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ABSTRACT

The numerical investigation has been performed to study the radiation affected steady state
laminar mixed convection induced by a hot inner varied positions circular core in a horizontal
rectangular channel for a fully developed flow. To examine the effects of thermal radiation on
thermo fluid dynamics behavior in the eccentric geometry channel, the generalized body fitted
co-ordinate system is introduced while the finite difference method is used for solving the
radiative transport equation. The governing equations which used are continuity, momentum
and energy equations. These equations are normalized and solved using the Vorticity-Stream
function. After validating numerical results for the case without radiation, the detailed
radiation effect is discussed. From the parametric study, the Nusselt number (Nu)
distributions in steady state were obtained for Aspect Ratio AR (0.55-1) and Geometry Ratio
GR (0.1-0.9). The fluid Prandtl number is 0.7, Rayleigh number (0 < Ra < 10%), Reynolds
number Re (1-2000), Optical Thickness (0 <t < 10), Conduction-Radiation parameter (0 <N
< 100) for the range of parameters considered. It is indicated in the results that heat transfer
from the surface of the circular core exceeds that of the rectangle duct and when circular core
is lower than the center of the channel, the rate of heat transfer decreased. The correlation
equations are concluded to describe the radiation effect.

( )
(0.1-0.9) .
Re (1- (0 <Ra<10% (Pr=0.7) (0.55-1)
(0 <N <100) - (0<t<10) 1000)
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INTRODUCTION:

Fully developed mixed convection laminar
flow phenomena occur in a wide range of
engineering applications as  heat
exchangers, solar collector, electronic
equipment and similar devices. For this
purpose various investigations have been
performed in the literature under different
boundary and operating conditions in
order to maximize the heat transfer under
optimum channel geometries.

Initial investigations on the heat transfer in
channels neglected natural convection
effects and only studied forced convection.
In low Reynolds number flow conditions,
both heat transfer mechanisms play a vital
role and both have to be accounted for in
which the heat transfer is being considered
as mixed convection. [Pu et al, 1991]
reported experimental results of mixed
convection heat transfer in a vertical
packed channel with asymmetric heating
of opposing walls. The experiments were
carried in the range of (2 < Pe <2200) and
(700 < Ra < 1500). The measured
temperature  distribution indicates the
existence of secondary convection cell
inside the vertical packed channel in the
mixed convection regime.

Transfer of heat by simultaneous
convective and radiative transfer at high
temperature and high heat fluxes has
become increasingly important in the
analysis and design of high temperature
gas — cooled nuclear reactors, advanced
energy conversion devices, furnaces,
combustors etc. these and many other
applications have provided the impetus for
research on combined convection radiation
in participating media. [Larson and
Viskanta, 1976] studied the transient
laminar free convection and radiation in a
rectangular enclosure. The effects of non
participating  radiation,  wall  heat
conduction and laminar natural convection
were examined. The results indicate that
radiation dominates the heat transfer in the
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enclosure and alters the convective flow
patterns significantly.

[Kim and Viskanta, 1984] studied the
effects of wall conduction and radiation
heat exchanger among surfaces on laminar
free convection heat transfer in a two —
dimensional rectangular cavity modeling a
cellular structure. The local and average
Nusselt numbers were reported along the
cavity walls for a range of physical
interest. The local heat transfer rate was
found to depend not only on the natural
convection in the cavity but also on the
wall conductance and radiation
parameters. The results indicate that
natural convection heat transfer in the
cavity is reduced by heat conduction in the
walls and radiation exchanger among
surfaces.

[Bahlaoui, Raji, and Hasnoui, 2005]
studied numerically a mixed convection
coupled with radiation in an inclined
channel with constant aspect ratio and
locally heated from one side. The
convective radiative and total Nusselt
numbers were evaluated on the cold
surface and at the exit of the channel and
for different combinations of the
governing  parameters. The  results
obtained show that the flow structure is
significantly altered by radiation which
contributes to reduce or to enhance the
number of the solutions obtained.
[Gururaja Rao, 2004] reported the results
of an exhaustive numerical investigation
into the problem of multi — mode heat
transfer from a vertical channel for the
twin cases of (i) uniform and (ii) discrete
wall heat generation. Two —dimensional,
steady state, incompressible, conjugate,
laminar mixed convection with surface
radiation is considered in both cases. The
effects of parameters, such as surface
emissivity, aspect ratio, modified
Richardson number and discrete heat
source position on the fluid flow and heat
transfer characteristics are clearly brought
out.
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In the present investigation, the fully
developed laminar mixed convective and
radiative heat transfer will be investigated
in an horizontal rectangular channel with
interior circular core. The channel is fixed
and the effect of heat generation is studied
for thermal boundary condition of constant
wall temperature and for (0.1<GR<0.9),
(0.55<AR<I), (1 < Re £2000), (0 <Ra<
10%), (0 <N < 100)
MATHEMATICAL MODEL

Consider the steady state flow in an
annulus of a rectangular channel with
varied positions circular core as shown in
Fig. (1). This annulus is symmetrical
about Y-axis (0/0x =0). The flow is hydro
dynamically and thermally fully developed
laminar flow. The working fluid is
assumed absorbing, emitting and the fluid
properties are assumed constant except for
density  variation  with  temperature
resulting in the secondary flows generated
by the buoyancy forces. The axial (z)
direction shown in Fig. (1) is the
predominant direction for the fluid flow.
The flow is laminar, and viscous
dissipation effects are neglected. Axial
conduction and radiation are assumed
negligible following [Yang and Ebadian,
1991].

Governing Equations:

Assuming two — dimensional flow with
constant  properties, the governing
equations for the wvorticity — stream
function and the temperature at steady
state conditions are:

Stream Function Equation

_ oy
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Axial Momentum Equation
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Dimensionless Energy Equation
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Where the stream function v is defined in
terms of the axial and radial velocities as
follows respectively:

oy
V=" 4
e 4
The last term of eq. (3) represents the
radiation absorption term.

Normalization Parameters

The variables in the governing equations
and boundary conditions were transformed
to dimensionless formula by employing
the following transformation parameters:

x=2,vy=Y z-Z
d d d
poud vl wd
\" Vv
49—l 8_p _4,01/2 ﬂ_ T,
T, oz d’ " oz Prd
Pr=K
o
3
:4U€TW , t:KRd , U:a_l// ,
K .k Y
vo_ %
X

The boundary conditions applicable to
these equations are:
(1) At the inlet of the duct (Z= 0):

U=V=y=0=0 ,

w=Re

0=0.5,
vd
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the governing equations can be rewritten
(2) At the walls: in a general form as:

00 _oy oo W _, Gat
oX oX oX oX
symmetry line)

NUMERICAL METHODS

The elliptic transformation technique

which was originally proposed by
[Fletcher, 1988] is applied to generate the
curvilinear grid for dealing with the
irregular Cross sections. The
transformation functions
£ =F(X.Y)andy = (X, ¥) are obtained to
accommodate the irregular shape. Using
the curvilinear grid obtained the governing
eq. (1) to (3) and the boundary conditions
are then discretized and solved in the
computation domain (£,n). In this work,
an (81 X 61) grid in the transformed
domain (fXn) is adopted. The grid
systems have been properly adjusted to be
orthogonal locally at the boundaries. The
grid generation technique used is standard
and well accepted. Therefore, further
description about this technique would not
give here.

By using this method, the following
general equation can be used to generate
all the governing equations (1-3) in
computational co ordinate's formula:

‘]F(l//77¢§ - l//§¢17)=

(c4, + @, + @, 28,82, + 79, )+ sud>
)

Where ?® represent the general variable
which may be w, W or 0 and su is the
source term. Where I' = 1 for vorticity
transport and axial momentum equations
and I' = Pr for energy equation.

Finite Difference Formulation:
The three-point central difference formula
is applied to all the derivatives. Each of
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In the equations above i and j indicate to
the points of the grid in the generalized
coordinates # and 1 respectively.

As pointed out in [Anderson et al, 1984]
the Relaxation method can be employed
for the numerical solution of eq. (1). For
this investigation, the Line Successive
Over Relaxation (LSOR)  method
[Fletcher, 1988] and [Anderson et al,
1984] is used to solve equations (2 and 3).
A computer program (Fortran 90) is built
to calculate Nu. The convergence criterion
for the inner iteration (Error;,) of i is 10
and for the outer iteration (Error,,) of & is
10'°, where:
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Error,, = 2(al(i,j) + 7(i,j))AV/(i,j) (7

it+1 it

Vi) Vi
RP

AV = ®)

Where RP is the Relaxation Parameter
and equal 1.1 and represent the number
of iterations. The outer iteration is
checked only for &, as follow:

it+1 it
gb — gb

s 10710 (9)

b

Error,, =

EVALUATION OF HEAT
TRANSFER:

The peripheral heat transfer is defined
through the conduction referenced Nusselt
number as:

Local Nusselt number
The peripheral local Nusselt number on
the walls of the channel is computed from:

_99
on'"
- -4) )
Where n represent the dimensionless

normal outward direction.

The mean Nusselt number on the wall of
the rectangular duct and circular core is
obtained by using Simpson's rule:

1
Nu_ . =—| Nu,ds 11
c,r S‘! L ( )

Where s is represents the length of the
wetted perimeter in the rectangular duct
and circular core.

The mean Nusselt number (Nu) is a
measure of the average heat transfer over
the internal surface of the rectangular duct
and the outer surface of the circular
configuration. It is computed from the
following equation:

Nu=C_ Nu, +C Nu, (12)
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Where, Cc Nuc is a measure of average
heat transfer from the outer surface of the
circular core while C; Nu, corresponds to
heat transfer from of the internal surface of
the rectangular duct. Cc and Cr are the
perimetric ratios for the heat transfer and
are defined as:

RESULTS AND DISSCUSION:

Effect of Circular Core Position:

The heat transfer process through the
channel suffers from many changes in the
heat transfer process because of the layer
of the still air in the corners as shown in
Fig. (2). This layer cause to increase the
thermal resistance and that lead to
decrease the rate of heat transfer. The heat
transfer rate through the wall of the
circular core is uniform and greater than
that on the walls of the rectangular duct.
The direction of the heat transfer from the
walls towards the core of the channel is
shown by the isotherm lines.

The effect of the circular core position on
the isotherms and streamlines for air is
shown in Fig. (2-6). It is shown when the
circular core is lower than the center of the
channel, the volume and intensity of the
upper cell will be increased, while, for the
lower cell its volume and intensity will be
decreased until it is vanished because of
increasing the cross section area above the
circular core. But the lower area is
decreased when the circular core is get
down. This decreasing in the volume and
intensity of the cells under the circular
core will be lead to decrease the rate of
heat transfer then decrease Nu as shown in

Fig (7).

Effect of GR:

. The bulk temperature of air increased
with increasing in geometry ratio value as
shown in Fig. (8) and that because of
increasing in the surface area which
participating in the heat transfer process
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and that result to increase the rate of heat
transfer.

Fig. (9) illustrates the variation of mean
Nusselt number Nu through the channel
with GR value. It is shown that when GR
increased Nu increased and that resulting
from increasing in the surface area of the
circular wall. This increasing of the
surface area will lead to increase the rate
of heat transfer. The radiation effect is
very small for the small values of GR.
This effect increased with increasing in
GR value because of increasing the heat
gain by air with decreasing in the air
quantity.

Fig (10) illustrates the change in the value
of Nug along the wall of the circumference
of the circular core with GR value. The
value of Nuy is approximately uniform and
equally at small value of GR. For GR >
0.4, the value of Nug will be changed. and
will be decreased in the throat regions
because of impended of the wall to the
vorticity and that lead to decrease the rate
of heat transfer, while, in the other regions
Nup will be increased because of
increasing the intensity of vorticity and its
center, and that results to increase the rate
of heat transfer. But when GR reached 0.9,
the value of Nu; will be the maximum in
the throat regions, this is resulted from the
distance between the walls which is very
small, and that lead to increase the rate of
heat transfer.

Nui, on the walls of the rectangular duct
decreased with increasing in GR value in
the throat regions as shown in Fig (11),
while, in the other regions the value of
Nuy, increased when GR increased. The
minimum value is approximately equal
zero in the right corners of the rectangular
duct, and that because of the decreasing in
the rate of heat transfer resulting from
increasing the thermal resistance of the
semi-still air which is generated in these
corners. The heat transfer rate through the
wall of the circular core is uniform and
greater than that on the walls of the
rectangular duct.
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Effect of Re:

Fig. (12-14) illustrate the isotherms and
streamlines for different values of Re.
These figures show that the increase in Re
will not change the behavior of the stream
function and the temperature distribution,
but, it will be increase the intensity and the
value of stream function and the
temperature of the air.

The effect of Re on the value of Nu is
shown in Fig. (15), where it is shown that
the value of Nu is decreased with
increasing Re until it is reached the
minimum value at Re = 350. But, Nu
value will be something increased when
Re is increased from 350. When Re = 1,
the convection process is only natural
convection, where the effect of the
buoyancy force and the secondary flow
had a vital role in the heat transfer process,
and that lead to turn the streams of air
widely through the cross section area of
the channel. So, the increasing in Re is
effected negatively on the heat transfer
process, where it lead to increase the axial
velocity of the flow and implement the
vorticity of the air, but it is lower than the
case of the natural convection. Also, the
radiation effect is very small for the low
values of Re, but its effect will be
increased with increasing in Re value.

In Fig. (16) the effect of Ra on Nu value is
shown with the variation in Re. This effect
is approximately constant with the
variation of Re value.

Radiation Effect:

The correlation equations for the plotted
curves are done to know the radiation
effect on the rate of heat transfer. These
equations are made by using the curve
fitting method.

Nu = 6.5677 +39.176 GR*®’

Nu =13.0733+ 0.0323]1 AR 3
(Without radiation)
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Nu = 7.577 + 44.648 GR*'

Nu=12.117+0.58597 AR™**
(With radiation)

For the bulk temperature, the effect of
radiation will be written as follow:

6, =—12.287+13.304 GR**'*"
(With Radiation)

6, =—15.747+16.763 GR>*1*”
(Without Radiation)

CONCLUSIOS:

From the present work results and
for the channel that described
previously, the following
conclusions can be obtained:
When the circular core is lower
than the center of the channel, the
volume and intensity of the upper
cell will be increased, while, for
the lower cell its volume and
intensity will be decreased.

The decrease in the volume and
intensity of the cells under the
circular core lead to decrease the
rate of heat transfer

The bulk temperature of air
increased with increasing in
geometry  ratio. When GR

increased Nu increased and that
resulting from increasing in the
surface area of the circular wall.
The value of Nuy is approximately
uniform and constant at small
value of GR. For GR > 0.4, the
value of Nuy will be changed, and
will be decreased in the throat
regions but when GR reached 0.9,
the value of Nup will be the
maximum in the throat regions.
Nu;, on the walls of the
rectangular duct decreased with
increasing in GR value in the
throat regions, while, in the other
regions the value of Nug,
increased when GR increased. The
minimum value is approximately
equal zero in the right corners of
the rectangular duct
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The increases in Re will not
change the behavior of the stream
function and the temperature
distribution, but, it will be increase
the intensity and the value of
stream function and the
temperature of the air.

Nu decrease by 33% with
increasing in Re and at Ra = 400,
while it is increased by 1% with
increasing in Ra and at Re = 100.
The radiation effect is very small
for the low values of Re, but its
effect will be increased with
increasing in Re value.

The radiation effect on the heat
transfer coefficient is known by
making a correlation equations
and this effect show that Nu will
be increased.
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and Radiation across a
NOMENCLATURE
Symbol Description Units
AR Aspect ratio (AR = L /H) -
D The diameter of circular core m
d The hydraulic diameter of the channel m
H The height of the rectangular duct m
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J Jacobean of direct transformation -
Symbol Description Units
k Thermal conductivity of the air W/m.”C
Kr Volumetric absorption coefficient m’!
L The width of the rectangular duct m
N Conduction-radiation parameter(4ceT,,’/Kg k) -
Nu The mean Nusselt number -
The local Nusselt number in the circular and rectangular
NuLc, Nqu . -
walls respectively
P: P- Wetted perimeter for the circular and rectangular walls
(| : m
respectively
Pr Prandtl number (Pr = v/a) -
R The circular core radius m
Ra Rayleigh number (Ra=p g d* T,/ a.v) -
Re Reynolds number [Re = (-d*/4pv)(0P/0z)] -
GR Geometry ratio (GR = D/H) -
T Air temperature °C
t Optical thickness(t = Kr Dy) -
Ty Wall temperature °C
u, v, w The velocity components in X, y and z direction respectively m/s
The normalized velocity components in X, y and z direction
UV, W ; -
respectively
X, Y, Z The physical coordinates of the channel m
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X, Y,Z The dimensionless physical coordinates of the channel -
GREEK SYMBOLS
Symbol Description Units
a Thermal diffusivity m’/s
a,, B uwy, 0, T The coefficient of transformation of BFC -
B Coefficient of thermal expansion /K
£ Emissivity -
{" N Coordinates in the transformed domain m
g Dimensionless air temperature -
8y Dimensionless bulk temperature -
8.6, Dimensionless temperature of the circplar core and )
rectangular duct walls respectively
[ Dimensionless wall temperature -
v Kinematics' viscosity of air m’/s
o Air density kg/m’
F Stefan Boltizmann constant W/m’K*
Y Dimensionless air stream function -
W Dimensionless air vorticity -
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SUPERSCRIPTS AND SUBSCRIPTS

Symbol Description Units
b Bulk -
C Circular core -
g Generation -
(1,7) Grid nodes in X and Y directions -
L Local -
r rectangular duct -
w Wall -
Symbol Description Units
° Degree -
h Average -

A

yl

2 4

V4

Fig.(1) Schematic of the Problem Geometry
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v 0
15 0.00089873 15 0.997324
14 0.000806143 14 0.994648
13 0.000713557 13 0.991971
12 0.00062097 12 0.989295
11 0.000528383 11 0.986619
10  0.000435796 10 0.983943
9  0.00034321 9 0.981267
0.000250623 8  0.97859
7 0.000158036 7 0.975914
6  6.54494E-05 6  0.973238
5  -2.71373E-05 5  0.970562
4 -0.000119724 4 0.967886
3 -0.000212311 3 0.965209
2 -0.000304898 2 0.962533
1 -0.000397484 1 0.959857
Fig. (2) Streamlines and Isotherms for Concentric Core and for GR = 0.5
\% 0

15 0.00172237
14  0.00157653
13  0.00143068
12 0.00128483
11  0.00113899
10  0.000993141
9 0.000847295
0.000701449
7 0.000555603
6 0.000409757
5 0.000263911
4 0.000118064
3 -2.77817E-05
2 -0.000173628
1 -0.000319474

15 0.996374
14 0.992749
13 0.989123
12 0.985498
11 0.981872
10 0.978247
0.974621
0.970995
0.96737

0.963744
0.960119
0.956493
0.952868
0.949242
0.945617

PNWAUOON©O

Fig. (3) Streamlines and Isotherms for Ly, =0.3
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v 0

15 0.00332844 0.995047
14 0.00309059 0.990094
13 0.00285274 0.98514

12 0.00261488 0.980187
11 0.00237703 0.975234
10 0.00213918 0.970281
9 0.00190133 0.965327
8 0.00166348 0.960374
7 0.00142563 0.955421
6 0.00118777 0.950468
5 0.000949922 0.945514
4 0.00071207 0.940561
3 0.000474219 0.935608
2 0.000236367 0.930655
1 -1.48465E-06 0.925701

Fig. (4) Streamlines and Isotherms for Ly, =0.35
v )

15 0.993008
14 0.986017
13 0.979025
12 0.972033
11 0.965042

15 0.00642436
14 0.00598565
13 0.00554694
12 0.00510823
11 0.00466952

10 0.00423081 10 0.95805
9 0.0037921 9 0.951058
0.00335339 8 0.944066
7 0.00291468 7 0.937075
6 0.00247597 6 0.930083
5 0.00203726 5 0.923091
4 0.00159855 4 0.9161
3 0.00115984 3 0.909108
2 0.00072113 2 0.902116
1 0.00028242 1 0.895125

Fig. (§) Streamlines and Isotherms for Ly, =0.4
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1 0
15 0.0116193 0.990329
14 0.0108369 0.980659
13 0.0100545 0.970988
12 0.00927215 0.961317
11 0.00848975 0.951646
10 0.00770736 0.941976
9 0.00692496 0.932305
0.00614257 0.922634
7 0.00536017 0.912963
6 0.00457777 0.903293
5 0.00379538 0.893622
4 0.00301298 0.883951
3 0.00223059 0.87428
2 0.00144819 0.86461
1 0.000665796 0.854939
Fig. (6) Streamlines and Isotherms for Ly, =0.45
16
-
B h ~ Nu
- A N - - - = NuLC
14 |- N ———— Nu,,
i Ra=400,Q=0,N=5
i t=1,AR=1,Pr=07
12 A=0
= 10f
Sk
6 e
[ L I L L I L L

(@1
N
(&)}

0.3

| I |
0.35
Ly.

Fig. (7) The Effect of Circular Core Positions
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1pF
0975
0.95 . o
N Without Radiation
0.925 — — — — With Radiation
09
- Re =100, Ra =400, A=0
o GR=05,Pr=07,GR=05
D 0. — , ,
0875F t=1,N=50Q=0
0.85 |-
0.825 F
08F
0.775
[ Ll Ll Ll Ll ‘
0'750 0.2 0.4 0.6 0.8 1
GR

Fig. (8) The Effect of Geometry Ratio on the Bulk Temperature
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Without Radiation
— — — — With Radiation
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Fig. (9) The Variation of the Mean Nusselt Number with Geometry Ratio
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Fig. (10) The Variation of the Local Nusselt Number with p.’
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E
Fig. (11) The Variation of the Local Nusselt Number with P,”
v 0
15  0.000314979 15  0.999126
14  0.000291258 14  0.998253
13 0.000267536 13 0.997379
12 0.000243815 12 0.996505
11 0.000220093 11 0.995631
10  0.000196371 10  0.994758
9  0.00017265 9  0.993884
8  0.000148928 8  0.99301
7 0.000125207 7 0.992136
6  0.000101485 6  0.991263
5  7.77633E-05 5 0.990389
4  5.40417E-05 4 0989515
3 3.03201E-05 3 0.988641
2 6.59851E-06 2 0987768
1 -1.71231E-05 1 0.986894

Fig. (12) Streamlines and Isotherms for Re = 1
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Mixed Convection Phenomina Affected By

R.G. Sayhood Radiation In A Horizontal Rectangular
Duct With Cocentric And Eccentric
v 0

15  0.00524195 15  0.976731
14 0.00467694 14 0.953462
13 0.00411193 13 0.930193
12 0.00354693 12 0.906924
11 0.00298192 11  0.883655
10  0.00241691 10  0.860386
9 0.00185191 9 0.837118

0.0012869 8 0.813849
7 0.000721893 7 0.79058
6 0.000156886 6 0.767311
5  -0.000408121 5 0.744042
4 -0.000973128 4 0.720773
3 -0.00153814 3 0.697504
2 -0.00210314 2 0.674235
1 -0.00266815 1 0.650966

Fig. (13) Streamlines and Isotherms for Re = 1000
v 0

15  0.0095303 15  0.958331
14  0.00855164 14 0.916663
13 0.00757298 13 0.874994
12 0.00659432 12 0.833326
11  0.00561566 11 0.791657
10  0.004637 10 0.749989
9 0.00365834 9 0.70832

0.00267968 8 0.666652
7 0.00170102 7 0.624983
6 0.000722358 6 0.583315
5  -0.000256303 5 0.541646
4 -0.00123496 4 0.499978
3 -0.00221362 3 0.458309
2 -0.00319228 2 0.416641
1 -0.00417094 1 0.374972

Fig. (14) Streamlines and Isotherms for Re = 2000
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Fig. (15) The Variation of the Mean Nusselt Number with Reynolds Number
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Fig. (16) The Variation of Nusselt Number with Re for Different Values of Ra
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