.1269-1282, 2010.

(13] S.V. Patankar, "Numerical Heat
Transfer and Fluid Flow," Hemisphere
Publishing Co., New York, pp. 113-147,
1980.

[14] M.N. O" zisik, "Finite Difference
Methods in Heat Transfer," CRC Press,
London, pp. 307-353, 1994,

[15] J.F. Thompson, Z.U.A. Warsi, C.W.
Mastin, "Numerical Grid Generation,”
North Holland, pp. 188-235, 1985.

[16) Y. Varol and F. Oztop, "A
comprehensive numerical study on
natural convection in inclined wavy and
flat- plate solar collector," Building and
Environment, Vol. 43, pp.535-544, 2008.
[17] C. Cianfrini, M. Corcione and P.
Paolo, "Natural convection in tilted
square cavities with differentially heated
opposite walls," International Journal of
Thermal Sciences, Vol.44, pp. 441-451,
2005.



