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Abstract
Fluid flow and heat transfer in a square enclosure diagonally divided by a

conductive thin plate has been numerically investigated. The upper diagonal zone of the
enclosure filled with a saturated porous medium while the subdiagonal zone of the
enclosure filled with air as working fluids. The enclosure was heated partially from
below and cold from upper surface isothermally while the two vertical surface are
insulated. The governing equations are solved using finite difference methods. Results
were obtained for different value of Rayleigh number (103 ≤ Ra ≤ 105) for air and
different value of modified Rayleigh number (100 ≤ Ra* ≤ 500) for porous medium as
well as different dimensionless length of the heated surface (0.2 , 0.4 , 0.5 and 0.6 ). The
results show that the increasing in Rayleigh number in both sides of the enclosure (Ra*
& Ra) causes increasing in the Nusselt number. The percentage increasing is
approximately is (92% at Ra*=100, 1000≤ Ra≤105 and 71% at Ra*=500, 1000≤ Ra≤105

for S=1 ) and ( 90% at Ra*=100 , Ra=104 and 0.2≤S≤0.6 and 80% at Ra*=500 , Ra=104

for 0.2≤S≤0.6 ). The flow become multi-cellular in porous media side also the increasing
in dimensionless length of the heated surface causes increasing in the Nusselt number.
Keywords: natural convection; enclosure; thin plate; two fluids

مفصولین بصفیحة مربعدراسة انتقال الحرارة بالحمل الطبیعي بین مائعین داخل حیز
رقیقة 

د.أمیر سلطان داؤد                        رائد احمد علي                        رامز إبراھیم سعید
مدرسمدرس         أستاذ مساعد               

قسم الھندسة المیكانیكیة-كلیة الھندسة - جامعة الموصل 

الخلاصة
فی

مشبعلوء بوسط مساميممالتجویفمن . الحیز العلويموصلة
بمبرد 

ج التي الأسطحبینما منخفضة ثابتة
103)لعدة قیم لعدد رالياعتمدت ≤ Ra ≤ 105)100)ل ≤ Ra* مساميل(500 ≥ ل لوسط ا

للابعدي  مسخن لللطول ا ل أن(0.2 ,0.4 ,0.5 ,0.6)لسطح ا
عندما (%92)نسلتعددجویفالحیزین من التفي كلا (Ra* & Ra)رالي 

)(Ra*=100 , 1000≤ Ra≤105 for S=1 ) عندما (%71)و(Ra*=500 , 1000≤ Ra≤105 for S=1 ) و
Ra*=100 , Ra=104)عندما (%90)بنسبة زیادة    0.2≤S≤0.6 عندما (%80)و(Ra*=500 , Ra=104 for

0.2≤S≤0.6 )مي من الحیزمتعدد الخلایا في أصبحیان والجر ا مس ل وسط ا ل ا
نسلت.  عددللسطح المسخن یسبب زیادة في 
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Greek symbols
ϑ kinematic viscosity, m2/s
θ non-dimensional temperature
Ω non-dimensional vorticity
β thermal expansion coefficient, 1/K
α thermal diffusivity, m2/s

non-dimensional stream function
ω     vorticity

Subscripts
c cold
h hot

x̂

Nomenclature
g      gravitational acceleration, m/s2

S heated surface length
Ŝ Dimensionless heated surface length
H      height of enclosure, m
L      width of the enclosure , m
Nu    mean Nusselt number
Pr Prandtl number
Ra     Rayleigh number in air side
Ra* modified Rayleigh number in porous media
side
T       temperature, K
u, v   axial and radial velocities, m/s

,ŷ Non-dimensional coordinates

1. Introduction

A problem of considerable fundamentals and practical interest is that concerning
transport phenomena resulting from natural convection in a composite system consisting of a
fluid and porous medium saturated with the same fluid. Studies of these phenomena have
intensified in recent year because of the wide range of application associated with naturally
occurring and industrial processes such as geothermal energy systems, the cooling and
fumigation of stored food grains, the cooling of aluminum billets, filtration and so on [1].

Yasin Varol [2] A numerical work was performed to determine the heat transfer and
fluid flow due to buoyancy forces in divided trapezoidal enclosures filled with fluid saturated
porous media. Results are presented for different values of the governing parameters, such as
Rayleigh number for a porous medium, location of the partition, thickness of the partition and
thermal conductivity ratio between solid and fluid media. It was observed that the conduction
mode of heat transfer became dominant inside the cavity for higher thickness of the partition,
low Rayleigh numbers, and low thermal conductivity ratio.

A.M. Aramyo et al [3] The flow pattern and heat transfer in a pair of cavities stacked
one over the other, with a separating solid plate in between, are numerically studied. The
configuration idealizes two trays in a multiple effect desalinator. The work focuses on the
computational modeling of the two conjugate recirculations in the cavities, conductively
coupled through the thin separating plate. The effect of the plate physical parameters,
thickness and conductivity, on the heat transfer are also analyzed. Attention was paid to the
temperature variation over, and heat flow through the separating plate. Global Nusselt
numbers are calculated for the bottom side of the lower cavity. Data are obtained for air as the
working fluid (Pr=0.7) in the range 103<Ra<107

Hakan F. et al [4] the flow and heat transfer due to buoyancy forces in a square
enclosure divided by an impermeable partition between air and water filled chests numerically
analyzed  by using a finite difference technique. The enclosure was heated from left wall and
cooled from right, isothermally. Horizontal walls were adiabatic. The partition divided the
enclosure into air and water regions. Thus, two cases were examined: left side of partition was
filled with air and right side was filled with water (Case I, air-partition- water) and left side
was filled with water and right side with air (Case II, water-partition-air). Epoxy was chosen
as partition material. Results were obtained for different Grashof numbers (103 ≤ Gr ≤ 106),
thickness of the partition (0.05 ≤ e ≤ 0.2) and location of the partition (0.25 ≤ c ≤ 0.75). An
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analytical treatment has been performed for low Grashof numbers. Numerical and analytical
results gave an acceptable agreement. It was found that filling of fluid into chests is important
for obtaining maximum heat transfer and energy saving. When left chest was filled with air
(Case I), higher heat transfer was formed. It was an interesting result that heat transfer
decreased with increasing of location of the partition for all values of partition thickness at
Case I. On the contrary, heat transfer was a decreasing function of increasing value of location
of the partition.

Hakan F. et al [5] the conduction-combined forced and natural convection (mixed
convection) heat transfer and fluid flow have been performed for 2-D lid-driven square
enclosure divided by a partition with a finite thickness and finite conductivity numerically
studied. This investigation covers a wide range of Richardson number which is changed from
0.1 to 10, thermal conductivity ratio varies from 0.001 to 10. It is observed that higher heat
transfer was formed for higher Richardson number for upward moving wall for all values of
thermal conductivity ratio. When forced convection becomes effective, the orientation of
moving lid becomes insignificant. Heat transfer is a decreasing function of increasing thermal
conductivity ratio for all cases and Richardson numbers.

M. Mamou et al [6] Laminar natural convection heat transfer is studied in a tilted fluid
system consisting of multiple layers of fluid separated by solid partitions with finite thickness
and conductivity. Results are obtained in terms of overall Nusselt number Nu as a function of
Rayleigh number Ra, angle of inclination of the system Φ, solid to fluid conductivity ratio K,
thickness of the fluid layer ' Zi ' thickness of the solid partitions ti and number of partitions N.
The critical Rayleigh number for the onset of convection in a bottom-heated horizontal
system is predicted. The results are compared with limiting cases of the problem and are in
agreement.

C. Beckermann et al [7] studied numerically and experimentally is performed to
analyze the steady-state natural convection fluid flow and heat transfer in a vertical
rectangular enclosure that is partially filled with a vertical layer of a fluid-saturated porous
medium. It is found that the amount of fluid penetrating from the fluid region into the porous
layer depends strongly on the Darcy (Da) and Rayleigh (Ra) numbers. For a relatively low
product of Ra . Da, the flow takes place primarily in the fluid layer, and heat transfer in the
porous layer is by conduction only. On other hand, fluid penetrating into a relatively highly
permeable porous layer has a significant impact on the natural convection flow patterns in the
entire enclosure.

Nikolay P. Moshkin [8] fluid flow and heat transfer in a two-layer system of an
immiscible incompressible fluid numerically studied. The results of the two dimensional
numerical simulation are compared with the experimental data of the hydrodynamics and heat
exchange within a horizontal two-layer medium consisting of two immiscible liquids of
different densities and viscosities. Comparisons are made for the profiles of the temperature
and for the profiles of the horizontal and vertical components of the velocity vector as well.
Qualitative agreement between numerical and experimental results is observed.

Aniruddha Bagchi  et al [9] numerical studied of two-dimensional natural convection
in fluid–superposed porous layers heated locally from below is reported based on the one-
domain formulation of the conservation equations. The result shows that the Nusselt numbers
increase with a decrease in the heater length and height ratio, and increase with the Darcy
number. The size of the heat source does not affect the dependence of the heat transfer
coefficient on height ratio and Darcy number. For domains with large aspect ratios, complex
flow restructuring is observed with an increase in Rayleigh number.
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M. Jafari et al [10] natural convection in a square enclosure in which two porous
media are separated by a vertical solid wall This paper numerically examined. The results
show that a higher heat transfer rate is achieved as the solid wall moves away from the centre
of the enclosure. Moreover, at high Rayleigh numbers, the heat transfer rate increases as the
thickness of the solid wall increases. It is also shown that the thermal conductivity and
permeability of the solid wall affect the heat transfer mechanism within the enclosure.

Zineddine Alloui et al [11] the stability and natural convection in a system consisting
of a horizontal fluid layer over a layer of saturated porous medium analytically studied. An
analytical solution is obtained using a parallel flow approximation, for constant-flux thermal
boundary conditions, for which the onset of supercritical cellular convection occurs at a
vanishingly small wave number and can thus be predicted by the present theory. The critical
Rayleigh number, Rac, and Nusselt number, Nu, are found to depend on the depth ratio, η, the
Darcy number, Da, the thermal conductivity ratio, γ and the slip parameter α. Results are
presented for a wide range of each of the governing parameters. The results are compared
with limiting cases of the problem and are found to be in agreement.

M. Bargach et al [12] Natural convection fluid flow and heat transfer in a shallow
rectangular cavity containing two stratified fluid layers, one atop the other, is investigated
numerically. It is demonstrated that five different patterns of convection can be observed in
the present system. Velocity and temperature distributions, stream function, and local and
average Nusselt numbers are presented over a wide range of governing parameters.

The main purpose of this study is to investigate the natural convection heat transfer
and fluid flow inside two dimensional square enclosure fully divided diagonally with a
conductive thin plate which is filled with two different fluid ( air - Porous medium ) as
working fluids.

2. Physical model

Physical model is given in Figure (1) with
coordinates and boundary conditions. In this figure,
cross-section of the enclosure is a square with H = L
and is divided diagonally into two triangles by a
conductive thin plate.  It is heated partially from
lower surface and cooled from the upper surface
while left and right vertical walls are adiabatic. The
left triangle enclosure is filled with air as a working
fluid and the right one filled with porous medium
saturated with fluid.

3. Mathematical Formulation

3.1 porous medium layer

The porous media is assumed to be rigid and the fluid incompressible,  all other fluid
and solid properties are assumed constant, fluid and matrix are in thermal equilibrium and
isotropic, the porous medium is homogeneous also the upper and lower face of the thin
inclined conductive plate at the same temperature , the flow assumed two dimensional, steady
state, the viscous dispersion assumed is neglected and no heat generation and the Darcy's law
is assumed valid .

Figure ( 1 ) Schematical
configuration with coordinates
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The governing equations that describe the steady state heat transfer process of laminar
natural convection in the porous media layer with Darcy flow and Boussinesq approximation.
The governing equations are continuity, momentum and energy.

…1

…2

…3

3.2 Air layer

the assumptions for air layer to simplify the analysis are made the fluid is
incompressible, steady and laminar flow, there is no viscous dissipation, the gravity acts in
the vertical direction, fluid properties are constants and fluid density variations are neglected
except in the buoyancy term (the Boussinsque approximation ),and radiation heat exchanges
is negligible.

The governing equations include the equations of the continuity, momentum equations
and the energy equation. The equations are presented below.

1-The continuity equation:

…4

2-The energy equation:

…5

3-The momentum equation in x and y direction are :

…6

…7

Where k &  µ are constants
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with Boussinesq approximations, the density is constant for all terms in the governing
equations except for the bouncy force term that the density is a linear function of the
temperature.

…8

by introducing equation 8 into equation 6 yield:

…9

3.3 The separating plate

The energy equation for the conductive thin plate is [ 2 ].

…10

The stream function (ψ) and vorticity (ω) in the governing equations are defined as follows:

…11

In order to identify the relevant dimensionless parameters influencing the problem at hand.
The variable are non-dimensionalized  by defining the following parameters:

The width of the enclosure (L) is the characteristics length in the problem.

Using non-dimensional variables defined in the above, the non-dimensional governing
equations are obtained as :

Continuity Equation

…12

Energy Equation

…13

…14

…15
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Momentum Equation

…16

…17

Where

Boundary conditions:

4. Numerical solution:

The governing equations for steady state, laminar, two dimensional natural convection
heat transfer in an enclosure are simplified and changed to non dimensional term and then
solved using finite difference method based on Taylor series. In this method, all partial
derivatives in governing equations are converted to forms that can be handled by
computer.[13]

The heat transfer from the walls of the enclosure can be obtained using the integration
of temperature gradient along the wall  and then calculate the Nusselt number as following:

…18

5. Results and discussion:

Numerical analysis of natural convection heat transfer and fluid flow was performed
to obtain effects of  the fluids on each other and the effect of heat source length which is
located  on the bottom wall of the enclosure, the upper  surface of the enclosure is kept at
lower temperature while remaining walls are adiabatic. Heat transfer and flow structure
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represented by stream function and isotherms line, and the effects of the parameters on heat
transfer represented by Nusselt numbers.

Figure (2) shows the effect of the Rayleigh number (Ra* and Ra) on the structure of
flow and isotherm lines, from figure can notice that the increasing in (Ra*) causes increasing
in the stream function in both sides of the enclosure air and porous media sides also the
temperature gradient increase along the hot and cold surface this return to increasing in the
driving force ( buoyancy forces ), in the porous media side the flow become multi-cellular due
to stronger circulation resulting from the increasing in the Rayleigh number.

Figure (3) this figure illustrate the effect of the dimensionless heated surface length on
the  structure of flow and isotherm lines from figure it could be concluded that the increasing
in dimensionless heat surface length causes increasing in stream function and isotherm lines
and the flow become multi-cellular due to stronger circulation because the increasing in the hot
surface area causes an increasing in driving force ( buoyancy forces ).

Figure (4) shows the variation of the Nusselt number with the Rayleigh number (Ra*)
in porous medium side of the enclosure for different value of Rayleigh number in air side of
the enclosure. The figure shows that the increasing in the Rayleigh number (Ra*) in porous
media side causes an increasing in the Nusselt  number. Also the increasing in the Rayleigh
number (Ra) in the air side causes an increasing in the Nusselt  number. The increasing in the
Rayleigh number in the both cases resulting in increasing temperature gradient along the hot
and cold surface, subsequently the heat transfer by natural convection increases and then the
Nusselt  number increase.

Figure (5) describes the variation of the of Nusselt number with Rayleigh number
(Ra*) for different value of the dimensionless heat source length (0.2 ,0.4, 0.5 and 0.6) and it
can noted that the increasing in dimensionless heat surface length causes increasing in
Nusselt  number for the same Rayleigh number ( Ra* & Ra ) in air and porous medium sides,
because the natural enhanced  with the increasing in dimensionless heat source length.

Conclusions

The finite difference approximation method is used to solve the governing equations (
continuity , momentum and energy ) for natural convection and fluid flwo inside two
dimensional enclosure partially heated  from below. the results show

1-The increasing in Rayleigh number (Ra*) causes increasing in value of stream function,
temperature gradient and Nusselt number and the flow become multi-cellular in porous media
side.

2-The increasing in Rayleigh number (Ra) causes increasing in value of stream function,
temperature gradient and Nusselt  number.

3-The increasing in dimensionless length of the heat source causes increase in stream
function, temperature gradient and Nusselt  number.
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Figure (2) show the effect of ( Ra=104 & 105 ) (Ra*=200, 500) on the
isotherm line and stream function

Ra=104

Ra*=200

Ra=104

Ra*=500

Ra=105

Ra*=200

Ra=105

Ra*=500
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2.0ˆ s

Figure (3) show the effect of dimensionless heat source length (0.2, 0.4, 0.5, 0.6 )
on isotherm line and stream function for Ra=104 and Ra*=500

4.0ˆ s

5.0ˆ s

6.0ˆ s
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Figure ( 5 ) shows the effect of Ra* on the Nu for different dimensionless heat
source length ( ŝ =0.2, 0.4 , 0.5 and 0.6 ) and Ra=104

Figure ( 4 ) shows the effect of Ra* on the Nu for different  values of
( Ra=103,104 and 105 ) and dimensionless heat source length ( ŝ =1 )

Ra*
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