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Abstract

In this paper numerical solutions are presented for the effects of radiation and
blowing/suction on mixed convection about an isothermal wvertical cylinder
embedded in a saturated porous medium. These partial differential equations are
transformed into the nonsimilar boundary layer equations which are solved by an
implicit finite-difference method (Keller box method). Numerical results for the
dimensionless temperature profiles and the local Nusselt number are presented for
the combined convection parameter )y , the transverse curvature parameter & ,
radiation-conduction parameter R, , surface temperature parameter H and
blowing/suction parameter [' . The entire regime of the mixed convection is
included, as y varies from 0 (pure free convection) to 1 (pure forced convection).
As mixed convection parameter ) varies from 0 to 1, the local Nusselt number
decreases initially, reaches a minimum in the intermediate value of y and then
increases gradually. The local Nusselt number increases for the effect of suction.
On the contrary, the effect of blowing will decrease the local Nusselt number. As
the transverse curvature parameter &, the radiation-conduction parameter R, and
the surface temperature parameter H increase, the local Nusselt number also
increases.
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1. Introduction

The heat transfer in a porous medium

has many important applications in
geothermal and geophysical engineering.
These
energy, thermal insulation of buildings,
of

underground nuclear wastes. The problems

include extraction of geothermal

filtration processes and disposal
of free convection about a vertical cylinder
were studied by Minkowycz and Cheng [1]
(VWT), Yiicel (UWT and UHF) [2],
Kumari et al. (UWT) [3], Huang and Chen
(UWT and blowing/suction) [4], Merkin
(UWT) [5] and Bassom and Rees (VWT)
[6] (the extension of [1, 3, 5]). Forced
convection along a longitudinal cylinder
embedded in a saturated porous medium
was investigated by Vasantha et al. [7].
Darcian mixed convection along a vertical
cylinder embedded in a saturated porous
medium was analyzed by Merkin and Pop
[8] (UWT), Hooper et al. [9] (UWT and the
entire regime) and Pop and Na [10] (VHF).
Previous researches [1-10], however, have
only concentrated upon the problem with
no radiation effect.

As the difference between the surface
temperature and the ambient temperature is

large, it may cause the radiation effect to

become important. In the aspect of
convection-radiation in porous media,
Hossain and Pop [11] analyzed the

radiation effect on free convection flow
along an inclined surface placed in porous
media. Later, Raptis [12] investigated the
radiation and free convection flow through
a porous medium bounded by a vertical
infinite porous plate. Recently, Yih [13-
15] studied the radiation effect on free

convection over an impermeable vertical
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cylinder [13], isothermal vertical

permeable flat plate [14], and isothermal

an

vertical permeable cone [15] embedded in
porous media. In above researches [11-15],
the Rosseland diffusion approximation is
employed. This approximation leads to a
considerable simplification in the
expression for radiant flux.

In the present analysis, we extend the
previous work of Hooper et al. [9] and Yih
[13] to investigate the effects of radiation
and blowing/suction on the heat transfer
characteristics in mixed convection over an
isothermal vertical cylinder embedded in
porous media by using the implicit finite
difference method together with Keller box

elimination technique.
2. Analysis

Consider the problem of the radiation
effects on mixed
of

incompressible

and blowing/suction

convection  boundary-layer  flow

optically dense viscous
fluids over an isothermal vertical cylinder
embedded in a saturated porous medium.
The of the
cylinder T, is higher than the ambient

T

©

wall temperature vertical

temperature The x coordinate is

measured along the cylinder from the
leading edge and the coordinate is
the of the

cylinder. The gravitational acceleration g

r
measured from centerline
is acting downward along the cylinder,

opposite to the x-direction. The uniform

free stream U, is moving along the
positive x-direction. The surface
blowing/suction velocity V, is also

uniform. The variations of fluid properties
are limited to density variations which
affect the buoyancy force term only. The
viscous dissipation effect is neglected for
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the low velocity. The radiative heat flux
the

comparison with that in r-direction.

in x-direction is negligible in
Also,
the radius of the cylinder r, is taken to be
much larger than the pore size of the
medium so that the flow channeling effect

near the cylinder can be neglected.

The governing equations for the
problem under consideration with the
boundary layer, Boussinesq and Rosseland
diffusion approximations [13] and the
Darcy law can be written as

o) o) o 0
Ox or
ou K oT
%N _gRIT 2)
or v or
oT o a o OT
Uu—+VvV—=——)|r—o
OX or ror\ or
(3)
166 12

(rT3 8_T)
or

The boundary conditions are defined as

_l’_—_
3(a, +o,)pC, r or

follows:
r=r,:v=V,, T=T,, (4)
T=T,, (5)

where u and v are the Darcian velocities in

r>o:u=U_,

the x and r directions, respectively. 5 is
the thermal expansion coefficient of the
fluid. K is the permeability of the porous
medium. v
the fluid. T is the temperature of the fluid

and the porous medium which are in local

is the kinematic viscosity of

thermal equilibrium. « is the equivalent

thermal diffusivity. ¢ is the Stefan-
Boltzmann constant. a, is the Rosseland
mean extinction coefficient. o, is the

S

scattering coefficient. o
the fluid. C, is the specific heat at
The
16GT3/[3(ar+GS)] can be considered as the

is the density of

constant pressure. term

“radiative conductivity”.
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We now define a stream function vy
such that

ru=0y/or and rv=—-0y/0x. (6)
The  continuity Eq. (1) is then
automatically satisfied. Invoking the
following dimensionless variables:
2x
= Ta
rO(PeL/2+Rai/2) (72)
1/2 112y (2
_I,(Pe,” +Ra; )(r_z_lj (7b)
2x I,
\
f(g,n) = 7c
& ocro(PeL/2+Rai/2) (7¢)
T-T
0(E,n) = - 7d
Em=3—r (7d)
and substituting Eq. (7) into Eqgs. (1)-(5),
we obtain the following transformed
governing equations
f'=1-%)0+x", (8)

(1+En)0"+ (é +%f}6’ +

4R , [
Sl enela-nosTf )
_E[p 0 _gof
20 0§ o8 |
The boundary conditions are defined as
follows:
n=0: f=-T, 0=1, (10)
n—oo: 0=0. (11)
In the above equations, the primes denote
the differentiation with respect to 7 .

Equation (8) is obtained by integrating Eq.
(2) once with the help of Eq. (5). The

combined convection parameter )  is

defined as

o

It is noted that ¥ = 0 and 1 correspond to

172\

1
1+e—1"/2J =constant. (12)

X

pure free and pure forced convection cases,
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respectively. The entire regime of mixed
convection corresponds to values of
between 0 and 1. Ra, and Pe, are the
modified local Rayleigh number for the
flow through the porous medium and the
local Peclet number defined as

_ gB(T, — T, )Kx
vau ’

U_x

Ra =
a

X

Pe

. (13)
3

R, = 40T} /[k(a, + 5,)]

is the transverse curvature parameter.

is the radiation-
is the

is the

conduction parameter. H=T,/T,
r
blowing/suction parameter, defined as
V.1, V., x
l—‘ — AR — W .
. 20 a(Pel? +Ral’?)

From Eq. (14), I" is independent of r, and

surface temperature parameter.

(14)

can, hence, be employed as a surface
blowing/suction parameter [4, 16]. For the
case of blowing, V, > 0 and hence ' > 0.
On the other hand, for the case of suction,

V, <0 and hence ' <0.

In terms of the new wvariables, the
velocity components are given by
1/2 1/2N2
uzOL(Pex +Ra,”) £ (15)
X
and
1/2 1/2
:_oc(PeX +Ra,/ ") 1 - f+§@—ﬂf'-
2x (1+&n) g
(16)

The heat flux q, at the surface of the
vertical cylinder is

2

For practical applications, it is usually

166T
+—
3(a, +o,)

ar
o

Qw

the local Nusselt number that is of interest.
This can be expressed as
B hx B gy X

Nu =
k k(T,-T,)

X

(18)
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where h denotes the local heat transfer
coefficient and k represents the thermal
conductivity. Substituting Eqs. (7b) and
(17) into Eq. (18), we obtain

{H

3. Results and discussion

Nu

X

(P +Ral?)

4R H’

]9’(&,0). (19)

The above governing Egs. (8)-(9) and

the boundary conditions (10)-(11) are
nonlinear partial differential equations
depending on the combined convection
parameter x , the transverse curvature
parameter & , radiation-conduction
parameter R, , surface temperature
parameter H and blowing/suction
parameter [’ The present analysis

integrates the system of Eqgs. (8)-(9) by the
implicit finite difference approximation
together with the modified Keller box
method of Cebeci and Bradshaw [17]. The
computations were carried out on a
personal computer with A = 0.1 (uniform
grid), the first step size An, = 0.01, the
variable grid parameter is chosen 1.01. The

1000 was found to be

value of n,
sufficiently accurate for |6w|<10’3. The

requirement that the variation of the
temperature distribution is less than 107
between any two successive iterations is
employed as the criterion of convergence.
In order to verify the accuracy of the
present method, we have compared our
results with those of Vasantha et al. [7] and
Hooper et al. [9]. Table 1 shows the values
of —0'(§,0) with y =1, R, = I' = 0. Table
2 compares the values of —-6'(§,0) for
various values of y with Ry = I' = 0. The

comparisons in all the above cases are
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found to be in good agreement. Numerical 0.5. Increasing the transverse curvature
results are presented graphically for the parameter £ increases the dimensionless
combined convection parameter y ranging surface temperature gradient. The
1, the transverse curvature dimensionless temperature profiles for

from 0 to
parameter & ranging from 0 to 10, the
radiation-conduction parameter R, ranging
10, the

parameter H ranging from 1.1 to 3.0 and

from 0 to surface temperature

the blowing/suction parameter I' ranging

from -1 to 1.

Table 1. Comparison of values of —6'(§,0)

with y =1, Ry, =T =0.
Vasantha |Hooper et| Present
g | et al. [7] al. [9] results
0.0 | 0.5644 0.5642 0.5642
1.0 | 0.7889 — 0.7890
2.0 | 0.9852 0.9841 0.9837
3.0 1.1702 — 1.1618
4.0 1.3499 1.3293 1.3287
5.0 1.5263 — 1.4874
6.0 — — 1.6398
7.0 — — 1.7871
8.0 — — 1.9301
9.0 — — 2.0694
10.0| 2.3624 2.2078 2.2057

Table 2. Comparison of values of —6'(§,0)
for various values of ¥ with Ry = 1" =0.

Hooper et al. [9]| Present results
X £=2 E=10 E=2 E=10
0.1]0.7386 | 1.7494 | 0.7342 | 1.7279
0.2]10.7113 | 1.7250 | 0.7088 | 1.7066
0.3]10.7032 | 1.7360 | 0.7006 | 1.7161
0.4]0.7111 | 1.7664 | 0.7095 | 1.7522
0.5]0.7347 | 1.8193 | 0.7336 | 1.8082
0.6 10.7708 | 1.8857 | 0.7699 | 1.8773
0.7]10.8159 1 1.9599 | 0.8152 | 1.9544
0.8]0.8679 | 2.0402 | 0.8671 | 2.0361
0.9]0.9243 |12.1232 ] 0.9237 | 2.1203

Figure 1 shows the dimensionless

temperature profiles for various values of
& withl' =-0.5, R, =10, H = 1.1, y
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various values of I' with & =1, Ry =5,
H=2.0, ¥ = 0.5 is shown in Fig. 2. The
effect of suction decreases the thermal
boundary layer. Whereas, for the case of

blowing increases the thermal boundary

layer. Figure 3 illustrates the
dimensionless temperature profiles for
various values of H with & =5, T' = -1,

R, =1, x = 0.5. It is observed that the

dimensionless temperature profiles
increase due to the increase in the surface
H. The

profiles for

temperature parameter

dimensionless temperature
various values of Ry with & =2, ' =1,

H=1.5, x = 0.5 is displayed in Fig. 4.

Increasing the radiation-conduction
parameter R, enhances the dimensionless
temperature profiles. As the radiation-

conduction parameter R, and the surface
temperature parameter H are changed, the
dimensionless temperature profiles tend to
be similar to Figs. 3-4.

Fig. 1. Dimensionless temperature profiles

for various values of &
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Fig. 2. Dimensionless temperature profiles
for various values of T

Fig. 3. Dimensionless temperature profiles

for various values of H

1.0 4
E=2,T =1 =15
0.8 ~\ x = 0.5
0.6 1 R, = 10
S \\\
5 —
0.4 - \\\\\
0.2 A 0 —
~— e — —_—
0.0 : : ———
0 5 10 15 20 25 30

Fig. 4. Dimensionless temperature profiles
for various values of Ry
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Figure 5 shows the local Nusselt
number for various values of the transverse
curvature parameter & with I' = -0.5, R,

=10, H = 1.1. It is observed that the local
Nusselt number increases as the transverse
curvature parameter increases, at a given
X -
transverse

This is because that increasing the
3
temperature
gradient at the wall (Fig. 1). The local
Nusselt of
blowing/suction parameter I" with & =1,
R, =5, H=2.01is displayed in Fig. 6. The

local Nusselt number is increasing for the

curvature parameter

increases the dimensionless

number for various values

effect of suction, i.e. I" <0, for a fixed y .
The opposite is true for the effect of
This that
(blowing) case decreases (increases) the

blowing. is because suction
thermal boundary layer (Fig. 2).

Figure 7 illustrates the local Nusselt
number for various values of the surface
temperature parameter H with & =5, " =
-1, Ry 1. Increasing the surface
temperature parameter H enhances the
The local Nusselt

number for various values of radiation-

local Nusselt number.

conduction parameter R, with &= 2, T
1, H = 1.5 is shown in Fig. 8. It is seen
that the value of the local Nusselt number
increases with increasing the value of R,.
Moreover, as ) varies from 0 to 1,
Nusselt

reaches

the local number decreases

initially, a minimum at an
intermediate value of ¥ and then increases
5-8. The
phenomenon of minimum is also found in
Hooper et al. [9] for the case of Ry = ' =
0. This imply

corresponding minimum value in the local

gradually, as shown in Figs.

minimum does not a

Nusselt number. This is due to the nature

of Nu,/(Pe!?+Ra!?) vs. yx plot. For
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example, let us consider the present results
of £ =2, I"=1,H=15, Ry =1and y =
0.5 in Fig. 8. If the local Peclet number is
Pe, =
modified local Rayleigh number can be
found to be Ra, = 100 from Eq. (12).
Using the present numerical results of
Nu, /(Pe!? +Ra!’?), the value of Nu, for
mixed convection (Pe, = 100, Ra, = 100)

is 36.226. While, for pure free convection

taken as 100, the corresponding

(x = 0.0) and pure forced convection (
= 1.0) the Nu, values are found to be
19.228 and 23.697, respectively. Therefore,
it is obvious that the present result of Nu,
for mixed convection is higher than that

for pure free convection and pure forced

convection.
30
I = -05 Ry = 10, H = 1.1
. 25 1
S =10 T
I e — év —
o<1
N+
> 154 I
& L 5
< 10 -
Z 5 4 1 o ’/”_I’IA
o 0 I
O’—v—r' T T 1
0.0 0.2 0.4 0.6 0.8 1.0
X
Fig. 5. Local Nusselt number for various
values of &
9.0 4
¢ =1 ,Re=5,H=20
8.5 4
S
§ 8.0
st
N+
S 75
<
&
S 70 ~I = 1
= o
6.5 - S~ 1
6.0 ————— T T [
0.0 0.2 0.4 0.6 0.8 1.0
X
Fig. 6. Local Nusselt number for various

values of T’

PR EH SRR L FliaWe gi P
5 1
16
€ =5, =-1, Rg =1
-
—_ | ///
g 124 TTT—— —
& H = 3.0
[}
N+
E* 8
(] —
a~ . 20
S _ 0
j=] 4
- O R —
0777 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 7. Local Nusselt number for various
values of H

16 4
¢ =2 r=1,H =15
< 12 —
& L Ry = 10 —
s e
n
§x 8
& J——
Z —_— 5
>
5 |
2 4
- N o
O T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
X

Fig. 8. Local Nusselt number for various
values of Ry

4. Conclusions

The

effects on the mixed convection flow of an

radiation and blowing/suction
optically dense viscous fluid adjacent to an
isothermal vertical cylinder embedded in a
saturated porous medium with Rosseland
diffusion approximation 1is numerically
investigated. The transformed nonsimilar
conservation equations are obtained and
the Keller method.
results are the

dimensionless temperature profiles and the

solved by box

Numerical given for

local Nusselt number for various values of
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the combined convection parameter ), the
£ , the

radiation-conduction parameter R, , the

transverse curvature parameter

surface temperature parameter H and the
blowing/suction parameter I . It is
apparent that increasing the transverse
E , the
R, , the

temperature parameter H and decreasing

curvature parameter radiation-

conduction parameter surface
the blowing/suction parameter I" (for the
case of suction) will enhance the local
Nusselt number. The variation of the local
Nusselt number with the increase of y has

the phenomenon of minimum.
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