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Abstract

Natural convection boundary-layer flow of an absorbing and electrically-conducting fluid over a semi-infinite, ideally transparent, inclined
flat plate embedded in a porous medium with variable porosity due to solar radiation is considered. The governing equations are derived using
the usual boundary-layer and Boussinesq approximations and accounting for the presence of an applied magnetic field and an applied incider
radiation flux. To account for the heat loss from the plate surface, a convective-type boundary condition is employed there. These equations
and boundary conditions are non-dimensionalized and transformed using a non-similarity transformation. The resulting non-linear partial
differential equations are then solved numerically subject to the transformed boundary conditions by an implicit iterative finite-difference
scheme. Graphical results for the velocity and temperature fields as well as the boundary friction and Nusselt number are presented anc
discussed for various parametric conditions2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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Introduction dendritic structures in alloy casting (Nithiarasu et al. [2]).
Some of these models deal with variable porosity effects
Thermal buoyancy-induced flow and convective heat hear the boundary in which the porosity distribution exhibits
transfer in fluid-saturated porous media have been the sub2 Peak value there and then decays asymptotically beyond
ject of numerous publications. This interest in the sub- that value. The basis for these models was the early exper-
ject stems from various engineering applications in geother- imental work of Benenati and Brosilow [3] on void frac-
mal reservoirs, petroleum industries, transpiration cooling, 0N distribution in packed beds. Examples of such models
storage of radioactive nuclear waste materials, separation?'® reported and employed by Vafai [4], Vafai et al. [3],
processes in chemical industries, building thermal insula- POUlikakos and Renken [6], and Nithiarasu et al. [2]. Other
tion, and solar heating systems. Early work on porous me- model_s have dealt W.Ith thgrmal dlspersmn.o.r secondary flow
dia used the Darcy law that neglects important effects such €fféctin porous media which result from mixing and recircu-
as boundary and inertia effects. Vafai and Tien [1] have re- lation of Iocgl fluid pgrtlclgs through tortuous paths formed
ported a pioneering work on the boundary and inertia ef- by the spherical particles in packed beds. Examples of these

fects of porous media on convective flow and heat transfer mo‘?'?'s have bgen reported by Cheng and Vortmeyer [7] and
Amiri and Vafai [8].

situations. In recent years, enhanced models of porous me- Hvdromaanetic flows and heat transfer in porous media
dia have been reported. These models have been applied foh y gne . . P :
) . . L ave been considered extensively in recent years due to their
simulating more generalized situations such as flow through . : :
2 o occurrence in several engineering processes such as compact
packed and fluidized beds and liquid metal flow through . T L
heat exchangers, metallurgy, casting, filtration of liquid met-
als, cooling of nuclear reactors and fusion control. Ram [9]
* Correspondence and reprints. considered hydromagnetic heat and mass transfer through
E-mail address: chamkha@kuc01.kuniv.edu.kw (A.J. Chamkha). a porous medium in a rotating fluid. Takhar and Beg [10]
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Nomenclature

a absorption or extinction coefficient of fluid Th T ambienttemperature ............. .. ... K
de effective extinction coefficient u dimensional tangential ar-component
of porousmedium...................... Th of veloCity ........cooveiiiii il
b,c empirical constants for porosity distribution U heat transfer loss coefficient
Bo magnetic induction..................... tesla to surroundings................. Wi—2.K—1
B¢ boundary friction, defined by Eq. (13a) v dimensional normal op-component
cp specific heat of fluid ............. ky ikt Of VelOCity ... ol
C porous medium inertia coefficient. . ...... M X,y Cartesian coordinates along and normal
dp particle diameter ................. ... m to the plate, respectively................... m
Da orous medium parameteraed,
F gimensionless stF;eam functior?, Greek symbols
defined by Eq. (79) o dimensionless heat transfer loss coefficient
g gravitational acceleration.............. -gnt to surroundings= U / (kede)
Ga Grashof number based on effective absorption A volumetric expansion coefficient......... K
coefficientae, defined by Eq. (7f) e porosity of porous medium
Gy local Grashof number, defined by Eq. (7€) £00 ambient porosity of porous medium
h heat transfer coefficient n dimensionless normal distance
tothefluid..................... Wh—2.K-1 defined by Eq. (7d)
ke effective thermal conductivity m dynamic viscosity of fluid= pv... kgm=1.s1
of porous medium .............. wi—l.k1 v kinematic viscosity of fluid ........... frs1
K porous medium permeability ............. m ¢ plate inclination angle, degrees
Nu Nusselt number, defined by Eq. (13b) P densityoffluid...................... kap—3
Pr effective Prandtl numbet pcp/ ke v stream function...................... g1
q” incident radiation flux................ W2 o electrical conductivity of fluid . . . . .. mhm~—1
qreq  radiation flux distribution, 6 dimensionless temperature,
defined by EQ. (6) .. ...ovvovveennn... W2 defined by Eq. (7h)
T dimensional fluid temperature.............. K 6max dimensionless maximum fluid temperature
Tmax dimensional maximum local fluid Ow dimensionless wall or plate temperature
temperature........... ..o K & dimensionless tangential distance,
Tw dimensional wall or plate temperature . . . ... K defined by Eq. (7b)

have reported on the effects of transverse magnetic field onheat transfer in porous media has also been the subject of
mixed convection flow over a vertical plate embedded in a many researchers. Examples of such studies are the works
fluid-saturated porous medium. Chamkha [11] studied hy- of Whitaker [18], and Tong and Tien [19]. In the absence of
dromagnetic free convection from a vertical plate embedded a porous medium, many works have been reported on nat-
in a thermally stratified porous medium with Hall effects. ural convection from a heated plate such as Kierkus [20],
The problem of free convection heat transfer from a ver- Hassan and Mohamed [21], Elsayed and Fathalah [22] and
tical flat plate embedded in a fluid-saturated porous medium Fathalah and Elsayed [23]. The latter authors have consid-
was studied by Cheng and Minkowycz [12] who obtained ered natural convection flow due to solar radiation over a
similar solutions for situations of power-law function vari- non-absorbing plate with and without heat losses in view of
able wall temperature. Cheng [13] provided an extensive re- its possible application in solar collectors with direct solar
view of early work on free convection in porous media with collection using an absorbing fluid. Recently, Chamkha [24]
special regard to applications in geothermal systems. Plumbgeneralized the work of Fathalah and Elsayed [23] include
and Huenefeld [14] have considered non-Darcy natural con-a uniform porous medium. Many authors have reported on
vection from heated surfaces in saturated porous media. Kimthe effect of channeling due to the variations in the poros-
and Vafai [15] have analyzed the problem of natural convec- ity of the medium close to the boundary and their signifi-
tion about a vertical plate in porous media. Hong et al. [16] cant effect on the wall heat transfer (Hong et al. [16] and
have reported on the effects of non-Darcy and non-uniform Poulikakos and Renken [6]). For this reason, it is of spe-
porosity on the vertical-plate natural convection in porous cial interestin this paper to consider natural convection flow
media. Neild and Bejan [17] have given an excellent sum- from an inclined, semi-infinite, impermeable flat plate em-
mary of the free convection flow in porous media. Radiation bedded in a variable porosity porous medium due to solar
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radiation and in the presence of an externally applied mag-temperatureT,,. The porous medium is assumed to be
netic field. This means that the working fluid is assumed to transparent and in thermal equilibrium with the fluid. Both
be absorbing and electrically conducting. The inclined plate the fluid and the porous medium are opaque for self-emitted
is assumed non-reflecting, non-absorbing, ideally transpar-thermal radiation. Also, the solar radiation is a collimated
ent and electrically non-conducting in the present work. beam that is normal to the plate. Due to the heating of the
absorbing fluid and the inclined plate by solar radiation,
heat is transferred from the plate to the surroundings. As
mentioned before, the working fluid is assumed to have
heat absorption properties. On the other hand, one may

Consider steady, laminar, hydromagnetic two-dimensio- have a non-absorbing fluid. In this situation, the solid
nal, radiation-assisted, buoyancy-induced, boundary-layerporous medium absorbs the incident solar radiation and
flow over an impermeable, ideally transparent, semi-infinite, transmits it to the working fluid by convection. Upon treating
solar radiation-heated, inclined, flat plate embedded in athe fluid-saturated porous medium as a continuum (see,
fluid-saturated porous medium having a variable porosity Vafai and Tien [1]), including the non-Darcian boundary,
distribution and in the presence of a magnetic field. The inertia and variable porosity effects, and assuming that the
coordinate system is such thameasures the distance along Boussinesq approximation is valid, the boundary-layer form
the plate andy measures the distance normally into the of the governing equations can be written as (see, Vafai and
fluid. The schematics of the problem under consideration Tien [1] and Gebhart et al. [25])

Governing equations

and the coordinate system are shown in Fig. 1. A magnetic

field of constant strength is applied in the negative y _“+8_v:o (1)
direction at all times. Its interaction with the electrically- dx 9y
conducting working fluid produces a resistive force in the du ou 0%u v 2
negativex direction. This force is called the Lorentz force. “3x ™ Y5y = "5y2 ~ K(y)* Cu
The magnetic Reynolds number is assumed to be small so 2
that the induced magnetic field is neglected. In addition, — —2y + gB(T — To,) COSP 2
no electric field exists and the Hall effect, the magnetic or
Joule heating, and viscous dissipation are all neglected. Far 0T 3T ke 3°T 1 g,y

o . u—t+v—=——+ ——12 (3)
away from the inclined plate, both the surroundings and the = §x dy  pcp dy2  pcp dy

Newtonian and absorbing fluid are maintained at a constant . ) )
whereu, v, andT are the fluid velocity components in the

x andy direction, and the fluid temperature, respectively.
P, v, cp, ando are the fluid density, kinematic viscosity,
specific heat, and electrical conductivity, respectivilyy),
C(y), andke are the porous medium permeability, inertia
coefficient and effective thermal conductivity, respectively.
g, B, » and B, are the gravitational acceleration, coefficient
of volumetric thermal expansion, the inclination angle, and
the applied magnetic induction, respectivedy, , is the
applied absorption radiation heat transfer per unit area.

It should be noted in the above equations that all fluid
properties are assumed constant except the density in the
buoyancy term. In addition, while the effect of porosity
variations near the plate are included in the model, the
thermal dispersion effects are assumed negligible as done by
Poulikakos and Renken [6] and for simplicity. The thermal
dispersion effect is minimal when the thermal diffusivity
(ke/pcp) of the porous matrix is of the same order of
magnitude as that of the working fluid. This viewpoint
of assuming that the effective thermal diffusivity remains
constant when the porosity of the porous medium varies with
the normal distance is shared by many other investigators
such as Vafai [4], Vafai et al. [5] and Tien and Hong [26].
Furthermore, the effect of the motion pressure which arises
due to inclination of the plate is expected to be small for
the range of angles considered in this wagtk< 0 < 60)
and, therefore, neglected. This is an acceptable assumption

*

surrounding Porous Meduim

Too

Fig. 1. Flow model and coordinate system.
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proven by experiments and is well documented (see, for Elsayed [23] have used Beer's law of radiation absorption
instance, Gebhart et al. [25]). and assumed

The variable porosity model to be supplemented with ,
Egs. (1) through (3) is the one employed by Poulikakos and 7rad = 4 (1—exp(—ay)) 6)
Renken [6] in their work on forced convection in porous whereq” anda are the incident radiation flux (a constant)
medium channels and pipes. This model is well establishedand the fluid absorption or extinction coefficient (a constant),

and can be written as respectively. This law was applied to Dorsey’s data for
d2e3 the absorption of radiation in water layers of different
K@) = piz thicknesses. The estimated value of the extinction coefficient
1751 —e) a ranges from 6 m! to 151.5 nt? for distilled water of
C(y) = 175(1—¢) 4) thickness 10 cm to 1 mm, respectively. The large variation
dpe® in the values ofa may be attributed to either inaccuracy
cy of Dorsey’s measurements as stated by Cooper [27], or to
e(y) =ec0 <1+bexp<—d—p>> the reflectance and spectral dependence of the absorption

] ) ] . i coefficient of distilled water, which is not considered by
where dp is the particle diameters is the porosity of  pgers jaw as stated by Fathalah and Elsayed [23]. In the
the porous mediums is the porosity near the ambient  4psence of experimentally-based proper form of solar energy
conditions, and andc are empirical constants that depend gjisgripution in a fluid-saturated porous medium, which is a
onthe ratio of the porous bed to particle dllametelr (Vafaietal. gqid-fluid combination, and as a first approximation, Beer's
[5]). As mt_antloned before, the egponentlal relation between |5, given by Eq. (6) with an effective absorption coefficient
the porosity and the normal distance from the boundary s ysed in the present work. Therefore, it is assumed that the
surface is an approximate representation of the experimentalysqrption of solar radiation and its distribution in the porous
data reported by Benenati and Brosilow [3] for their study medium which is made up of transparent solid material such
on void fraction distribution in packed beds. The values ;¢ glass occur in the same manner as they take place in a
of o0, b, and ¢ employed in the present work are 0.5, fyid. This may not be totally true since it is known that
0.98, and 1, respectively. These values were found t0 give hormajly solid materials respond to radiation differently than
a good approximation to the data reported by Benenati and, fiyid and that the mechanism of travel of radiation rays
Brosilow [3] for a particle diameter of 4 mm. ~in solids is different than in a fluid. However, in general,

The physics of the problem suggests the following j; seems reasonable to assume that the form of Beer's law
boundary and matching conditions which can be written as may be the same for a transparent solid-fluid system but

. the value of the absorption coefficient will be different. In
u(x,0=0 (5a) . .
the presence of a porous solid material the values afe

v(x,00=0 (5b) higher than that of the fluid alone since the system has

aT _ higher energy capacity. Therefore, the effective extinction
ke dy (. 0)= U(T(x’ 0 TOO) (5¢) coefficientae is that of the porous medium. In the present
u(x,00) =0 (5d) study, an absorption coefficient ranging between 50' m
and 2000 m? is assumed for a blackened grey water with

T(x,00) = Too (5e) transparent glass solid matrix. The average value of radiation
T(0,y)="Tw (5) flux intensity¢” in Saudi Arabia and Kuwait is about 900
u(0,y)=0 (59) W-m~2. The variations in the obtained results as a result of

changing the value ofe are reported in the next section.
where U is the heat transfer coefficient for the heat lost Thys, the results of this work may be applied to such fluid-
from the plate to the surroundings. That is, the heat transfersaturated transparent porous media that closely exhibit the
coefficient between the inner surface of the plate and the hehaviour of Eq. (6). This clearly highlights the need of
ambient conditions far from the plate. Egs. (5a, b) indicate extensive experimenta| effort in this area.
that there is no S|Ip condition and impermeability condition |ntroducing the stream functiom and using the transfor-

at the surface, respectively. Eq. (5¢) indicates that the heatmations employed by Fathalah and Elsayed [23]
conduction at the plate surface exposed to the fluid is

transferred away to the surroundings. Egs. (5d, e) indicate,, — Y (72)
that far away from the plate the fluid is undisturbed and is at dy
the ambient or surrounding temperature. Egs. (5f, g) mean = 9y (7b)
that the conditions at the plate’s leading edge are such that =~ §x
the fluid is at a uniform temperature and is stagnant. Gy

To complete the problem, information about the radiative §= G_g (7c)
absorption function must be supplied. In similar works yGy
without a porous medium, Cooper [27] and Fathalah and n = (7d)

5x
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B gﬂq//x4 1/5
Gy = 5( S ) (7e)
" 1/5
8Bq
-5 7f
Ga <5ke])2ag> ( )
¥ =vGF(§,n) (79)
5xq//
T=Tyx — 7h
[ee] ker 0(57 T}) ( )

whereG, andGj, are the local Grashof number based on the
distance along the plate and the Grashof number based
on the effective absorption coefficient, respectively in
Egs. (1) through (4) produces

F" +4FF" — 3F'? — 9 cosg

+(GgF - %)

- 2%”%% + M2> F'

_ 555/4(1.75213 [—)ae)Gg) F2_0 (®)
0" +Pr(4F6' — F'0) — %Pr(F’g - 9/%)

— 5&4exp(—5£Y4) =0 9)

where a prime denotes partial differentiation with respect
to 1, Da = aedp, M? = UBS/(ae,u), and Pr = pcp/ ke

are the porous medium parameter, square of the magnetic

parameter or Hartmann number, and the effective Prandtl
number, respectively. A representative value @qyris 1.25
corresponding to water at°® and radiation flux of 900
W-m~2,

The transformed form of the variable porosity function

becomes
8(n)=800<1+bexp< n))

In addition, the transformed boundary and matching condi-
tions can be shown to be

—Bcgl/4

(10)

F(£,00=0 (11a)
F'(£,00=0 (11b)
0'(€,0) =5at140 (£, 0) (11c)
F'(,00)=0 (11d)
0(€,00)=0 (11e)
6(0,7)=0 (11f)
F(0,7)=0 (119)

wherea = U/(keae) is the heat transfer loss coefficient.
A typical value of«x is 0.8 corresponding to an absorbing
fluid-matrix system withze = 50 m~! and a surrounding air
moving at a speed of 5 w1 1. Larger values of can also be
used for higher wind velocities and/or lower values of the
effective absorption coefficient.

77

Of special significance in free convection problems are
the local boundary-friction coefficient and the Nusselt num-
ber. These physical parameters can be defined in dimen-
sional form as

2

* a
B = —Ma—yzl/f()c, 0 (12a)
Nug = L (12b)
keae
" __ _
h= q U(Tw — To) (12c)
Tmax— Teo

where Ty, is the plate or wall temperaturd;nax is the
maximum local temperature, ands the local heat transfer
coefficient. Upon using Egs. (7a—h), it can be shown that

B* F//(O)
Bf = f = 13a
f pv2Ga? 25¢1/2 (132)
1 '
Nu=— 13b
(551/49max T emax> (13b)

Numerical procedure

Egs. (8)—(11) represent the governing equations for the
problem under consideration. These equations are nonlinear
and, therefore, must be solved numerically by an appropriate
numerical scheme. The implicit, iterative, tri-diagonal finite-
difference numerical method discussed by Blottner [28] has
shown to be successful for the solution of boundary-layer
equations. For this reason, it is adopted in the present work.

All first-order derivatives with respect to are replaced
by three-point backward-difference formulae. Then, Eq. (8)
is converted into a second-order differential equation by
making a variable change. Then, all second-order equations
in n are discretized using three-point central difference
guotients while the first-order equation (obtained from the
variable change) is discretized using the trapezoidal rule.
With this, the differential equations are converted into
a set of algebraic equations at each line of consfant
These equations are then solved iteratively (to deal with
the nonlinearities of the governing equations) using the
Thomas algorithm (see, Blottner [28]). Most changes in the
dependent variables are expected to occur in the vicinity
of the plate surface where viscous effects are significant.
Far away from the wall the fluid adjusts to the ambient
conditions and changes in the dependent variables are
expected to be small. For this reason, variable step sizes in
n are employed in the present work. The initial step size
An1 was set to 10° and the growth factok* was set to
1.03 suchAn; = K*An;—1. In the majority of the work,

n = oo was approximated by = 10. In some cases, a larger
value was used in order to insure the proper asymptotic
approach of both the velocity and temperature to their
free-stream values. Constant step sizes iné&hdirection
such thatA¢é = 0.01 are used. These values are arrived at
after many numerical experimentations were performed to
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assess the accuracy of the numerical results and to insurdortunately, no comparisons with experimental data on this
grid independence. For example, whe&m; was set to problem were performed because these data do not exist at
0.01, an average error of 5% compared to the case wherepresent.
An = 1073 was obtained. Setting& = 0.05 produced an Figs. 3 and 4 illustrate the effects of imposing a magnetic
average error of 7% when compared to the case wherefield and increasing its strength on the velocity and tempera-
A& = 0.01. However, settingAn; and A¢ below 0.001 ture profiles a& = 1, respectively. The reference parametric
and 0.01, respectively, produced no significant changes inconditions for which these and all subsequent figures are ob-
results. The convergence criterion of the solution required tained correspond to water flow along a vertical plate. The
that the relative difference between two successive iterationsimposition of a magnetic field normal to the flow direction
be 10°°. Many numerical results were obtained throughout produces a resistive force that decelerates the motion of the
the course of this work. A representative set is reported in fluid in the porous medium and along the plate with a resul-
the next section. tant increase in the fluid temperature. Fig. 4 also shows that
the maximum temperature does not occur at the plate surface
but in the region close to it. This is because the incident solar
Results and discussion radiation is initially absorbed by the absorbing fluid-matrix
system which, in turn, heats up the ideally transparent plate.
In this section, the present results are validated with This operation of passing the absorbing fluid through an ab-
previously published work. In addition, a representative set sorbing porous medium is believed to enhance solar collec-
of results is presented graphically for various parametric tion by direct absorption in which heat losses are reduced
conditions and discussed. The parametric values employedas a result of lower plate temperatures. In addition, while
in the present work may or may not correspond to a specific the hydrodynamic boundary-layer thickness is not affected
application. They are merely chosen to show their effects on py the increase in the magnetic field strength, the thermal
the solution. boundary-layer thickness is significantly increased. These

Fig. 2 shows a comparison for the velocity and temper- pehaviours are depicted in the respective decreases and in-
ature profiles at = 0.1 in the absence of both the porous
medium and magnetic field effects with those reported pre- 0.04
viously by Fathalah and Elsayed [23]. Good agreement be- Gort2s
tween the results is apparent in this figure. The small dif- e Pree
ferences between the results are due to the fact that Fatha- 0.03 $=00
lah and Elsayed [23] obtained their results using the local
non-similarity method which is less accurate than the cur-
rent fully-numerical method. For the case of uniform poros-
ity medium, the results are also validated with those reported
by Chamkha [24] but not shown here for brevity. These com-
parisons served as checks on the numerical procedure. Un- : M=1.0

0.02

F'(n)

M=0.5

M=3.0
M=0.0 0‘08 -
Pr=6.5 .0 2.5 5.0 7.5 10.0
a=0.5 n
$=0.0
£=0.1

0.30 —{j
If

Fig. 3. Effects ofM on tangential velocity profiles.

Da=2.0
Gy=1.25
Present Work Pr=6.7

© 020 —

———— Fathalah and Elsayed (1980)

0.10 —

~6(n)

Fig. 2. Comparison of velocity and temperature profiles with Fathalah and
Elsayed (1980). Fig. 4. Effects ofM on temperature profiles.
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0.04 0.07
Da=2.0 Da=2.0
Gy=1.25] Gy=1.25
=0 M=0.0 0.06 M=0.0
H=m/6 Pr:‘6.7 Pr=6.7
0.03 a=5.0 0.05 $=0.0
d=m/4 ‘
- . 004
£ 00 b= £
= = 0.03
0.02
0.01
0.01
0‘08.0 2.5 5.0 7.5 10.0 0'08.0 2.5 5.0 7.5 10.0
n n
Fig. 5. Effects ok on tangential velocity profiles. Fig. 7. Effects ofx on tangential velocity profiles.
07 Da=2.0
G,=125
0.6 M=0.0
Pr=6.7
$=0.0
0.5
a=0
= ~ 04
= G
! af 03| @=05
a=1.0
0.2
0.1 /4=s.0
0 8 0 1.0 2.0 3.0 4.0 5.0
N n
Fig. 6. Effects of on temperature profiles. Fig. 8. Effects ofx on temperature profiles.
creases in the profiles @ andd as the magnetic parameter 0.06
M is increased.
The influence of the plate inclination angle on the 0.05
tangential velocity and temperature profiles are displayed .
. . . . 0.04
in Figs. 5 and 6, respectively. Similar to the effects of the
magnetic field, increasing the inclination angle makes it = 0.03
harder for the fluid to flow along the plate and causes itto =
become warmer. This is due to the reduction in the thermal 0.02
buoyancy effect(8g(T — T~ ) COSp) caused by increases
in ¢. It is obvious that the maximum buoyancy force for 0.01
the same temperature difference occursdes O (vertical
plate). This is clearly observed in Figs. 5 and 6. 0.09
Figs. 7 and 8 show the influence of the heat transfer loss n
coefficient to the surrounding on the tangential velocity and _ _ _ _
temperature profiles, respectively. As the heat loss to the sur- Fig. 9. Effects ofPr on tangential velocity profiles.

roundings increases, both the motion and the temperature of

the absorbing fluid in the porous medium tend to decrease The effect of varying the effective Prandtl number on the
without significant changes in both the hydrodynamic and velocity and temperature profilesat 1 is shown in Figs. 9
thermal boundary layers. These behaviours are clearly evi-and 10, respectively. Increases in the valuesPofhave

dent from the decreases i and#® asa increases shown a tendency to decrease both the fluid temperature and the
in Figs. 7 and 8. For the case of no heat loss to the sur-thermal boundary-layer thickness. This causes a decrease in
roundings(e = 0), Fig. 8 shows that the maximum temper- the thermal buoyancy effect which is causing the fluid flow.
ature occurs at the plate surface. This is expected and is conTherefore, both the fluid velocity and the hydrodynamic
sistent with previously published results obtained for non- boundary-layer thickness decreasePasncreases. This is
convective type boundary conditions. clearly displayed in Figs. 9 and 10.
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0.55

0.45

Gy=0.07
Gy=0.7

Gy=1.39
Gy=2.08

3 2 Gy=2.
fas} Z. 77
! 0.35
0.25 Da=2.0
M=0.0
a=5.0
o1 $=0.0
085 X =0 =3 T0.0 3.0 2.5 5.0 7.5 10.0
Pr
n
. ) Fig. 12. Effects ofPr and G4 on Nusselt number.
Fig. 10. Effects ofPr on temperature profiles. 9 a
0.0020
5 Da=2.0
0.0055 Gy=1.25
Pr=6.7
0.0016 a=5.0
0.0040 0.0012
, )
M

0.0025

0.0018. 50

Pr

Fig. 11. Effects ofPr and G 4 on boundary friction coefficient.

Increases in the values @fa have a tendency to resist
the flow. This, in turn, produces decreases in the tangential
velocity and increases in the fluid temperature. In addition,
slight increases in the boundary-layer thickness and signif-
icant increases in the thermal boundary-layer thickness are
observed as a result of increasibg. Also, an observation “
of Eq. (8) shows that;4 acts as the porous medium iner-
tia effect. Thus, increasing its value represents an increase
in the resistance to the flow along the plate. Thus, the fluid
velocity decreases while its temperature increasesas-
creases. The degree of reduction in the velocity and increase
in the temperature is observed to be largemos 0 than for
M =1.0. These results are not presented here for brevity.

Figs. 11 and 12 depict the variations in the boundary
friction coefficient and the Nusselt number that are brought

0.0008

0.0004

0,0008

2.0 3.0 4.0 5.0

M

Fig. 13. Effects ofM and¢ on boundary friction coefficient.

0.4

Da=2.0

Fig. 14. Effects ofM and¢ on Nusselt number.

about by simultaneous changes in the values of both thetemperature attained in the flow adjacent to the wall. In
Prandtl numbePr and the Grashof numbér,, respectively. addition, Fig. 11 shows tha; is almost constant for large
Increases in the values & have shown in Figs. 9 and values of G5 (Ga = 2.77) and any value ofPr. This is

10 to cause reductions in the wall slopes of the tangential because fo6 4 = 2.77, the resistance mechanism introduced
velocity profiles and the peak value in the temperature by the inertia effects of the porous medium overcomes all
profiles. This indicates thaB; decreases andu increases  other effects including the thermal buoyancy effect.

with increasing values oPr as is evident from Figs. 11 Finally, Figs. 13 and 14 display the effects of the
and 12. On the other hand, increases in the Grashof numbeinclination anglep and the magnetic paramet#f on Bs
Garesultin decreases in both andNu. The decrease inthe  andNu, respectively. Again, by observing Figs. 3—-6, one can
Nusselt number results from the increases in the maximumclearly see that increases in eitfd¢ror ¢ produce reductions
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in the wall slope of the velocity profiles and increases in the [7] P. Cheng, D. Vortmeyer, Transverse thermal dispersion and wall
maximum temperature. This yields simultaneous decreases  channeling in a packed bed with forced convective flow, Chem. Engrg.

in the values of3; andNu. Sci. 43 (1988) 2523-2532.
[8] A. Amiri, K. Vafai, Analysis of dispersion effects and non-thermal

equilibrium, non-Darcian, variable porosity incompressible flow
through porous media, Internat. J. Heat Mass Transfer 37 (1994) 936—

Conclusion 954,
[9] P.C. Ram, Heat and mass transfer on MHD heat generating flow
Thermal buoyancy-induced hydromagnetic flow of an through a porous medium in a rotating fluid, Astrophys. Space Sci. 172

absorbing fluid along an inclined, semi-infinite, ideall (1989) 273-277.
9 g ! ! y [10] H.S. Takhar, O.A. Bég, Effects of transverse magnetic field, Prandtl

transparent flat plate embedded in a variable porosity porous "~ numper and Reynolds number on non-Darcy mixed convective flow
medium due to solar radiation is considered. The govern- of an incompressible viscous fluid past a porous vertical flat plate in
ing equations are derived using the usual boundary-layerand  a saturated porous medium, Internat. J. Energy Research 21 (1997)
Boussinesq approximations and accounting for the applied 877100
incident Z ?p fl tic field d 9 iabl pp [11] A.J. Chamkha, MHD-free convection from a vertical plate embedded
!nCI ent radiation Tiux, magr_u_a Ic ield, and varianle poros- in a thermally stratified porous medium with hall effects, Appl. Math.
ity effects. A boundary condition to account for heat losses Modelling 21 (1997) 603-609.
is used at the plate surface. These equations are transformef 2] p. Cheng, W.J. Minkowycz, Free convection about a vertical flat plate
using a non-similarity transformation and then solved nu- embedded in a porous medium with application to heat transfer from
merically by an implicit, iterative, finite-difference method. adike, J. Geophys. Res. 82 (1977) 2040-2044.
. . . [13] P. Cheng, Heat transfer in geothermal systems, Adv. Heat Transfer 4

Graphical results for the velocity and temperature profiles as (1978) 1-105
well as the boundary friction and Nusselt number are pre- [14] 0.A. Plumb, J.C. Huenefeld, Non-Darcy natural convection from
sented and discussed for various parametric conditions. It  heated surfaces in saturated porous media, Internat. J. Heat Mass
was found that the boundary friction decreased with increas-  Transfer 24 (1981) 765-768. _ '
ing values of the effective Prandtl number, heat transfer loss [15] S.J.Kim, K. Yafal, Analysis of‘natural convection about a vertical plate

.. . . embedded in a porous medium, Internat. J. Heat Mass Transfer 32
coefficient, inclination angle, Grashof number based on the (1989) 665677
eﬁeCtiV(? extinction coefficient, heat loss coefficient and th_e [16] J. Hong, Y. Yamada, C.L. Tien, Effect of non-Darcian and nonuniform
magnetic parameter. However, the Nusselt number was in- porosity on vertical-plate natural convection in porous media, J. Heat
creased as either of the effective Prandtl number or the heat ~ Transfer 109 (1987) 356-362. _ _
loss coefficient increased and was decreased as either of thé’! Bél:k T';g')‘;' A. Bejan, Convection in Porous Media, Springer, New
magnetlc parameter, |n_cI|nat|or_1 angle _and the GraShOf num'[18] S. Whitaker, Radiant energy transport in porous media, Internat.
ber increased. Comparisons with previously published work Engrg. Chem. Fund. 19 (1980) 210-218.
were performed and the results were found to be in good [19] T.W. Tong, C.L. Tien, Radiative heat transfer in fibrous insulations —
agreement. It is hoped that the present work will serve as a Part 1: Analytical study, ASME J. Heat Transfer 105 (1983) 70-75.

stimulus for experimental work which appears to be lacking [20] W.T. Kierkus, An _ane_lly5|s_ of laminar free convection flow and heat
transfer about an inclined isothermal flat plates, Internat. J. Heat Mass

at present. Transfer 11 (1968) 241-253.
[21] K. Hassan, S. Mohamed, Natural convection from isothermal flat
surfaces, Internat. J. Heat Mass Transfer 13 (1970) 1873-1886.
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