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In this paper, the effects of volumetric heat sources on natural convection heat transfer and flow
structures in a wavy-walled enclosure are studied numerically. The governing differential equations are
solved by an accurate finite-volume method. The vertical walls of enclosure are assumed to be heated
differentially whereas the two wavy walls (top and bottom) are kept adiabatic. The effective governing
parameters for this problem are the internal and external Rayleigh numbers and the amplitude of wavy
walls. It is found that both the function of wavy wall and the ratio of internal Rayleigh number (RaI) to
external Rayleigh number (RaE) affect the heat transfer and fluid flow significantly. The heat transfer is
predicted to be a decreasing function of waviness of the top and bottom walls in case of ðRaI=RaEÞ > 1
and ðRaI=RaEÞ < 1.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

Natural convection heat transfer and fluid flow are widely
studied topics in engineering due to their practical importance as
reviewed by de Vahl Davis and Jones [1] and Ostrach [2]. Natural
convection in enclosures with internal heat generation occurs in
nuclear reactors and geothermal heat extraction processes. Studies
on this topic were started nearly forty years ago by Kulacki and
Goldstein [3] and Kulacki and Nagle [4].

Based on technological applications of internal heat generation
problems in nuclear reactors and geothermal applications, Acharya
and Goldstein [5] and Lee and Goldstein [6] obtained several solu-
tions. Then, Shim and Hyun [7] reported a time-dependent solution
of natural convection in a square cavity with internal heat genera-
tion. They indicated that the circulated cell number was strongly
affected by the ratio of RaI/RaE. Fusegi et al. [8] numerically solved
the governing equations of natural convection with internal heat
generation at different Prandtl number to investigate the effects of
aspect ratio of enclosure. Oztop and Bilgen [9] conducted a numer-
ical analysis in a partially divided and volumetrically heated
enclosure using the finite-volume method. They observed that for
ðRaI=RaEÞ � 1, the heat transfer was an increasing function of the
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external Rayleigh number with heat transfer direction as in the case
of a differentially-heated cavity, from hot to cold wall. For
ðRaI=RaEÞ[1, the heat transfer was an increasing function of the
internal Rayleighnumber and its directionwas out fromthe cavityat
both hot and cold walls. Ben-Nakhi and Chamkha [10] numerically
studied steady, laminar, and conjugate natural convection around
afinnedpipeplaced in the center of a square enclosurewith uniform
internal heat generation. In their work, four perpendicular thin fins
of arbitrary and equal dimensions were attached to the pipe whose
internal surface was isothermally cooled. They observed that the
maximum temperature and extreme stream function difference
could be controlled through the finned pipe inclination angle and
fins length. Horvat et al. [11] investigated the turbulent natural
convection heat transfer and fluid flow due to internal heat gener-
ation in a square cavity. In their study, the turbulentfluidmotionwas
modeled using Large-Eddy Simulation (LES) technique. The
obtained results were focused on the effects of Prandtl number on
natural convection. The effects of volumetrically heat sources on
a conjugate natural convection problemwere studied by Liaqat and
Baytas [12]. They made a comparison between conjugate and non-
conjugate cases and observed that material of the cavity was an
important parameter on heat and fluid flow.

Besides regular geometries such as square or rectangle, many
studies on wavy-walled enclosures with or without internal heat
generation were reported in the literature due to their application
in many engineering problems related to geometrical design
requirements. These studies can be classified in two categories as
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Nomenclature

a frequency, coefficients
cp specific heat at constant pressure (kJ kg�1 K�1)
g gravitational acceleration (m s�2)
H height and width of the enclosure (m)
h local heat transfer coefficient (Wm�2 K�1)
k thermal conductivity (Wm�1 K�1)
Nu Nusselt number
Pr Prandtl number
_Q heat generation per unit volume (Wm�3)
qw heat flux (Wm�2)
Ra Rayleigh number
Re Reynolds number
T temperature (K)
u, v dimensional x and y components of velocity (m s�1)
U, V dimensionless x and y components of velocity
x0; y0 dimensional coordinates (m)
x, y dimensionless coordinates

Greek symbols
a fluid thermal diffusivity (m2 s�1)
b thermal expansion coefficient (K�1)
3 numerical tolerance
q dimensionless temperature
m dynamic viscosity (N sm�2)
n kinematic viscosity (m2 s�1)
r density (kgm�3)
j dimensional stream function (m2 s�1)
J dimensionless stream function
u dimensional vorticity (s�1)
U dimensionless vorticity

Subscripts
avg average
C cold
H hot
w wall
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one-sided wavy walled enclosures [13e17] and two-sided wavy
walled enclosures [18e23]. In the first category, Mahmud et al. [13]
examined the heat transfer and laminar fluid flow characteristics
inside a cavity made of two horizontal straight walls and two
vertical wavy walls. In their case, wavy walls were assumed to
follow a profile of cosine curve. Then, this geometry was extended
to investigate the heat transport characteristics using heat-lines
visualization by Mahmud and Fraser [14]. Entropy generation in
wavy-walled enclosures was analyzed numerically byMahmud and
Islam [15]. In this work, the Bejan number and the dimensionless
entropy generation numbers were obtained at different wave ratios
of the enclosure. Sultana and Hyder [16] investigated the non-
Darcy free convection in a wavy enclosure consisting of two
isothermal wavy walls using the finite-element method. Other
examples in this category can be found in refs. [17,18]. In the second
category, investigatorsmade studies on natural convection in single
wavy-walled enclosures. In this context, Varol and Oztop [19]
analyzed the natural convection in a wavy bottom walled shallow
enclosure without internal heat generation. They found that the
heat transfer was increased with decreasing values of the non-
dimensional wave length whereas it increased with increasing
values of the aspect ratio and the Rayleigh number. Abdelkader
et al. [20] studied the single wavy-walled cavity with small
amplitude of the wavy wall. Khanafer et al. [21] made a numerical
analysis on natural convection inside a cavity with a sinusoidal
vertical wavy wall and filled with a porous medium. They used the
finite-element formulation based on the Galerkin method to solve
governing equations. Some other authors [22e24] presented
different results on this topic.

The main objective of this paper is to study natural convection
heat transfer in a wavy-walled enclosure containing internal heat
sources at different wave ratios. The above literature survey indi-
cates that there is no study in the literature on natural convection in
wavy-walled channel with volumetric heat sources. The results are
presented in terms of streamlines, isotherms, velocity profiles and
local and mean Nusselt numbers.

2. Governing equations and problem formulation

Fig. 1(a) shows a schematic diagram of the wavy-walled and
differentially-heated enclosure. The height and the width of the
enclosure are defined by H. The left wall is heated and maintained
at a constant temperature (TH) higher than the right cold wall
temperature (TC). The upper and the lower wavy walls are kept
insulated. The density of the fluid is approximated by the standard
Boussinesq model. The governing equations for the laminar, two-
dimensional, steady-state natural convection in terms of the stream
functionevorticity formulation with internal heat generation are
written as:
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Kinematics
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vx vy

where _Q is the heat generation per unit volume (W/m3). The
horizontal and vertical velocities are given, respectively by the
following relations,

u ¼ vj

vy0
; (4)

v ¼ �vj

vx0
: (5)

The following dimensionless variables are introduced:

x ¼ x0

H
; y ¼ y0

H
; U ¼ u

n=H2; J ¼ j

n
; U ¼ u

n=H
;

V ¼ v

n=H
; q ¼ T � ðTH þ TCÞ=2

TH � TC
ð6Þ



Fig. 1. a) Sketch of problem geometry, b) Physical (real) domain, c) Computational (transformed) domain.
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The governing equations are re-written in dimensionless form
as:
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where the dimensionless numbers are given as

RaE ¼ gbðTH � TCÞH3

na
; RaI ¼ gb _QH5

nak
; Pr ¼ n

a
(10)

In above equations, RaE and RaI are external and internal Rayleigh
numbers, respectively. The dimensionless horizontal and vertical
velocities are converted to:

U ¼ vJ

vy
; (11)
V ¼ �vJ

vx
: (12)
The dimensionless boundary conditions can be written as:

On the left wall i:e:; x ¼ 0; J ¼ 0; U ¼ �v2J

vx2
; q ¼ 0:5

On the right wall i:e:; x ¼ 1; J ¼ 0; U ¼ �v2J

vx2
; q ¼ �0:5

On the top and bottom walls : J ¼ 0; U ¼ �
�v2J
vx2

þ v2J

vy2

!
;
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¼ 0 (13)

3. Numerical analysis

The upper and the lowerwalls of thewavywalls of the enclosure
are described by the following relations

g01ðx0Þ ¼ H � H
h
aþ bCos

�2px0
H

�i
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aþ bCos

�2px0
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(14)
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Fig. 2. Comparison between present work and other studies for the temperature
distribution at the vertical mid section along the width of the enclosure for RaI ¼ 0,
RaE ¼ 105 and Pr¼ 0.7.

Table 1
Comparison of the average Nusselt number with other studies for Pr¼ 0.7 and
RaE ¼ 105.

RaI Jmax Jmin qmax Nu

Present Work 106 1.488 �16.720 0.948 0.098
107 16.286 �23.711 5.637 �44

Acharya and Goldstein [5] 107 e e 5.48 e

Shim and Hyun [7] 106 1.56 �17 0.87 �0.01
107 16.4 �24.5 5.54 �66

Oztop and Bilgen [9] 106 1.61 �16.7 e 0.1
107 15.4 �23.2 e �59

Ben-Nakhi and Chamkha [10] 106 e e 0.86 e

107 e e 5.35 e
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where g01ðxÞ, g02ðxÞ, and D0ðxÞ defines the bottomwall, top wall, and
the distance between the top and the bottomwalls of the enclosure,
i.e., D0ðxÞ ¼ g02ðxÞ � g01ðxÞ, respectively. Also, a and b are constant,
that determine the shape and the contraction ratio of the wavy
enclosure as will be outlined later in this section. By using the non-
dimensional quantities given in Eq. (6), then Eq. (14) is rewritten as

g1ðxÞ ¼ ½1� ðaþ bCosð2pxÞÞ�
g2ðxÞ ¼ ½aþ bCosð2pxÞ�
DðxÞ ¼ 2½aþ bCosð2pxÞ� � 1

(15)

The enclosure in the x and y plane, i.e., physical domain, is trans-
formed into a rectangular geometry in the computational domain
using an algebraic coordinate transformation by introducing new
independent variables x and h. The top and bottom walls of the
channel become coordinate lines having constant value of h. The
independent variables in the physical domain are transformed to
independent variables in the computational domain by the
following equations

x ¼ xðx; hÞ (16)

y ¼ yðx; hÞ (17)

dx ¼
�
vx
vx

�
h
dx þ

�
vx
vh

�
x
dh (18)

dy ¼
�
vy
vx

�
h
dx þ

�
vy
vh

�
x
dh (19)

The enclosure geometry is mapped into a rectangle by using the
following transformation; see Fig. 1(b),

x ¼ x

h ¼ y� g1ðxÞ
DðxÞ

(20)

By using this transformation, the physical domain enclosed by 0� x
� 1 in the x-direction and enclosed by the curves y ¼ g1ðxÞ at the
bottom wall and y ¼ g2ðxÞ at the top wall can be mapped directly
into the rectangular computational domain defined by 0 � x � 1
and 0 � h � 1; see Fig. 1. The parameters a and b in Eq. (15) are
constants that control the contraction ratio (CR) of the enclosure
which is defined as the height of the enclosure in the middle
divided by the height of the enclosure at the inlet, i.e.,

CR ¼ Dðx ¼ 1=2Þ
Dðx ¼ 0Þ (21)

The coefficients a and b are related by (b ¼ 1� a). For example, if
a ¼ 0:95 the corresponding contraction ratio is 80% and if a¼ 0.90
then the corresponding contraction ratio is 60%.

The governing equations (7)e(9) with the boundary conditions
given in Eq. (13) are transformed to the computational domain using
the relations in Eqs. (16)e(20) to perform the calculations in the
computational domain, and then the results are transformed back in
the physical domain. The governing equations along with the cor-
responding boundary conditions are solved using a finite volume
method [25e29]. The diffusion term in the vorticity and energy
equations is approximated by a second-order central difference
scheme which is conducive to a stable solution. Furthermore,
a second order upwind differencing scheme is adopted for the
convective terms. The algebraic finite volume equations for the
vorticity and energy equations are written into the following form:

aPlP ¼ aElE þ aWlW þ aNlN þ aSlS þ b (22)
where P, W, E, N, S denote cell location, west face of the control
volume, east face of the control volume, north face of the control
volume and south face of the control volume respectively. Also, the
symbol l denotes any scalar transport quantity namely: j, U, or q.
Similar expression is also used for the kinematics equation where
only central difference is used for the discritization at the cell P of
the control volume. The resulted algebraic equations are solved
using successive over/under relaxation method. Successive under
relaxation was used due to the non-linear nature of the governing
equations especially for the vorticity equation. To make above
calculations a computer code was written in Cþþ. The convergence
criterion is defined by the following expression:

3 ¼
Pj¼M

j¼1
Pi¼N

i¼1 jlnþ1 � lnjPj¼M
j¼1

Pi¼N
i¼1 jlnþ1j

< 10�6 (23)

where 3 is the tolerance; M and N are the number of grid points in
the x and y directions, respectively.

The Nusselt number can be expressed as:

Nu ¼ hH
k

(24)

The heat transfer coefficient is computed from:

h ¼ qw
TH � TC

(25)
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The thermal conductivity is expressed as:

k ¼ � qw
vT=vx

(26)

substituting Eqs. (25) and (26) into Eq. (24), the local Nusselt
number along the left wall can be written as:
Fig. 3. Comparison streams lines (left) and isotherms (right) with other studies for RaI ¼
Chamkha [10].
NuðxÞ ¼ �vq

vx
(27)
Finally, the average Nusselt number is determined from:

Nuavg ¼
Z1
0

NuðxÞdx (28)
105, RaE ¼ 105, Pr¼ 0.7, a) Present work, b) Shim and Hyun [7], c) Ben-Nakhi and
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To evaluate Eq. (28), a 1/3 Simpson’s rule of integration is
implemented.

4. Validation

In this study, a grid testing procedure was conducted to guar-
antee a grid independent solution of the written computer code.
Various mesh combinations were explored for the case of Pr¼ 0.7,
RaI ¼ 107 and RaE ¼ 105. In harmony with this, it was found that
a grid size of 51�51 ensured a grid independent solution. The
present numerical solution was further validated for the case of
a square channel without heat generation with other published
-11.80 -11.80

a

0.65

-5.54

b

-4.03

c

Fig. 4. Streamlines (left) and isotherms (right) for a¼ 0.9 and Pr¼ 0. 7, a) Ra
work in literature for the case RaE ¼ 105, Pr¼ 0.7 and the
comparison is shown in Fig. 2 where a good comparison is
observed.

For the case of internal heat generation, the present code was
compared for Pr¼ 0.7, RaI ¼ 107 and RaE ¼ 105 with the work of
Shim and Hyun [7], Oztop and Bilgen [9] and Ben-Nakhi and
Chamkha [10] as shown in Table 1 and the outcome of present code
is within the results reported in the literature. Furthermore, Fig. 3
shows a comparison of streamlines and isotherms with other
work in literature and it is very clear that the present code results
are in good agreement with previously published work in the
literature.
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4.1. Computational grid

To obtain a grid test for this work, a grid independence study is
performed. The results in terms of average Nusselt number along
the heated wall of the cavity are tabulated in Table 3. The results in
table show that 51�51 grid provides acceptable results. Further
investigations also verify the suitability of such a grid under other
parameters.

5. Results and discussion

In this section, a representative set of obtained results for the
streamlines, isotherms and the Nusselt numbers from the numer-
ical code for different values of the internal Rayleigh numbers,
external Rayleigh numbers and the amplitude of wavy wall are
presented. The Prandtl number was changed from 0.1 and 100 but
main results are presented for Pr¼ 0.71.

Fig. 4 presents the effects of the internal and external Rayleigh
numbers on the temperature distribution and the fluid flow for
a¼ 0.9. They are illustrated by streamlines (on the left) and
0.02

-7.71

a

-13.80

-13.80

b

Fig. 6. Streamlines (left) and isotherms (right) for a¼ 1.1 and P
isotherms (on the right). The results for RaI ¼ 105 and RaE ¼ 105

are given in Fig. 4(a) and it is found that a cat-eye like flow distri-
bution is formed. Themain flowmoves in clockwise direction and it
is broken due to the wavy wall. Also, two small cells are formed
withJmin ¼ �11:80. The flow streamlines fill the whole enclosure
geometry except at the corners. In other words, the fluid rises along
the hot wall and with a sharp turn near the upper wall. Impinged
flow onto the cold wall turns to the bottom wavy wall and the
circulation is completed. The flow becomes motionless at these
parts due to the insulated wavy walls. The isotherms on the right
show similar distribution with a benchmark problem of differen-
tially heated cavity except at the wavy walls. There is a small
distortion in the isotherms at the middle section of the enclosure
due to the wavy bottom and top walls. In this case, internal and
external Rayleigh numbers are equal to each other with
RaI ¼ RaE ¼ 105. Nevertheless, the external heat generation
(which stems from temperature difference between vertical walls)
becomes dominant on heat and fluid flow. The results for RaI ¼ 105

and RaE ¼ 104 are illustrated in Fig. 4(b). In this case, the internal
heat generation becomes dominant to external one and two
1.10

0.88

0.67

0.46

0.25
0.03 -0

.1
8

0.
44 0.33

0.22

0.11

0.00

-0.11

-0.22
-0.33 -0.44

r¼ 0.7, a) RaI ¼ 104, RaE ¼ 105, b) RaI ¼ 105, RaE ¼ 104.
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circulation cells are obtained. Aweak cell is located near the left top
corner and it circulates in the counter-clockwise direction. The
other cell turns in the clockwise direction and its shape fills the
geometry. But the shape of the inner cell becomes circular. It means
that the wavy wall does not make any effect on the inside of the
enclosure. For RaI ¼ 104 and RaE ¼ 104, a single cell is formed
with Jmin ¼ �4:03. A negative sign on the isotherms stems from
the external boundary conditions. As indicated in the boundary
conditions that the cold wall is taken as (q ¼ �0:5). It is a highly
interesting result that the ratio of internal to external Rayleigh
number is not an effective parameter on natural convection with
internal heat generation. A comparison of Fig. 4(a) and (c) supports
this result. In both figures, RaI=RaE ¼ 1 but the flow and temper-
ature distributions are completely different.

Fig. 5 illustrates the effects of the wavy wall amplitude on the
heat and fluid flow for RaI ¼ 105 and RaE ¼ 105. The amplitude of
wavywall changed between 0.8 and 1.1. In Fig. 5(a), themain flow is
separated at the throat of the cavity and two cells are formed with
Jmin ¼ �7:26 and Jmin ¼ �7:99. The outermost streamlines fit
with the geometrical shape of the enclosure. The flow rate
increases at the throat due to a narrow part as expected and
isotherms are almost diagonal at the throat. The results in Fig. 5(b)
resemble those in Fig. 4(a) but the flow strength increases with
decreasing values of the wavy wall amplitude. For a¼ 0.95 (Fig. 5
(c)), the wavy wall does not have a big effect and the results
shows almost the benchmark results of de Vahl Davis and Jones [1].
For the case in which a¼ 1.1, the inner volume of the enclosure
increases and a single cell is formed. The outermost line of
streamline does not fit exactly with the geometry but the isotherms
-10.26
-10.26

a

3.44 -3.75

b

Fig. 7. Streamlines (left) and isotherms (right) for a¼ 0.85 and P
are symmetric about the middle horizontal axis. Finally, the flow
and temperature distributions are affected due to the shape of the
enclosure.

Fig. 6(a) and (b) displays the streamlines and isotherms for
a¼ 1.1 and RaI ¼ 104, RaE ¼ 105 and RaI ¼ 105, RaE ¼ 104,
respectively. Thus, a comparison was conducted between domi-
nation of the internal or external heat generation in a wavy-walled
cavity. Fig. 6(a) shows that two circulation cells are formed inside
the enclosure. In this case, additional differential buoyancy is
formed due to the domination of the internal heat generation. The
isotherms show that they are divided into two groups as vertical
and horizontal. In the upper side of the cavity, the value of the
temperature is higher than that of the maximumwall temperature
due to internal heat generation. In Fig. 6(b), the flow field fits with
the shape of the inner cavity and two cells are formed withJmin ¼
�13:80 and the flow rotates in the clockwise direction. A transition
is occurred over RaE¼ 105 and a¼ 1.1. Similar visualization of the
temperature distribution and flow field are presented in Fig. 7 for
a¼ 0.85 and RaI ¼ 103, RaE ¼ 105 (Fig. 7(a)) and RaI ¼ 105, RaE ¼
103 (Fig. 7(b)). The flow strength decreases for the case inwhich the
internal heat generation becomes dominant over the external heat
generation. In both cases, he streamlines and isotherms are almost
symmetric about the middle vertical axis of the enclosure. The
streamlines fit with the shape of the enclosure when the internal
heat generation becomes higher.

The local Nusselt number along the heated wall (left vertical
wall) of the enclosure is plotted in Fig. 8(a) to (e) for different
values of the amplitude of the wavy wall. It is also plotted for
different values of the internal and external Rayleigh numbers. The
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local Nusselt number is calculated using Eq. (27). In Fig. 8(a), the
values of the Nusselt number are illustrated for RaI ¼ 103 and
RaE ¼ 105. The maximum values of the local Nusselt number
occur around y¼ 0.25 for a¼ 0.85. The location of maximum point
of the local Nusselt number changes with changes in the
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Fig. 8. Variation of local Nusselt numbers along the hot wall for different contraction ratio fo
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amplitude of the wavy wall and occurs at y¼ 0.12 and y¼ 0.9 for
a¼ 0.95 and a¼ 1.1, respectively. The maximum values are
increased with increasing values of the amplitude of the wavy
walls. For a¼ 1.1, depending on the shape of enclosure, more heat
is transferred from the hot wall to the cold wall at the bottom side
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Table 2
Variation of mean Nusselt numbers for different parameters (Pr¼ 0.71).

RaI RaE a Num

106 105 0.95 �47.51
0.85 �1.23
1.1 �41.9

106 104 0.95 �47.5
0.85 �52.52

106 103 0.95 �518.98
0.85 �561.46
1.1 4.47

105 105 0.95 4.11
0.9 3.79
0.85 3.31
1.1 �41.186
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of the left vertical wall. Comparison of Fig. 8(a) and (b) indicates
that the maximum value of local Nusselt number decreases for
RaI ¼ 104 and RaE ¼ 104 at a¼ 0.85 and a¼ 0.95, respectively.
Fig. 8(c) is plotted to show the effects of domination of internal
heat generation RaI ¼ 105 and RaE ¼ 103. In this case, again
higher values are obtained for y¼ 0.09 and the lowest one for
a¼ 0.85. The negative value stems from the volumetric internal
heat generation. There is no negative value for RaI ¼ 105 and
RaE ¼ 105 (Fig. 8(d)) but they are observed at RaI ¼ 106 and
RaE ¼ 106. It means that the internal Rayleigh number plays
a dominant role even for the highest value of the external Rayleigh
number as seen in Fig. 8(e).

The profiles of the dimensionless x-component of velocity U
versus the vertical coordinate are plotted at the middle of the
enclosure based on the x-axis in Fig. 9(a) to (c). They are plotted
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Fig. 9. Variation of velocity profiles at different internal and external Rayleigh
numbers, (Pr¼ 0.7), a) a¼ 0.85, b) a¼ 0.95, c) a¼ 1.1.

105 103 0.95 �51.12
0.85 �61.82
0.8 �7374
1.1 4.90

104 104 0.95 1.66
0.9 1.36
0.85 0.88
1.1 4.95

103 105 0.95 4.61
0.85 3.85
for different wavy length of the enclosure. It is clearly seen in
Fig. 9(a) for a¼ 0.85 that the highest velocity is obtained for
RaE¼ 103 and RaI¼ 105, RaE¼ 105 and RaI¼ 103. The value of the
velocity profiles decreases for RaI¼ RaE. The velocity profiles
indicate that the most important parameter on the flow field is
the shape of the enclosure.

Table 2 summarizes the results of the present study by listing
the mean Nusselt number for the studied parameters. The calcu-
lation of the mean Nusselt number is done by using its definition
as given in Eq. (28). It is calculated for the heated wall. The values
in the table show that the mean Nusselt number is a strong
function of the amplitude of the wavy wall. For example, at RaI ¼
106 and RaE ¼ 105, the mean Nusselt number is obtained as
�47.51 and �1.23 for a¼ 0.95 and 0.85, respectively. By increasing
of the ratio of RaI=RaE, the values of the mean Nusselt number is
also increased. It should be noted that the definition of the
external Rayleigh number is related to (TH � TL) and the internal
Rayleigh number depends on the _Q as mentioned in ref. [9].
Positive and negative values of the mean Nusselt number indicate
that the heat transfer on the hot or cold wall is into the cavity and
out of the cavity, respectively. It is an interesting result that when
the ratio of RaI=RaE is equal to 1, the mean Nusselt number is
always positive. Also, when RaI=RaE < 1, the heat transfer becomes
out of the cavity. General observation clearly indicates that the
Table 3
Grid independence test for RaI¼ 104, RaI¼ 105, Pr¼ 0.71 and
a¼ 0.9.

Grid size Average Nu number

11� 11 4.545
21� 21 4.628
31� 31 4.428
41� 41 4.320
51� 51 4.264
61� 61 4.233
71� 71 4.214
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heat transfer is increased with increasing values of the amplitude
of the enclosure. A test was performed for large and small values of
Prandtl number as given in Fig. 10 by presenting streamlines and
isotherms. In this figure, values of Prandtl number starts from 0.1
to 100. As seen from the streamlines, single eddy was formed for
all values of Prandtl number but its shape changes. It become
smaller with increasing of Prandtl number. Similarly, isotherms are
affected from the changing of Prandtl number and stepper
isotherm distribution is observed with increasing of Prandtl
number. Fig. 11 presents the variation of mean Nusselt number
with different Prandtl number. The figure clearly indicates that
conduction mode of heat transfer is dominant for low values of
Prandtl number. For higher values of Grashof number, the mean
Nusselt number raises up to Y¼ 0.25, then, it decreases. The trend
for mean Nusselt number is almost same for both values of Prandtl
number as Pr¼ 10 and 100.



Fig. 11. Variation of mean Nusselt number for different Prandtl number at RaI¼ 104,
RaE¼ 105, a¼ 0.9.
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6. Conclusions

Heat transfer by natural convection in a differentially and wavy-
walled enclosure with uniform internal heat generation was
studied numerically. The conservation of mass, momentum and
energy equations were solved using the control volumemethod. As
indicated above that the governing parameters were the internal
Rayleigh number, external Rayleigh number and the amplitude of
sinusoidal walls. The obtained results showed that both of the flow
field and heat transfer characteristics were affected due to changes
in the values of the internal to external Rayleigh number ratio and
the amplitude of the wavy wall. Higher heat transfer rates were
predicted when the value of the wavy-wall amplitude was high.
The direction of heat transport was a strongly-dependent function
of the internal Rayleigh number to external Rayleigh numbers. The
Prandtl number becomes effective for Pr> 1.
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