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Nomenclature

The aspect ratio of the enclosure.

The magnetic field strength vector, [wh/ m?]
magnatic field strength, [wb/ m?]
Forchheimer constant.

Specific heat at constant pressure, [kJ/kg.K]
Diameter of spherical beads.[m]

The electric field vector, [volt/ m]

The magnetic force, [N]

The total electromagnetic force, [N]

The total electromagnetic force, [N]
Forchheimer number.

Gravitational acceleration, [m/ s?]
The Gebhart number.

The length in y-direction, [m]

The magnetic field intensity. [ampere/ m]
The magnetic influence number.

The current density, [ampere/ area]

The conduction current flow.

The magnetic field induces a current in the conductor.
Permeability, [m?]

Thermal conductivity of the porous media and fluid, [W/m.K]
Pressure, [Pa]

Modified Rayleigh number.
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xii

T the fluid temperature, [K]

T Average surface temperature, [K]

u The velocity in x direction, [m/ s]
V The velocity of the conductor, [m/ s]
% The velocity in y direction, [m/ s]

W.m The work done on the system per unit time by the electromagnetic force, [Watt]
W The length in x-direction, [m]

Greek symbols

Ga  Thermal diffusivity: [M/s]

[ Absolute viscosity, [kg/m.s]

Mo The magnetic permeability.

v Dynamic viscosity, [m% s]

€ Porosity.

p The fluid density, [kg/ m?]

Po The fluid density at some reference temperature, [kg/ m’]

Pe The charge density.

o Electrical conductivity, [mQ/m?]

B Coefficient of thermal expansion, [K™1]

1) The inclination angle of the enclosure, [degrees]
] Streamline function.

b d Dimensionless stream function.

Subscripts

i To describe the nodal points in the x-direction.

j To describe the nodal points in the y-direction.
N Number of nodal points in the y-direction.

M Number of nodal points in the x-direction.
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Ax The increment in the x-direction.
Ay The increment in the y-direction.
centre The centre of the enclosure.

Mean The average Nusselt number.
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ABSTRACT

In this present study the magnetohydrodynamics (MHD) natural convection iso-flux problem
inside a porous media filled inclined rectangular enclosures is studied numerically. An iso-
heat flux is applied for heating the two opposing walls of the enclosure while the other two
walls are adiabatic. The Forchheimer extension of Darcy-Oberbeck-Boussinesq and energy
equations are going to be transformed into dimensionless form using a set of suitable
variables then solved by using a finite difference scheme. Governing parameters are the
magnetic influence number, the Rayleigh number, the inclination angle, and the aspect ratio
of the enclosure. It is found that when the increasing of (Ha? )decreases the heat transfer
coefficient and the fluid flow velocities, which is due to unfavorable retarding forces between
the fluid layers, the increasing the (Ge) number decreases heat transfer rates, the Maximum
heat transfer rates are obtained for inclination angels nearly 60°,and the increasing the (For)

number decreases the Nusselt number .
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Introduction
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1.1 Introduction:

The Darcy effects on natural convection in porous media have received a great deal of attention
in recent years. This is due to a large number of technical applications, such as, fluid flow in
geothermal reservoirs, separation processes in chemical industries, dispersion of chemical
contaminants through water saturated soil, solidification of casting, migration of moisture in

grain storage system, crude oil production, etc.[ Nield].

The study of fluid, which is electrically conducted and moves in a magnetic field, is known as a
magneto hydrodynamics (MHD), the generated current interacts with the magnetic field to

produce a body force on the fluid.

1.2 Momentum equation and Porous medium

Flow in porous medium is generalized by Darcy’s law. It shows the volumetric flow rate is a
function of the flow area, elevation and fluid pressure. It may be stated in several different forms
depending on the flow conditions. Since its discovery, it has been found valid for any Newtonian
fluid, while it was established under saturated flow conditions, it may be adjusted to account for

unsaturated and multiphase flow this is expressed, in refined form, by:-

KdP
u= —E& (11)
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where K is Permeability, which is a measure of the ease with which fluids may transfer through
medium under the influence of a driving pressure, Z—z is the pressure gradient in the flow

direction and p is the dynamic viscosity of the fluid.

Darcy’s equation (1.1) is linear in the velocity u, it holds when u is sufficiently small. In practice,
“sufficiently small” means that is of order unity or smaller. As u increases, the transition to
nonlinear drag is quite smooth; there is no sudden transition as Re is increased in the range 1 to
10. Clearly this transition is not one from laminar to turbulent flow, since at such comparatively
small Reynolds numbers the flow in the pores is still laminar. Rather, the breakdown in linearity
is due to the fact that the form drag due to solid obstacles is now comparable with the surface

drag due to friction. The appropriate modification to Darcy’s equation is to replace Eq. (1.1) by

u=—Ea—P+%u2 (1.2)
pox VK '

where Cg is Forcheimer constant and where p is the fluid density and K is permeability of the

porous medium.
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1.3 MHD Flow

The research of MHD in porous medium has been conducted widely in recent years, which
involves post-accidental heat rem

oval in nuclear reactors, cooling of radioactive waste containers, the migration of moisture
through the air contained in fibrous insulations, heat exchangers, solar power collectors, grain
storage, energy efficient drying process, electrical discharges, and many others. Some basic

electromagnetic concept as follows:
For a neutrally charged system the current densityf is given by:

J=0.E (1.3)
where o is the electrical conductivity and E is the electric field vector. The magnetic field
strength Bis expressed by:

B = . H (1.4)
where 1, is called the magnetic permeability and H is the Magnetic field intensity. The force
exerted on a system of charged particles by an electric field is given by:

Fe = po.E (1.5)

where p. is the charge density. The magnetic force exerted on a current is expressed by:

F,=] xB (1.6)

Fery = pe.E+ ] X B (1.7)
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The power done on the system per unit time by the electromagnetic force is expressed by:
Wep = Fory. V (1.8)

where V is the velocity of the conductor.

The magnetic field induces a current in the conductor is given by:

Jma =0(Vx B) (1.9)

Then, the conduction current flow is given by:

-

Jo=0(E+Vx B) (1.10)

And the total current flow is given by:

—

J=Tc+ pe.V (1.11)

For the electromagnetic work Holman (1990):

W, = E.J — ]C('FIC (1.12)
The governing equations that describe the problem under consideration can be written
as: The continuity equation: [Bilgen et al]
A (1.13)
ox  dy '
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The momentum equation in x and y-directions: [Bilgen et al]

pu  pCp 5 oP

hu  pbr B2y = - 2 T.— T 1.14
w  pCp 5 oP .
—+—vVv°+0Bjv =——+ Ts — T)sin 1.15

The energy equation: [Bilgen et al]

oT 9T _ k (9%(Ts—T) aZ(Ts—T)) v ( CrVK 2) B 2
u0X+V0y_pcp( T oy +chu u+-—-—u +pcpu (1.16)

where:-

T: The fluid temperature.

Ts. Average surface temperature.

The term (oB3) represents the effect of magnetic field force.

The term (—2) represents the work done by magnetic field force.

oB3
PCp

e is inclination angle of the enclosure.

www.manaraa.com

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



1.4 Boussinesq Approximation:

In this case we add the gravitational term p g to the right-hand side of the Forchheimer’s
equation (1.2) to show the convection heat transfer effect, the density of the fluid must be a
function of the temperature, and hence we need an equation of state to complement the equations
of mass, momentum, and energy. When temperature is changed the density of a fluid can be

expressed as:

p=po(1+B(T—Ty)) (1.17)

where p, is the fluid density at some reference temperature T, and  is the coefficient of thermal
expansion. Joseph Boussinesq (1903) was the first practitioner of buoyancy-driven flows for
small density and temperature differences in the fluid. The approximation consists of setting
constants all the properties of the medium, except that the vital buoyancy term involving B is

retained in the momentum equation.

www.manaraa.com

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



Chapter 2

Literature Review
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2.1 Introductions

Geothermal operation, nuclear reactors, transportation, separation processes in chemical industries,
cooling building thermal insulation, are well-known applications of the extensive studies on the porous

media flow and heat transfer, which has been started by Darcy, in the 19th century.

2.1.1 Internal flow

Kim and Lee (2000) set up an experiment using a circular cylinder where electrodes and magnets are
installed in an alternative sequence in axial direction of the cylinder to generate magnetic force in the
circumferential direction. It is found that the thermal boundary layer is developed near the bottom and
side walls and the central regime near the top surface has least temperature gradient for both uniform and

non-uniform heating cases.

Garandet et al. (1992) had analyzed the equations of the magneto hydrodynamics that can be used to
model the effect of a transverse magnetic field on the buoyancy driven convection in a two dimensional
cavity. It is found that with the increase of magnetic field intensity, the magnetic force has more effects

on the nonmetallic materials.

Kumar and Kumar have conducted (2002) a numerical study on natural convection in porous trapezoidal
enclosures using finite element method, they indicated that Nusselt number increases with the increasing

angle of inclination of the walls of the trapezoidal enclosures.

Baytas and Pop (1999) performed a numerical analysis to investigate the natural convection in a porous
trapezoidal enclosure. They solved the Darcy and energy equations using alternative Direction Implicit
finite-difference method. They indicated that conduction heat transfer regime is dominated for low

Rayleigh numbers. The same method was used to investigate free convection in oblique enclosures filled
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with a porous medium in their other study. They observed that near the sharp corners of the oblique

enclosure the flow and temperature break down into a series of sub vortices.

Duwairi and Shehadah (2008) have studied the MHD natural convection heat transfer problem inside a
porous medium. Two sides of the rectangular enclosure are adiabatic and the other two are isothermal.
Three-parameters are found to describe the problem under consideration, namely: the buoyancy
parameter, the inclination angle parameter, and the magnetic effect parameter of the rectangular porous

media-filled enclosure.

2.1.2 External flow

Badruddin et al. (2006) have studied the steady state heat transfer in a porous medium fixed in a vertical
annular cylinder. The Darcy model of flow was employed and heat transfer was assumed to take place by
natural convection and radiation. The governing equations were solved using the finite element method.
They found that if interphase heat transfer coefficient and modified conductivity ratio are maintained at
high values, then thermal equilibrium is approached with both solid and fluid phases having similar

temperatures.

Sparrow and Cess (1961) have investigated the free convection heat transfer due to the simultaneous
action of buoyancy and induced magnetic forces; the analysis is carried out for laminar boundary-layer
flow about an isothermal vertical plate. They found that the free convection heat transfer to liquid metals
may be significantly affected by the presence of magnetic field, but that very small effects are

experienced by other fluid.

.Raptis and Singh (1983) studied the effect of a uniform transform transverse magnetic field on the free
convection flow of an electrically conducting fluid past an infinite vertical plate for classes of impulsive

as well as uniformly accelerated motion of the plate. They found that the effect of the magnetic field
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is to increase the velocity field on both cases. Henoch and Meng (1991) used the magnetic force to

retard the transition to the turbulent boundary layer and reduce the frictional Darcy force.

Hossain. Aldoss et al (1992) had studied the effect of viscous and Joule heating on the flow of an
electrically conducting and viscous incompressible fluid past a semi-infinite plate of which temperature
varies linearly with the distance from the leading edge and in the presence of uniform transverse magnetic
field. The equations governing the flow are solved numerically applying the finite difference method
along with Newton's linearization approximation. The combined effects of forced and natural convection
heat transfer in the presence of transverse magnetic field from vertical surfaces are studied by many

researchers.

Jha (2001) has discussed the combined effect of natural convection and uniform transverse magnetic field
on the Couette flow of an electrically conducting fluid between two parallel plates for impulsive motion
of one plate. Comparative study is made between rile velocity field for magnetic field fixed with respect

to plate and a fixed magnetic field with respect to the fluid.

On other study, the effects of MHD-natural convection heat transfer from radiating vertical porous
surfaces, they found non-similarity parameter to solve this problem with fluid suction or injection along
the stream wise coordinate and found that the increasing of the magnetic field strength decreases the

velocity and the heat transfer rates inside the boundary laye had studied by Duwairi and Damseh (2004,

a).

Duwairi and Duwairi (2004, b) studied the thermal radiation heat transfer effects on the MHD-Rayleigh
flow of gray viscous fluids under the effect of a transverse magnetic field, the free convection heat
transfer problem from constant surface heat flux moving plate is selected for study. They found that the
increasing of the magnetic field strength decreased the velocity inside the boundary layer. Duwairi and

Al-Araj (2004, c) studied the MHD-thermal radiation interaction along a vertical cylinder embedded in a
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plain medium; they found that the increasing of magnetic forces decreased velocities and heat transfer
rates to the conductive fluids. The MHD-conjugative heat transfer problem from vertical surfaces
embedded in saturated porous media; the inclusion of conduction parameter to the MHD traditional mixed

convection problem is achieved has been formulated by Duwairi and Al-Kablawi (2006).

Duwairi et al. (2006) studied the transient MHD natural convection heat transfer problem using non-
Boussinesq approximation. Hammad and Duwairi (2008) had been solved the non-Newtonian MHD
convection heat transfer problem around a non isothermal cylinder and spheres. Again the magnetic
forces had retarding effects on the flow and heating effect of the fluid layers, which had decreased the

local Nusselt numbers,

In all the previous studied the MHD effects for externally flow are investigated either for fluid flow in a
plain or a porous media, but little attention is given to the internal flow heat flux problem in. In the
present study, the magnetohydrodynamics(MHD) natural convection heat transfer effect inside an iso-
flux porous medium- filled inclined rectangular enclosures has been investigated numerically. An iso-heat
flux is applied for heating the two opposing walls of the enclosure while the other walls are adiabatic. The
governing equations, continuity, Forchheimer extension of Darcy law and energy, are going to be
transformed into dimensionless form using a set of suitable variables and then solved using a finite
difference scheme. Governing parameters are magnetic effect, Gebhart number, Darcy Rayleigh number,

inclination angle, and the aspect ratio of the enclosure.
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Chapter 3

Problem Formulations
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3.1 Introduction:

In recent years a large number of analytical studies have been performed relating to the problem
of MHD natural convection with filled enclosure and porous media. In this study the magneto
hydrodynamics natural convection heat flux problem inside a porous media filled inclined
rectangular enclosures is going to be studied. One wall of the enclosure is kept at a constant heat
flux g; and the opposite is kept at heat flux g,. The other two walls of the enclosure are adiabatic,

i.e., itis assumed that no heat is transferred into or out of walls.

3.2 Governing equations:
In present work, consider the inclined rectangular enclosure, which is embedded in a fluid-
saturated porous media as shown in figure (3.1). In order to obtain the governing equation, some
assumptions were made as following:-

e The flow is steady and two dimensional.

e The thermo physical properties of the fluid are homogeneous and isotropic.

e The temperature of the fluid is everywhere below the boiling point.

e The magnetic field is uniform throughout the boundary layer.

e The fluid inside the enclosure is incompressible fluid.

Under these assumptions the governing equations which describe the problem are:

The continuity equation:

Jdu ov
sty =0 (3.1)
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The momentum equation in x and y-directions:

wu  pCr , 0BGk

—_ e — T_

E_Fp_CFVZ +£(2)y

K VK K dy

The energy equation:

0x? + dy? Kc

oT 9T  k <62T 62T> v ( CrVK 2)
+ + ufu-+ M +
p

Yax " oy oy

opP
v =———+pPg(Ts -

T)cos ¢

T)sin ¢

2
oBj
—u?
PCp

(3.2)

(3.3)

(3.4)

where x and y are the distances measured along the horizontal and vertical directions,

respectively ¢ is inclination angle of the enclosure, respectively; u and v are the velocity

components in the x- and y- directions, respectively, the gravitational acceleration g is acting

downward in the Earth. Six-parameters are found to describe the problem under consideration

namely;
a. (”—;): The Darcy effect parameter.

b. g:The gravitational effect parameter.

c. ¢:inclination angle parameter.

GB(Z)y
K

d. (%‘Z’X u) and ( v ) : magnetic effect parameter.

e. (—u (u + CFV—\/KuZ)) The viscous heating effect parameter.
p
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2
f. (% u?): The Joule heating effect parameter.
p

The boundary conditions for the flow in the enclosure are:

In the left hand side wall

In the right hand side wall

In the upper adiabatic wall

In the lower adiabatic wall

x =0, u:O,—kg =0,
OXly — o
Xx=W, U=0,—kﬂ =(
aXx:W 2
y=H, v=0,—kﬂ =0
oyl _y
y =0, v=0,—kﬂ =0
y=0

(3.5)

where W and H is the width and the length of the enclosure as shown in figure (3.1).
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Figure 3.1 Schematic of physical model and coordinate system

3.3 dimensionless forms of governing equations

The numerical solutions are obtained in terms of the velocity components (u,v) and stream
function  is evaluated using the relationship between the stream function { and the velocity

components [Batchelor], where the stream function s is defined as:

u=d = % (3.6)
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It may be noted that, the positive sign of s denotes anti-clockwise circulation and the clockwise
circulation is represented by the negative sign of y.In terms of the stream function, the

continuity equation, i.e., Eq. (3.1) is:

=0 (3.7)

Derivation the momentum equation in x and y-directions, i.e., Eq. (3.2) and (3.3), with respect to
y and x respectively and by subtracting the resulting equations, the pressure is eliminated and the

following equation is obtained:

u(au 6V) pCrdu? oB} (au _ v ) 3
K\dy o0dx/ +/K dy K \dy sing ox cosg | =
a(Ts'T) a(TS'T) .
pBg a—yCOS¢ _TSIH¢ (38)

Using the definition of the stream function, Eq. (3.8) becomes:

0%y 9%y 2CpVKoyoa*y KoBZ (9% 0%
%2 + ayz + v a—yayz + 0 <ay2 Sll’l¢ +ﬁ COS¢> =
pBgK a(Ts-T) a(Ts-T) )
. 3y CoS ¢ F sin g (3.9

In terms of the stream function, the energy equation, i.e., Eq. (3.4) is:
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Yo (Ts 'T) Yo (Ts T) k [ 92 (T T) N 92 (T T) N
dy  0x ox dy pCp 0x? dy?
v 0y (ay N CeVK (aq;) L oB2 (aq;) 210
ch ay \ 9y v \dy pcp \dy (310)
The non-dimensional parameters are listed as
X Ts—T
x=2y=21 ,Lpzaia,ez ot (3.11)

where, as before, the apparent thermal diffusivity of the porous material , a, is equal to(%).
p

In terms of variables defined in Eqg. (3.11), Eq. (3.10) and (3.9) become:

aztp+azl}’ o WY (2 +02l1J ~
axz T gyz T 2o Gy gyz THA | Gyzsing 557 cosé | =
Ra,, (%cos(é —%sin¢> (3.12)
ovI0 W0 629+629+ 0w (0¥ <an>
YoX oxoYy oaxz ayz ' “avy\ay T °\ay
WP\ 2
+(Ge)(Ha?) (%) (3.13)
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where Ra,, is the modified Rayleigh number based on the enclosure width W, i.e.:

2
Ra,, = 25V (3.14)

aavky

Fr is the Forchheimer number based on the enclosure width W, i.e.:

For = freaVK (3.15)
vW
Ha? is the magnetic influence number, i.e.:
2
Ha? = % (3.16)
and Ge is the Gebhart number, i.e.:
vagk
Ge = ——= (3.17)
Kc,quw

the boundary conditions In terms of dimensionless variables defined in Eq. (3.11), are:

1. Iso-flux walls

o
dXlx=0

=-1 , Y -2 (3.18)

aXlyx=1 d1

2. Adiabatic walls

26

5—0 atY =0andY = A (3.19)

where A=H/W is the aspect ratio of the enclosure.
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In terms of the stream function, the boundary conditions on the velocity component normal to

wall are:
ﬂ=0 atx=0andx=W
0x
%zo aty=0andy =H (3.20)

The absolute value of the stream function will arbitrarily be assumed that the stream function has
a value of 0 at the point A shown in fig. (3.1).the boundary conditions s is 0 at point A, it is zero
everywhere along AB. and BC in the walls boundary In similar way, it can be deduced that { is

0 everywhere along CD and DA.

www.manharaa.com

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



Chapter 4

Numerical Solution

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



23

4.1 Introduction:

In recent years a large number of numerical methods have been developed for the solving of
boundary layer equations, such as the finite difference method, Galerkin method, and finite
element method. Of these, the finite difference method is at present the most common for
boundary layer equations. Many different finite difference representations are possible for any
given partial differential equation; derivatives are approximated by finite difference resulting in

an algebraic representation of the partial differential equation.

4.2 Discretization of governing equations

Finite difference method is used to solve governing equations by using central difference method
is applied for discretization of equations, basically identical to that used before to solve for a
flow in a fluid-filled enclosure, will be discussed. If a uniformly spaced grid is used and if
attention is directed to the grid points, as shown in fig. (4.1), the following finite-difference form

of Eqg. (3.13) is obtained:

["pi,j+1_"pi,j—1] [ei+1,j_ei—1,j] _ [‘Pi+1,j—‘l‘i—1,j] [ei,j+1_ei,j—1] _ [91+1,j—291,j+91—1,j] n [ei,j+1—291,j+91,j—1] n
2AY 2AX 2AX 2AY AX2 AY?

Wi —Wiica] | [Wiisr—Wij-1 Wiin—Piio1]? Wiir1—¥iio1]%
Ge [ ij+ ij ] [ ij+ ij ] + FOI'[ ij+ ij ] + (Ge)(Haz) [ ij+1 ij 1]
20Y 20Y 20Y 20Y

(4.1)
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I-1,j [ i+1,]

1,j-1

Fig. 4.1 Nodal points used.

The first guessed values are necessary used in iterative procedure to updated the values and
repeat the process until convergence is attained , The above equation is written in term of the

stream function defined as:-

2

Bir1,j + 0i_q) 0ij+1 + 0ij-1 o ((Yij+1 = Wijo1
Oij = {( e )T\ T ayp ) TG )( 20Y )

Y. P Y. —P. L0/ | { AN
+ Ge( Lj+1 L) 1) ( Lj+1 L) 1> + FOI‘( 1,j+1 1) 1)
2AY 2AY 2AY

n (‘Pi+1,j—‘1’i—1,j) (91,j+1—91,j—1) _ ("pi,j+1_lpi,j—1) (Bi+1,j_ei—1,j)}/(i n i) (4.2)
2AX 2AY 2AY 2AX AXZ  AYZ2

The right-hand side of this equation is calculated using the “most recent” values of the variables.

Under-relaxation is actually used so the updated value of 8 is given by:

0} = 67 + (653 — 6f;) (4.3)
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Where egj is the value of ©;; at the previous iteration and efj‘lc is the value given by Eq. (4.2) , r

(<1) is again the under-relaxation parameter.

4.3 Second order accuracy of the boundary conditions

The boundary conditions determine the dimensionless temperatures on the walls.

For first order give:
j=12,..,N: 055 =0, +AX, Oy, = Z—Z AX + Oy (4.4.3)
1

For Second order

. AX q:
j=12,.. Nt B =4%0,;—03;+2x—, Oy; =—=2x AX
3 q1
OM-2,
+4 % Oy — (4.4.b)

3

There being N nodal points in Y-direction and M in X-direction. On the other two walls, since
the gradient in the Y-direction is zero.

to first order accuracy:

i=12..,M: 8j; =80, 0ix=0in1 (4.5.3)

to second order accuracy:

P =12, M By =4%0;, — 22, By = 4% By — N (4.4.b)

The stream function equation, i.e., Eq. (3.12), is treated in the same way as the energy equation.

The following finite-difference form of Eq. (3.12) is, therefore, obtained:

www.manaraa.com

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



26

[‘Pi,j+1—2‘l’i,j+‘Pi,j—1] n [lpi+1,j_2lpi,j+lpi—1,j] + 2For [‘Vi,j+1—‘*’i,j-1] [‘Pi,j+1—2‘*’i,j+‘*’i,j—1] n
AY?2 AX?2 2AY AY?

Wit1j—2%¥ij+¥i-1

sin@ + e

Ha? [‘Vi,j+1—2‘Pi,j+‘Pi,j-1

Bij+1—6ij-1 Bit1,j=0i-1j .
NG cos(b] = Ra,, [% cos@ — #smw]

2AX

(4.6)

Wije1 + Wij-1 Wi + Wig Wijer — Wij-1) (Fije1 + Yij-1
(i (P o T P B
b {( AY? ) * ( AX? ) e T Ay AY?

lP',' 1 + lP','_l . lP 1" + lP'_l" 9-’- 1= e"'_l
+Ha? (IHA#” sin® + %cos@) — Ra,, ”JFZTUCOS(D -
Oit1j=0i-1j . )} {L 2 Z_Fr(‘*’i.iﬂ—‘f’i.j—l) 2Ha® . 2Ha? }
24X sin@ )/ et ae Tave AY e sin@ + AY? cos@

(4.7)
The relaxation is also again used so the updated value of i, j is actually given by:
Wi = W + (W - w) (4.8)

where ijalc is the value given by Eqg. (4.7) and LPif’j is the value of 'P;; at the previous iteration. r

(< 1) is again the under-relaxation parameter.

Eq. (4.7) is applied at all "internal™ nodal points. The boundary conditions have the value of' ¥ =
0 on all boundary points, i.e.:
j = 1,2, ...,N: lpi,j = 0, 1,l'IJM,j =0

i= 1,2, ey M: lpi,j = 0, 1,l'pi'N =0 (49)
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The above procedure is actually implemented in the following way:

e The values of ¥;; and 0;; at all nodal points are first set equal to arbitrary initial values,

typically the following are used:

The assumed 0 distribution is that which would exist if there was no convective motion, i.e., if
conduction alone existed. Its use is consistent with the assumed distribution of W which implies
that there is no flow in the enclosure.
e EQg. (4.7) in conjunction with Eq. (4.8) is used to obtain updated values of ¥;;. Because
iteration is being used, this process should really be repeated over and over until values of
W;; corresponding to the initially assumed distribution of 6 are obtained. Experience
suggests, however, that it is quite adequate to undertake this step just twice.
e EQ. (4.2) in conjunction with Eq. (4.3) is used to obtain updated values of 8;;. This step is
also undertaken twice.
e Steps (2) and (3) are repeated over and over until convergence is obtained the specified

accuracy is | new value of ¥;; —old value of ¥;; | < 107> in iterative procedures.
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e The heat flux rate distribution is obtained by applying Fourier's law at the opposite walls:-

_ Ka(Ty5-Ty))
qwlr]' - Ax
_ ka(Tm-1j-Tm;)
qWM.i - AX
(4.11)
e The local Nusselt number is obtained at the boundary conditions in x direction
Nu;; = —
1,] eZIJ
1 qz
Nuy ;i = = 4.12
UM OM-1j d1 ( )
where Nu is the local Nusselt number based on W and where it has been noted that
AX qz
61']- :4*92,]'—63,]'4‘2*?, GM,]- =q—*2* AX (413)
1
The mean Nusselt numbers are given by:
—_ AY (Nu Nu
NuH = X(% + Nul,z + Nu1’3 + -+ Nul,N—l + 21'N)
Nuc = =% (T2 + Nuy,, + Nupgs + -+ Nuynog + o) (4.14)

The finite difference program is found in the appendix.
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4.4 Numerical solution justification:

A finite difference numerical procedure is used to solve Eq (3.12) and Eq (3.13). An iterative
procedure is used, in which all the variables at the nodal points are first suggested. Then, the
updated values are obtained by the governing equations. The process is repeated until the
convergence is attained. , the results are obtained for $=-90°, A = 1, For = 0, Ge=0,Ha? = 0, and

Ra,, = 50 and the values of the grid size are AX = AY =0.01, and the total number of points is

30. The grid spacing is found to have no effect on the presented solutions. To check the accuracy
of the predicted results, a comparison is done with those of Vasseur et al, for the case of no
magnetic field strength with a constant heat flux. The results are shown in Fig. 4.2. It is shown

that they are in complete agreement.

T
2

P

g
|
\ |
|
[ i}
4 v |
AN |
N l}t_ =/ Do e
FiG. 10, Streamlines and isotherms for a vertical layer heated Present Stdy, stream isothermel for a vertical layer heated from the bottom

from the bottom (¢ = —n/2) for 4 = 4 snd R =~ 100, 2
. ($=-80%), A =4 Fr=0, Ge=0-Ha® = 0, md Ra,, = 100.

Fig. 4.2 Predicted results of the streamlines and isotherms for a vertical layer heated from the
bottom obtained between the present results and those obtained by Vasseur et al.
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By comparison the present results in fig. (4.3-b) to the traditional result in fig. (4.3-a) which are
obtained for Ra,, = 20,100 and 500, A = 1, For = 0, Ge = 0, Ha? = 0, it can be seen that the
mean Nusselt number have the maximum value at ¢p=135°for both results. So, it can found that

the results are identical.

Nu

L | | L L

T I I T
i

(a) (b)
Fig. 4.3 Variation of mean Nusselt number with Ra,, for various ¢. (a) Vasseur et al,

(b) Present work
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5.1 Introduction:

A numerical study was performed to examine the steady-state, laminar convection iso heat
flux problem inside a porous media filled inclined rectangular enclosures, the parameters are
the magnetic influence number, the Rayleigh number, the Forchheimer number, the
inclination angle, the aspect ratio of the enclosure, and the Gebhart number. Iso-heat flux is
applied for heating the two opposing walls of the enclosure while the other two walls are
adiabatic. The Finite difference scheme method is used to solve the momentum and energy
equations. The effects of all parameters above are included in the final system of partial
differential equations and there effects on the fluid flow and temperature are going to be
studied. The dimensionless streamlines and isotherms are plotted to obtain flow patterns and
temperature fields at different effects of all parameters above. Also, the effects of all

parameters on the mean Nusselt number and the center dimensionless stream are plotted.

5.2 The results without viscous and Joule heating effects

5.2.1 Magneto hydrodynamic effects:

The Magneto hydrodynamic effects can be studied by using different values of the magnetic
influence number Ha? in the momentum equation for ¢ =30°, A = 1, Fr = 0.01 and Ra,, = 100.
The results show that the flow and temperature field are very complex, when the iso-heat flux is
applied for heating the two opposing walls of the enclosure while the other two walls are

adiabatic.
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a. Flow velocity (the dimensionless streamlines)

Fig. 5.1 illustrates the stream function of the numerical results for various Ha? . AT Ha%? = 0
the g fluid rise up along the left-hand side wall and descends along the center of the enclosure
as seen in fluid dimensionless streamlines and the g, fluid desends downward along the right-
hand side wall and descends along the center of the enclosure quickly due to the usual
gravitational buoyancy force, which forms a clockwise flow. At Ha? = 0.03 and 0.1 the q; fluid
along the left-hand side wall ascends upward and the g fluid along the right-hand side wall
descends downward with smaller dimensionless stream function by comparison with fluid flow

at Ha®? = 0.

At Ha? =3 and 4 the flow velocity of q; fluid near the left-hand side wall has
dimensionless streamlines bigger value comparason along the opposite wall. On one hand,
with increasing Ha?, the magnetic force becomes large and the dimensionless stream
function of the g; fluid along the left-hand side wall has bigger value than the g, fluid along
the right-hand side wall. On the other hand, the fluid in the middle half enclosure has two
circulations of flow with bigger dimensionless stream function value by comparison with the
flow along the walls. This is because the magnetic effect is just reversed to the usual

gravitational convection effects.

www.manaraa.com

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



34

0.06 008 01 012 014 016 018 0.2 022 0.24

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024

(c) (d)

www.manharaa.com

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



35

(€) (f)

Fig. 5.1 Typical dimensionless streamline for various magnetic influence number (a) Ha? = 0,
(b) Ha? = 0.03, (c) Ha? = 0.1, (d)Ha® =1,(e) Ha 2 =3, (f)Ha%? =4 for ¢=30°,A=1,
For =0.01, and Ra,, = 100

b. Flow temperature (the dimensionless temperature)

Fig. 5.2 illustrates the dimensionless temperature of the numerical results for various Ha%?= 0—4

for ¢ =30°, A = 1, For = 0.01, and Ra,, = 100, when Ha? = 0 and 0.03 During convection iso
flux dominant heat transfer, the temperature contours with 8 = 0.22 occur symmetrically near
the opposite side walls of the enclosure. The other temperature contours with 6 = 0.06 are
symmetrically curves which span the entire enclosure,. At Ha? = 0.1 the temperature contours
increase up to 6 = 0.25 near to side walls and 6 = 0.0.06 around center of enclosure. From
Ha? = 1 — 4 the temperature contours along the left-hand side wall ascends upward and the fluid
along the right-hand side wall descends downward with smaller dimensionless temperature

function by comparison with fluid flow at Ha? = 0.
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Fig. 5.2 Typical dimensionless temperature pattern for various magnetic influence number (a)
Ha? = 0, (b) Ha? = 0.03, (c) Ha? = 0.1, (d)Ha? =1,(e) Ha 2 =3, (f)Ha? =4for ¢
=30°, A=1, For=0.01, and Ra,, = 100

¢. Nusselt number

Figure (5.3) shows the relation between the variations of mean Nusselt number with magnetic
influence number. It can be seen that the mean Nusselt number is decreased by increasing the
magnetic influence number; this is due to decreasing in dimensionless temperature form along
the left-hand to the upper half region and the lower half region along the right-hand side wall.

This is due to the retarding effects of magneto hydrodynamic forces.
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MNu-mean

S
G

Fig. 5.3 Variation of Nu-mean with Ha? for an enclosure for ¢=30°,

A =1, For=0.01, and Ra,, = 100

5.2.2 The Modified Rayleigh number effects:

a. Flow velocity (the dimensionless streamlines)

Figure (5.4) illustrates the stream function of the numerical results for various Ra,, ,for ¢ =30°,
A =1, For = 0.01, and Ha? = 0.02, when the iso-heat flux is applied for heating opposing walls
of the enclosure while the other two walls are adiabatic. When the Rayleigh number is small, i.e.
At Ra,, =1 the hot fluid along the left-hand side wall and the cold fluid along the right-hand
side wall have small values of the dimensionless stream function of the fluid flow, which is

0.003 at the center of the upper side and the lower side of the enclosure. However, when Raw is
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100, the magnetic force has large effect on the heat flux rate, and the value of the dimensionless

stream line becomes 0.55 at Ha?=0.002 at the center of the enclosure.

(@) (b)

015 02 025 03 035 04 045 05 0.55

15 b

10 I

©

Fig. 5.4 Typical dimensionless streamline patterns for various Darcy-modified Rayleigh number
(a) Ra,, = 1, (b) Ra,, = 50, (c) Ra,, = 100, for ¢=30°, A =1, For = 0.01, and Ha? = 0.02
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b. Flow temperature (the dimensionless temperature)

40

Fig. 5.5 illustrates the dimensionless temperature of the numerical results for various Ra,, , for ¢

=30°, A =1, For = 0.01, and Ha? = 0.02.when Ra,, =1 the dimensionless temperature of the q;

fluid in the left -hand side wall and the right-hand side wall of the enclosure is increased up to

0.25.when Ra,, =100 the dimensionless temperature of the g, fluid in the lower right-hand corner

of the enclosure is increased up to 1.25.
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()

Fig. 5.5 Typical dimensionless temperature patterns for various Darcy-modified Rayleigh
number (a) Ra,, = 1, (b) Ra,, =50, (c) Ra ,, = 100, for $=30°, A =1, For =0.01,
and Ha% = 0.02

¢. Nusselt number

The effect of the aspect ratio A of the enclosure on the mean Nusselt number, It is found that, the
increasing of aspect ratio A=1, 3 and 5 the Nusselt number decreases; this is due to larger
thermal resistance in the heat transfer direction. It is clear also in this figure the favorable

buoyancy forces effect in defining fluid velocities and higher coefficients of heat transfer.
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It can be seen also, the mean Nusselt number is increased to reach the maximum value at Ra,, =

100; this is due to increasing in convection heat flux when the Modified Rayleigh number is

increased.

5.5

Nu-rmean

151

183
10

w

Raw

Fig. 5.6 Variation of Nu-mean with Raw for an enclosure for various A for ¢=30°,

For =0.01, and Ha? = 0.02
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5.2.3 The inclination angle of the enclosure effects:

In order to examine the effects of the inclination angle, computations are carried out for a fluid

with ¢ varying from 0 ° to 180 °. Numerical results are obtained for Ra,, =100, A =1, Ha? =

0.02, and For = 0.01.

a. Flow velocity (the dimensionless streamlines)

Figure (5.7) illustrates the effect of the inclination angle of the enclosure on the dimensionless

streamlines with other parameters unchanged, as it is shown, ¢ has a certain effect on the heat
flux and fluid flow. When ¢ = 0 the g, fluid along the left-hand side wall descends downward

and the g, fluid along the right-hand side wall ascends upward due to buoyancy forces, which

forms a counterclockwise flow When ¢ = 90, the q; fluid along the left-hand side wall ascends

upward and the g, fluid along the right-hand side wall descends downward which forms a

clockwise flow. When ¢ = 180, the magnitude of magnetic force has no effect on the heat flux

rate, this is due to the location of the ql wall which becomes at the upper portion of the

enclosure. The Maximum heat transfer rates are obtained for inclination angels nearly 60°.
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Fig. 5.7 Typical dimensionless streamline patterns for various inclination angle of the enclosure
(@) ¢=0, (b) p=90° forRa,, = 100, A=1, For=0.01, and Ha? = 0.02

b. Flow temperature (the dimensionless temperature)

Fig. 5.8 illustrates the effect of the inclination angle of the enclosure on the dimensionless
temperature with other parameters unchanged of the numerical results for various ¢ = 0°,90°.
During convection iso flux dominant heat transfer, when ¢ = 0 ° the temperature contours with
® = 0.44 occur near along left hand side wall of the, and along right side wall of enclosure
with & = 0.42 and the other temperature contours with 6 = 0.26 which is spanned in the entire
enclosure, when ¢ = 90 ° the dimensionless temperature value increases for the q; fluid in the

lower right-hand corner of the enclosure, it becomes larger than 1.25.
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Fig. 5.8 Typical dimensionless temperature patterns for various inclination angle of the enclosure
(@) ¢=0, (b) p=90° forRa,, = 100, A=1, For=0.01, and Ha? = 0.02

¢. Nusselt number

Figures (5.9 and 5.10) show the mean Nusselt number and dimensionless center-stream function

have maximum value are obtained for inclination angels nearly 60°. On the other hand, it can be

seen that the dimensionless center-stream function is decreased by increasing the magnetic

influence number and it is increased by increasing the Rayleigh number.
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Fig. 5.9 Variation of mean Nusselt number and dimensionless center-stream function with angle
of inclination for an enclosure for various Ha? for Ra,, = 100, A =1, For = 0.01
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Fig. 5.10 Variation of mean Nusselt number and dimensionless center-stream function with angle
of inclination for an enclosure for various Ra,, for A = 1, For = 0.01, and Ha? = 0.02
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5.3 The results with viscous and Joule heating effects:

5.3.1 Magneto hydrodynamic effects:

The Magneto hydrodynamic effects can be studied by using different values of the magnetic

influence number Ha? in the momentum equation for ¢ =30°, A = 1, Fr = 0.01, Ge = 0.05

and Ra,, = 100. The results show that the flow and temperature field are very complex, when the
iso-heat flux is applied for heating the two opposing walls of the enclosure while the other two

walls are adiabatic.

a. Flow velocity (the dimensionless streamlines)

Fig. 5.11 illustrates the stream function of the numerical results for various Ha? , the fluid
circulation is strongly dependent on Magneto hydrodynamic as we have seen in Fig. 5.1. At
Ha? = 0 the dimensionless stream function of the q; fluid along the left-hand side wall has
bigger value than the g, fluid along the right-hand side wall which is 1.5. At Ha? = 0.03 and 0.1
the hot fluid along the left-hand side wall ascends upward and the cold fluid along the right-hand
side wall descends downward with smaller dimensionless stream function by comparison with
fluid flow whenHa? = 0. When Ha? =3 and 4 the q; fluid in left-hand side wall has
dimensionless stream bigger value than the opposite wall. On the other hand, the fluid in the

middle half enclosure has two circulations of flow and by increasing Ha? the circulation of flow
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becomes along the left-hand side wall and the dimensionless stream function is decreased to

reach negligible value at Ha? = 4.

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024
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(€) (f)

Fig. 5.11 Typical dimensionless streamline patterns for various magnetic influence number (a)
Ha? = 0, (b) Ha?> = 0.03, (c) Ha®? = 0.1, (d)Ha®? = 1,(e) Ha 2 =3, (f) Ha?® = 4 for ¢=30°,
A =1, For=0.01, Ge =0.05 and Ra,, =100

b. Flow temperature (the dimensionless temperature)

Figure 5.12 illustrate the dimensionless temperature of the numerical results for variousHa? . At

Ha? = 0 the dimensionless temperature value is increased for the q; fluid in the lower right -hand
corner of the enclosure to become larger than 1.45 due to the Gebhart number effects in Joule
term as seen in fluid isothermal contours. When Ha? = 0.03 the q; fluid isothermal along the
left-hand side wall ascends upward and the g, fluid along the right-hand side wall descends

downward with smaller dimensionless stream function by comparison with fluid flow at Ha? =
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0. On the other hand, from Ha?= 1- 4 the temperature contours with ©=0.28 occur symmetrically
near the side walls of the enclosure the other temperature contours with ©=0.12 are

symmetrically curves which span the entire enclosure.
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(@) (b)
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Fig. 5.12 Typical dimensionless temperature patterns for various magnetic influence number (a)
Ha? = 0, (b) Ha? = 0.03, (c) Ha? = 0.1, (d)Ha? =1,(e) Ha 2 =3, (f) Ha? = 4 for ¢=30°,
A =1, For=0.01, Ge =0.05 and Ra,, =100
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c. Nusselt number

Figure (5.13) shows the relation between the variations of mean Nusselt number with magnetic
influence number. It can be seen that the mean Nusselt number is decreased by increasing the
magnetic influence number; due to decreasing in the dimensionless temperature value in the

lower half region along the left-hand side wall.

Mu mean

0 0.1 0.2 03 04 0 08 07 08 09 1

Fig. 5.13 Variation of Nu-mean with Ha? for an enclosure for ¢=30°, A =1, For = 0.01,

Ge =0.05 and Ra,, = 100

www.manaraa.com

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



53

5.3.2 The Gebhart number effects:

Figure (5.14) illustrates the effect of Gebhart number on the dimensionless streamlines and
isotherms patterns with other parameters unchanged, as it is shown, By increasing the Gebhart
number the dimensionless temperature value is increased therefore, the fluid velocity is increased
At Ge = 0 the q; fluid rises up along the left-hand side hot wall and the g, fluid descends along
the right-hand side cold wall as seen in fluid isothermal contours. On the other hand, the fluid is
rotating around the centre of the enclosure with maximum fluid flow by comparison with the
flow along the walls. From Ge = 0.02-0.05 the dimensionless temperature of the g; fluid in the
lower right-hand corner of the enclosure is increased and the g, fluid in the upper left -hand
corner of the enclosure is decreased, therefore, the mean Nusselt number at the hand side wall is

decreased.

By increasing Ge the dimensionless stream lines are moved to the upper right-hand corner and
the dimensionless temperature value is increased for the g fluid in the lower right -hand corner
of the enclosure to become larger than 1.75 at Ge = 0.08; this is due to the increasing in the work
done by magnetic field force on the fluid and the increasing in the friction between the fluid
layers inside the enclosure. Figure (5.15) shows the relation between the variations of mean
Nusselt number at the cold-hand side wall with Gebhart number. It can be seen that the mean
Nusselt number is decreased by increasing in the Gebhart number. This is due to the excessive
heating of the conductive fluid layers and consequently small temperature gradients between the

walls and the surfaces.
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Fig. 5.14 Typical dimensionless streamline and dimensionless temperature patterns for
various Gebhart number (a) Ge = 0, (b) Ge = 0.02, (c) Ge = 0.05, (d) Ge = 0.08 for ¢

=30°, Ha? = 0.02, A =1, For = 0.01, and Ra,, = 100
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Fig. 5.15 Variation of Nu-mean at the cold-side wall with Ge for an enclosure for

#=30°,Ha? = 0.02, A =1, For =0.01, and Ra,, = 100
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5.3.3 Modified Rayleigh number effects:

a. Flow velocity (the dimensionless streamlines)

Figure (5.16) illustrates the effect of Rayleigh number in the momentum equation on the
dimensionless streamlines with other parameters unchanged, as it is shown, Rayleigh
number has a certain effect on the heat flux and fluid flow. When the Rayleigh number is
small, the magnitude of magnetic force has little effect on the heat transfer rate. At Ra,,
= 1 the hot fluid along the left-hand side wall and the cold fluid along the right-hand side
wall have small value of dimensionless stream function of fluid flow, which is 0.004 at
the centre of the enclosure. By increasing Ra,, to reach the maximum value which is 100,
the magnetic force has larger effect on the heat flux rate and the value of dimensionless

stream line reaches to become 0.8 at Ha? = 0.02 at the centre of the enclosure.

(a) (b)
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Fig. 5.16 Typical dimensionless streamline patterns for various Darcy-modified Rayleigh
number (a) Ra,, = 1, (b) Ra,, =50, (c)Ra ,, =100, for $=30°, A =1, For =0.01,
Ge=0.05, and Ha? = 0.02

b. Flow temperature (the dimensionless temperature)

Fig. 5.17 illustrates the dimensionless temperature of the numerical results for various
Ra,,. During convection iso flux dominant heat transfer, the temperature contours with
6 = 0.38 occur symmetrically near the side walls of the enclosure and the other
temperature contours with 6 = 0.22 are symmetrically curves which span the entire
enclosure, when Ra,, = 100 the dimensionless temperature of the qg; fluid in the lower
right-hand corner of the enclosure increases, and the g, fluid in the upper left-hand corner

of the enclosure decreases.
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Fig. 5.17 Typical dimensionless temperature patterns for various Darcy-modified
Rayleigh number (a) Ra,, = 1, (b) Ra,, =50, (c)Ra , = 100, for ¢=30°, A=1,
For = 0.01, Ge=0.05, and Ha? = 0.02
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¢. Nusselt number

The values of the mean Nusselt number are shown in Fig. (5.18). It is clear that as Ra,
increases, Nu-mean increases. This is due to favorable buoyancy forces. It is found that,
When the Rayleigh number is small, the value of mean Nusselt number is 1 and then
increases to reach the maximum value at Ra,, = 100. It can be seen that the variation of
Nu-mean with Ra,, for an enclosure for various A, as it is shown, the maximum value of
mean Nusselt number is at A=1, this is due to negligible convection heat transfer effects

when Ra,, — 0 and the value of Nu-mean = 1 means a pure conduction .

Nu-mean
w
I

10 10 10°

Fig. 5.18 Variation of Nu-mean with Ra,, for an enclosure for various A for ¢ =30°,

A =1, Fr=0.01, Ge=0.05, and Ha? = 0.02
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5.3.4 The inclination angle of the enclosure effects:

In order to examine the effects of the inclination angle, computations are carried out for a

fluid with ¢ varying from 0 ° to 180 °. Numerical results are obtained for Ra,, =100, A

=1, Ha%? =0.02, For = 0.01 and Ge=0.05.

a. Flow velocity (the dimensionless streamlines)

Figure (5.19) illustrates when ¢ = 0 the hotter fluid along the left-hand side wall
descends downward, and the fluid along the right-hand side wall ascends upward due to
the usual gravitational buoyancy force, which forms a counterclockwise flow, which
forms a counterclockwise flow. When ¢ = 90, the qg; fluid along the left-hand side wall
ascends upward and the g fluid along the right-hand side wall descends downward with
bigger value than dimensionless streamlines when ¢ = 0, which forms a clockwise flow.
When ¢ = 180, the magnitude of magnetic force has no effect on the heat flux rate, this is
due to the location of the g1 wall which becomes at the upper portion of the enclosure.

The Maximum heat transfer rates are obtained for inclination angels nearly 60°.
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(@) (b)

Fig. 5.19 Typical dimensionless streamline patterns for various inclination angle of the
enclosure () ¢ = 0, (b) ¢ =90° for Ra,, = 100, A =1, For = 0.01, Ge=0.05,
and Ha% = 0.02

b. Flow temperature (the dimensionless temperature)

Fig. 5.20 illustrates the dimensionless temperature of the numerical results for various
¢ = 0°,90° for Ra,, = 100 , A =1, For = 0.01, Ha? = 0.02 and Ge = 0. 05. During
convection iso flux dominant heat transfer, when ¢ = 0 ° the temperature contours with
6 = 0.08 occur near along left hand side wall of the, and along right side wall of
enclosure with ® = 0.02 , when ¢ = 90 ° the dimensionless temperature value increases

for the hot fluid in the left-hand wall of the enclosure, it becomes larger than 0.18.
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Fig. 5.20 Typical dimensionless temperature patterns for various inclination angle of the
enclosure () ¢ = 0, (b) ¢ =90° for Ra,, = 100, A =1, For = 0.01, Ge=0.05,
and Ha% = 0.02

¢. Nusselt number

Figures (5.21, 5.22, and 5.23) show the relation between the variation of mean Nusselt
number and dimensionless center-stream function with angle of inclination for an
enclosure for various Ha?, Ra,,, and Ge, respectively. It can be seen that the mean
Nusselt number and dimensionless center-stream function have maximum value are
obtained for inclination angels nearly 60°. On the other hand, it can be seen that the

dimensionless center-stream function is decreased by increasing in the magnetic
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influence number and it is increased by increasing the modified Rayleigh number; this is

due retardation effect of the magnetic field and favorable effect of the buoyancy forces.

—— Ha =0
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Fig. 5.21 Variation of mean Nusselt number and dimensionless center-stream function
with angle of inclination for an enclosure for various Ha? for Ra,, = 100, A =1, For =
0.01, and Ge=0.05

www.manaraa.com

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



65

1 1 1 1
0 20 40 60 a0 100 120 140 160 180

Fig. 5.22 Variation of mean Nusselt number and dimensionless center-stream function
with angle of inclination for an enclosure for various Ra,, for A =1, For = 0.01,
Ge=0.05, and Ha? = 0.02
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Fig. 5.23 Variation of mean Nusselt number and dimensionless center-stream function
with angle of inclination for an enclosure for various Ge for A =1, For =0.01, Ra,, =
100, and Ha? = 0.02

5.4 Forchheimer number effects:

Figures (5.24) illustrates the effect of Forchheimer number in the momentum equation on the
dimensionless streamlines and isotherms patterns with other parameters unchanged, as it is
shown, Forchheimer number has a certain effect on the heat flux and fluid flow by increasing the
Forchheimer number the circulation of flow becomes in the upper portion of the enclosure and
the dimension less stream function values are decreased; this is due to the increasing in the
porosity inside the enclosure. On the other hand, the heat flux inside the enclosure becomes by
conduction; due to decreasing in Nusselt number. Figure (5.25) shows the relation between the

variations of mean Nusselt number with Forchheimer number. It can be seen that the mean
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Nusselt number is decreased by increasing the Forchheimer number; this is due to decreasing in
dimensionless temperature in the upper half region along the left-hand side and the lower half

region along the right-hand side wall.
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Fig. 5.24 Typical dimensionless streamline and dimensionless temperature patterns for various
Forchheimer number (a) For=0, (b) For=0.008, (c) For=0.02, for $=30°, A =1, Ha? = 0, Ge=0,
and Ra,, =100
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Fig. 5.25 Variation of Nu-mean with Forchheimer number for an enclosure for ¢ =30°, A =1,
Ha? = 0, Ge=0, and Ra,, = 100
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6.1 Conclusion:

In this study, the magnetohydrodynamics (MHD) natural convection heat transfer with Joule
and viscous heating effects inside an iso-flux porous medium-filled inclined rectangular
enclosure is studied numerically. An iso-heat flux is applied for heating and cooling the two
opposing walls of the enclosure while the other walls are adiabatic. A finite difference

scheme method was used. The conclusions can be obtained from previous results as a follow:

(1) The increasing magnetic influence number decreases the heat transfer coefficient and the
fluid flow velocities, which is due to unfavorable retarding forces between the fluid layers.
(2) The increasing the Gebhart number decreases heat transfer rates, which is due to the

excessive heating of the fluid layers.

(3) The viscous and Joule heating effects depend directly on the Gebhart number.

(4) The heat flux rates and fluid flow velocities increase with the increase of the modified
Rayleigh number.

(5) The Maximum heat transfer rates are obtained for inclination angels nearly 60°.

(6) As the aspect ratio increases, both the heat flux and fluid velocities decrease, which is due
to the unfavorable thermal resistance inside the enclosure.
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6.2 Recommendations:

In this study, the MHD-natural convection iso-flux interaction inside rectangular porous filled
enclosures are going to be formulated using continuity, with Six-parameters are found to
describe the problem under consideration namely; The non-Darcy effect parameter, the
gravitational effect parameter, inclination angle parameter, magnetic effect parameter and the

viscous heating effect parameter.

The following suggestions for further investigation based on the previous work are

recommended:

1. Studying the problem with variations of both velocity and temperature fields in time.
2. Studying the effect of changing the boundary condition.
3. Studying the problem with add another term to the governing equations, such as the

analogous to the Laplacian term that appears in the Navier-Stokes equation.
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APPENDIX

e Computer programme (MATLAB 7.0)

clear all;
cle;

.

Y giving inputs

dx = 0.01; % [m]
dy = 0.01; %[m]
wo=0.4 ; % [m]

h = 0.4 % [m]
fai=pif3;

Ha =4;

CF = 0.01:;
raw=100;

GE =0.05;

r = 0,9;

¥ calculating 4AX dY 4
A = dx/w;

d¥ = dy/h;

r =1

M= iw/dx);

M = [(hid¥):

Q= 0.5; 502701

&

bpplaving bounday condition for theta [ gl heat flux & of heat flux walls ]
for i = 1:1:H1
for j = 1:1:N

thii,j)= 0:

end
end

% Appaving Boundary condition for stressn function

for i =1:1:H

3t(i,1) = 0O;
Sc(i, M) = 0O:
end
for j =1:1:HW
3t(l,3) = 0O;
3t (M, 3) = 0O;
end

% For caleaulate theta and stream function at the nodes inside the encluser
done=0;

while~done
for i=2:1:M-1:
for j=Z:1:N-1:
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33=3=1:

keep = thii,i):

El = (thii4+l,3)+th{i-1,3))/ (dZ"2);
Ez = (thii,j+1)+th(i,3-1)17(dT"2):

E3 = GE*Ha*{|(St(i,j+1)1-Sc(i,j-111/ (d¥*211~2);
E4 = (GE*((3c(i,J+1)-Sc(i,3-11)/(d¥*2)))*{((3cii, J+1)-8c(i,3-1))/7(d¥*2) )+

1~a 1y
(ithii,3+1)-thii, 3-1))/ (d¥*2)):

(8T (i,3+1)-8c(1,3-1))/{d¥*2)) * ({chii+l,3)-th{i-1,3))/(dZ*2));

[CF*( 0 (St i, J+1)-3Sc (i, 3-1))/ (d¥+2)

E5 = [(St{i+1l,3)-Sc(i-1,3)1/ (dE*2)) *

Ef =

E7 = (2/(dZ~2))+i2/ (d7"2));

theale = (E1+EZ+E3+E44ES-E&) /S (E7)

thii, 3l keep + | [r) ¥Yithoale-keen) 1

thii,1) = (i{4*thii,21-thii,3)11/3);

thii,N) = [((4*th{i,N-1)-th(i,N-2)1/3);
thil,3) = ((4*ch{Z,3)-th(3,3)+ (E*dX))/3);
thil, 31 = {(((@ *{ 27dX)+4*th(M-1) -thi{M-2,311/3)

keep3t = 3c{i,]J):
Bl = (St {i,3+11+3tidi,3-11)/(d¥"2);
EZ (St (i4+1, 3148 {i-1,3) )/ (dE~2);
E3
E4 = Ha * [

ES = raw ¥ [

Be = (2/d¥~2) + (/421 + |
+i((2%Ha) / (d¥"2)) *(=inifai)) 1 + I
Stcale = (B1+4B2+B34E4-ES)/ (E6):

Sti(i, ) = keep3t + | ()] *(Stocalo-keep3t)

edt (i, 1) = shks(3t(i,]) -
done= (et (i,3) <=0.0000005) ;

keep3t);

end
ernd

end

r

2 FCF * ((3c{i +1)-3c (i, -1 )/ 0d¥*2) )% (i8c (i, 3+ 480 (1, 3-1))/ (d¥2) )
CO0ESe (i, 3+1)+8c (1, 3-1) )/ (d¥~2) ) ) * eosifai) )+
COOESE (141, 3) -8t (i-1,13) )/ (dX~2)) ) * sin(fai))

]

({iehii, 3+1)-thii,3-1) )/ (d¥*2)) *{co=(fai) )] -
(fithii+l, 3)-chii-1,3)]/ (dX*2)) *(3in(fai)])
((2FCF)/dY™2) ({5t (1, 3+1) -5 (1, 3-1) )/ (d¥T)) )

[(2%Ha)/ (d¥~2)) *{cos(fail) I

I
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thil,1) = th{l,2);
thiM,1) = th(M,2);
thil,N] = th{l,N-1):
th({M,N] = thi{l,N-1);

Stabhs=abs (3t);
thabs=abs (th) :
(Huselt number at left wall
for j=1:1:NW
Mu(l,3j)1=1/thiZ2,3):
end
(MNuselt number at right wall
for j=1:1:NW
Hu(M,3)=(1/ch{l-1,3)) % ()
end
(Mean Wuselt nuwber at left wall
£1=(MNuil,1)/2);
f2=0;
for j=2:1:MN-1
keepfz=£fz:
fa=Nui(l,3):
fe=fZ+keepfs;
end
£3=iMNu(l, M) /2);
Nu meanH= (d¥/ L) *(£1+£2+£3) ;

ZMean Nuselt number at right wall
gl=(Nu(M, 1)/2);
gZ=0;
for j=2:1:HN-1
keepgi=gz;
g2=Nu (M, 3]
g2=gi+keepgl;
end
g3= (HMu (M, N /2]
Nu_meanC=ideA]*ig1+g2+g3]:
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