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Abstract

The study of combined heat transfer of convection and radiation in rectangular ducts rotating in a parallel mode was investigated
numerically in detail. The coupled momentum and energy equations are solved by the DuFort-Frankel numerical scheme to examine
the interactions of convection with radiation. The integro-differential radiative transfer equation is solved by the discrete ordinates
method. Results are presented over a wide range of the governing parameters. The present results reveal that the rotational effect in
a square duct is more significant than that in a rectangular one. The predictions also demonstrate that the radiation presents significant
effects on the axial distributions of the total Nusselt number, Nu;, and tends to reduce the centrifugal-buoyancy effects. The effect of
rotation on the Nu, is restricted in the entrance region, however, the radiation affects the heat transfer through out the channel. Addi-
tionally, the Nu, increases with the decrease in the conduction-to-radiation parameter Nc.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Combined heat transfer of convection and radiation in
rotating ducts is of interest in many engineering applica-
tions, such as solar collectors, electronic equipments, heat
exchangers and coolant passage for the cooling of turbine
or rotor blades. The rotation induces additional body
forces, i.e., centrifugal and Coriolis forces, acting on the
flow, so that the momentum transfer mechanism becomes
more complex. Separate calculation of convection and
radiation effects without consideration of their interaction
is used in many studies due to the weak radiation effect.
However, as convection and radiation effects are both of
the same importance, it would lead to significant errors
in the results, because the presence of thermal radiation
in the flow alters the temperature distributions. Hence,
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momentum, energy and radiation transport equations must
be solved simultaneously in order to determine the local
velocity, temperature and heat transfer rate, when radia-
tion effect is considered.

As well known, the rotating channel flows have been
extensively studied experimentally and numerically, in
order to investigate the heat transfer and flow characteris-
tics, as is evident in the study by Soong and Yan [1]. The
first theoretical study of fully-developed convective heat
transfer with rotating parallel ducts was by Morris [2] using
the perturbation analysis. However, some studies are
restricted in the effect of Coriolis force on the flow fields
with unheated rotating ducts [3-10]. Some studies have
been made of the flow and heat transfer in rotating ducts
without the added complexity of centrifugal-buoyancy
and thermal radiation [11-15].

Skiadaressis and Spalding [16] numerically investigated
laminar mixed convection heat transfer and fluid flow
in developing and fully-developed regions of a circular
tube rotating in parallel mode. Mahadevappa et al. [17]
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Nomenclature

a height of rectangular duct (m)

b width of rectangular duct (m)

D, hydraulic diameter, 2ab/(a + b) (m)

E dimensionless eccentricity of the rotation ducts,
H/D,

f friction factor, 2tw /(pu3)

G, G dimensional and dimensionless incident radia-

tion, G* = G/(4n*aT?)
Gro  rotational Grashof number, (2°D,)f(Tw — Ty)

D3 /v

H radial distance from the axis of rotation to cen-
terline of duct (m)

h circumferentially averaged heat transfer coeffi-

cient (W/m? °C)
J rotational Reynolds number, QD?/v
k thermal conductivity (W/m K)
m directions of the discrete ordinates
numbers of finite difference divisions in the Y
and Z directions, respectively
n direction of coordinate normal to the duct wall
n refractive index
N* order of the phase function
Nc conduction-to-radiation parameter, kf/ (47> T5,)
Nu, convective Nusselt number
Nu, radiative Nusselt number
Nu, total Nusselt number, Nug = Nu. + Nu,
Pe Peclect number, Pe = Re - Pr
p, P dimensional and dimensionless cross-sectional
mean pressure, respectively
P, Legendre polynomial

Pr Prandtl number, v/a

qgc convective heat flux

gr radiation heat flux

gt total heat flux

Qr dimensionless radiation flux
Re Reynolds number, uyD, /v
Ry rotational number, QD, /ug
T temperature (K)

To inlet temperature (K)

Ty wall temperature (K)

u, v, w velocity components in the x, y and z directions,
respectively (m/s)

U, V, W dimensionless velocity components in the X, Y,
Z directions, respectively
x, y, z rectangular coordinate (m)
X, Y, Z dimensionless rectangular coordinate, X =
x/(D.-Re), Y =y/D., Z =z/D,

X dimensionless axial coordinate, X* =X/Pr=
x/ (D, - Pe)
v* dimensionless gradient operator

Greek symbols
thermal diffusivity (m?/s)

o
p coefficient of thermal expansion

p extinction coefficient

y aspect ratio of a rectangular duct, a/b

Ew wall emissivity

0 dimensionless temperature, 7/Tw

0o dimensionless inlet temperature ratio, To/Tw
n, u, { direction cosines

v kinematic viscosity (m?/s)

14 dimensionless vorticity in axial direction

p density (kg/m’)

a Stefan—-Boltzman constant

o scattering coefficient

T optical thickness

Ty wall shear stress (kPa)

v dimensionless radiation intensity n//(#>cT4)

¢ scattering phase function

@ _, single scattering albedo

Q, Q outward and inward direction of radiation
Q angular velocity of rotation
Subscripts

b bulk fluid quantity

c convective

0 condition at inlet

r radiative

t total

\4 value at wall

Superscript

- averaged value

analyzed fully-developed flow and heat transfer under
influence of rotation-induced buoyancy in rotating rectan-
gular and elliptical ducts. In experimental work on laminar
[18,19] and turbulent [20,21] entrance flow in rotating ducts
of parallel mode, it was found that the increase in the flow
resistance due to rotation in the entrance region is typically
30-40% in the laminar flow regime, but 10% in the turbu-
lent regime. Form the experiments on fully-developed lam-
inar and turbulent flows in a rotating elliptical duct [22],
the increase in heat transfer due to rotation for an elliptical

duct lies between the values for circular and square ducts.
Numerical and experimental studies on laminar flow of
rectangular ducts for aspect ratio y = 0.5 were conducted
by Neti et al. [23] and Levy et al. [24], respectively. In their
studies, the centrifugal-buoyancy effects on the flow and
heat transfer characteristics were not addressed in detail.
Recently, Tso et al. [25] and King and Wilson [26] numer-
ically studied the effects of Coriolis force and buoyancy
force on the flow with rotation. However, consideration
of thermal radiation is not included in their investigations.
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As far as combined convection and radiation are con-
cerned, convection heat transfer in a stationary duct with
radiation effect only (i.e., without thermal buoyancy) has
been examined by several investigators during the past 30
years for ducts subjected to prescribed heat flux or wall
temperature at the wall surfaces. Chawla and Chan [27]
solved the problem of thermally developing Poiseuille flow
with scattering using the method of collocation with
splines. The combined convection and radiation heat trans-
fer in thermally developing pipe flow was examined by
Azad and Modest [28]. In their work, a modified differen-
tial approximation method was used to solve the radiative
transport, accounting diffuse reflection and linear aniso-
tropic scattering effects. Yender and Ozisik [29] investi-
gated the combined convection and radiation heat
transfer for absorbing, emitting, and isotropic-scattering
gray turbulent fluid flow in parallel-plate channel. A simi-
lar investigation was also done by Krishnapradas et al. [30].

According to the literature survey, it is noted that the
combined convection and radiation heat transfer in rectan-
gular ducts rotating about a parallel axis has not been well
evaluated. This motivates the present study, which treats
the mixed convection heat transfer in rotating rectangular
ducts with consideration of thermal radiation effects.

2. Analysis

Fig. 1 shows a rectangular duct of height ¢ and width b
rotating at a constant angular speed Q around an axis par-
allel to the duct itself. The distance of the duct centerline to
the rotating axis is the eccentricity H. The flow enters the
duct inlet (x = 0) with a uniform axial velocity u, and uni-
form temperature 7. Variables u, v, and w are the velocity
components in the x, y, and z directions, respectively. In

order to simplify the analysis, the flow is assumed to be
steady and incompressible. Additionally, the participating
gas is assumed to be gray, absorbing, emitting, and scatter-
ing. The Boussinesq approximation is invoked to account
for the centrifugal-buoyancy effects.

For a sufficiently fast rotating system, gravitational
force is neglected for its small magnitude compared to
the centrifugal force. Axial diffusion in momentum and
energy balance is also ignored for small influences. This
is justified as the Peclect number Pe is high enough, e.g.
Pe >100 [31].

According to the above assumptions, the problem can
be formulated by the following dimensionless vorticity-
velocity formulations:

Table 1
The discrete directions and quadrature weights for the Sg method (one
octant only)

m um ”m Cm W:(ﬂ
1 0.948235 0.224556 0.224556 /6
2 0.689048 0.689048 0.224556 /6
3 0.224556 0.948235 0.224556 /6
4 0.689048 0.224556 0.689048 /6
5 0.224556 0.689048 0.689048 /6
6 0.224556 0.224556 0.948235 /6
Table 2

Comparison of local Nu, for various grid arrangement for y = 1, J = 600,
Gro=2x10*, No=0.1,t=1, =0 and &, = 0.5

M x N(AX") X

0.001 0.005 0.01 0.05 0.1 03
1393 7.54 631 6.84 6.54 593
13.63 7.52 6.31 6.80 6.54 5093

1388 7.52 629 684 6.54 593
15.65 7.60 630 6.84 6.57 593

51 x 51(1 x 107%-1.5 x 10~
81 x 81(1 x 107°-1.5 x 10~
51 x 51(1 x 1077-1.5 x 10~

j)
)
%)
31 x 31(1 x 1075-1.5 x 107%

Fig. 1. Schematic diagram of the physical system.
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where the dimensionless variables and groups are defined
as follows:

X=x/(D.Ry); Y=y/D.; Z=z/D,; U=u/uy;
V=uvD,/v; W=wD,/v; P=p/(pul); X" =X/Pr;
0=T/Tw; Pr=v/o; 1=pDs; w=3/p;

oY’ ' oz2 oY oxoz i o
p O, 0,08 QU (U W QU o Ry=QD,[uy; J=QD,/v; E=H/D;; Nc=kp/(4n"oT;);
ax oy "azTcax T \oy ax oz ax Gro = (Q*D,)B(Tw — To)D? /v*;
e @ oU (Y 1 Gro 00 G'=G/(4n’aTy); 0y=To/T
:_52+_§+2J_+ Yo _1+47) Gro 20 /( w)i Oo=To/Tw
oY: oz )¢ E 49E ) 1 -0, 0Z (6)
Z 1+7v\ Gro 00 4
\E  4E J1-0,0Y (4) For proper calculation of the axial pressure gradient,
30 00 00 —dP/dX, the global mass conservation has to be satisfied
U ax T Vﬁ + W& at each axial location. Hence
1[0 90 (1-w) . 140)/@0)  p(4+9)/2 2
= gttt (G — 0 5 N/ * 1+
Pr[a)/ﬁazfr Ne | )] G) / / varaz =17 (7)
0 0 (47)
1 T -
e
09} b
0.8 b
Gb 0.7 ]
""" No radiation
o6l O Gra=5x10* |
A Gra=2x10*
[] Gra=1x10*
il A Gro=10"~0
0.4 i i a1 a1
0.01 . 0.1
X
1 T
09 |
0.8 |
Gb 0.7 |
""" No radiation
0.6 O N.=0.05 7
A N,=0.1
05 ] Ne=0.5 1
® N.=10
0.4 i i el .l
0.01 . 0.1
X
Fig. 2. Effects of Grgp and N on the axial distributions of bulk temperature.
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The boundary conditions for the convective governing
equations of this problem are given by
atwalls: U=V =w=0, 0=1 (8)

atentrance: U=1, V=w=¢(=0, 0=0, 9)

In Eq. (5), G* is the dimensionless incident radiation
function evaluated from the radiation intensity condition,
which is defined as

G 1
_4’7126T¢V_4TE O=4rn

sk

Y dQ (10)

The dimensionless intensity of radiation ¢ =
nl /(7?6 Ty,) in the direction Q can be evaluated from the
solution of radiation transport equation (RTE).

o o
oy THaz

T

+r¢:(1—w)7:04+2)—n (@, B)ypde (11

Q' =4n

24

Once the dimensionless radiation intensity y is known,
the dimensionless radiation flux vector and incident radia-
tion are determined from their definitions as
= g
Qr = -

- QydQ 12
4?126va 4T Jo ar 4 (12)

Following the usual definition, the peripheral average of
friction parameter, fRe, can be expressed based on the axial
velocity gradient on the duct walls, viz.

fRe = —2(dU Jon), (13)

The total wall heat flux, which is the sum of the convec-
tive and radiative contributions, can be expressed in terms
of a local total Nusselt number Nu;

00w /0n T@r/NC
1 -0, 1 — 0y

Nug = Nuc + Nu, = (14)

22

20

16 |

14

(a) ===== No radiation
J =800
J =600
J =400
J =200
J=0

bOLI>O

O1J
a
& .
---- Yo 00
-~ i O
3F @ J *--"‘*"'-*---b----*-n-.i'?ﬁ
A J=0
2 l l
0.01 0.1

#

X

Fig. 3. Effects of J on the axial distributions of fRe and Nu;.
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where Nuc and Nu, denote the local convective Nusselt
number and radiative Nusselt number, respectively. Here
the overbar means the average around the perimeters.

The solutions depends on two geometry parameters, 7y
and E, three flow/thermal parameters, J, Grgo, and Pr,
and five radiation/convection parameters, Nc, 1, o,
&y, and 0. The rotational Reynolds number J characterizes
the Coriolis force effect or a measure of the relative
strength of Coriolis force to viscous force. The value of
Gro measures the significance of the rotation-induced
buoyancy effect. The conduction-to-radiation parameter
Nc characterizes the relative importance of conduction
with respect to radiation. The effect of radiation is getting
strong as the N decreases. To reduce the computational
efforts, the parameters, Pr, E, and 0, are fixed to be 0.7,
10, and 0.3, respectively. Effects of the rest parameters
are studied in detail.

H.-C. Chiu et al. | International Journal of Heat and Mass Transfer 50 (2007) 42294242

3. Solution method

In this study, the governing equations are solved by the
vorticity-velocity method for three-dimensional parabolic
flow [32]. The equations for the unknowns U, V, W, &, 0
and dP/dX are coupled. A numerical finite-difference
scheme based on the vorticity-velocity method is used to
obtain the solution of Egs. (1)—(5). Details of the solution
procedures have been described elsewhere [33], and are
not repeated here. The solution to the radiative transfer
equation is obtained by the Sy or the discrete ordinates
method [34-36]. In this approach, the solid angle 4x is dis-
cretized into a finite number of directions. The discrete
ordinates form of the radiative transport equation can be
obtained by evaluating equation at each of the discrete
directions and by replacing the integral term by a numeri-
cal quadrature to give

24 ——— .
No radiation
22 Gro=5x10* -
Gra=2x10*
Gro=1x10*
20+ 3 i
Grao=5x10
fRe Gro=10>~0
18 +
16 +
14 L .
0.01 . 0.1
X
9 — :
r=1
3 (b) ===== No radiation
7
6
Nu
t
5
4 7 -
SodT g N o - - -,
t O Gra=5x10" ANl - ~.:‘-.-:5n:_“~;~a o ]
3L A Gra=2x10* ® Gra=5x10° . |
- [ Gra=1x10* A Gro=102~0
2 L L a1l L L L L P |
0.01 " 0.1

X

Fig. 4. Effects of Grg on the axial distributions of fRe and Nu, for y = 1.
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(1 —ew) .
b= o+ 0 S

U <0, w,>0 Z=(147)/2 (16d)
where subscript m and m’ represent the direction of the dis-
crete ordinates, and w?, are the quadrature weights. The

discrete form of the phase function ¢,,,, is given by
N

¢m’m = Z anPn (gm’ Cm + N M + :um’:um) (17)
n=0

The accuracy of the Sy method depends on the choice of
the quadrature scheme. In this work, the momentum-
matching technique suggested by Carson and Lathrop
[37]1s applied to calculate the discrete directions and quad-
rature weights as listed in Table 1. The total number of the

No radiation
O Gro=5x10* ]
A Gra=2x10"
O Gro=1x10*
) Gro=5x10°
A Gro=107~0 ]

- - Q -
SR Ny T o
SSASIRIRR TN

alpm alﬁm o 4 wT "
’/’m aY + :um aZ + T"pm - (1 (/U)TQ + 4TC Em;wm’d)m/ml//lw
(15)
with the boundary conditions,
_ (1—éw) .
lpm =éw + - ; wm’ |’7m’ ‘Wm”
M > 07 My < 07 Y =0 (16{:1)
_ (1 —&w) .
lpm =éw + p ; ‘//m’|17m’ ‘Wm’a
My <0, 1,0 >0, Y=(1+7)/(2) (16b)
_ (1—éw) .
lpm = éw + P ; l/jm’ |;/Im’ ‘Wm”
Uy >0, u,<0, Z=0 (16¢c)
24 ————
22
20+
fRe
18+
16
]
0.01
Ir———
(b) 7=05

No radiation

® Gro=5x10°
A Gro=10°~0 .

~
~
(A TS -
~ -
L
e g

ayg.. o
ok ST R

PR |

4L O  Gra=5x10*
A Gra=2x10*
3 [0 Gra=1x10*
2 1 1 a1
0.01
Fi

0.1

*

X

g. 5. Effects of Grg on the axial distributions of fRe and Nu, for y =0.5.
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discrete directions is 24 when the Sg scheme is used for a
two-dimensional geometry. Eqgs. (15), (16a)-(16d), (17)
are solved using the procedure described by Modest [36]
to calculate the dimensionless radiation intensity, radiation
flux, and incident radiation.

To examine the grid dependence of the numerical
results, a numerical experiment was performed with vari-
ous grid distributions in cross-section plane (M x N) and
axial step size (AX™). In this work, grids were uniformly
arranged in the cross plane but non-uniform in the axial
direction to account for the uneven variations of velocity
and temperature in the entrance region. It was found from
the Table 2 that the deviations in local total Nusselt num-
ber Nu, calculated with M x N=51 x 51 and 71 x71
AX*=1x10°15x 10* are always less than 2% for
typical case with y =1, J =600, Gro =2 x 10*, Nc = 0.1,
=1, w =0 and ¢, = 0.5. Furthermore, the deviations in

H.-C. Chiu et al. | International Journal of Heat and Mass Transfer 50 (2007) 42294242

Nu; calculated using M x N(AX")=51 x 5S1(AX" =
1 x107%1.5%x 107% and 51 x 51(AX* =1 x 1077-1.5 x
10~%) are all less than 2%. Accordingly, the computations
involving a M x N(AX") =51 x 51(AX* =1 x 107%-1.5 x
10~%) grid are considered to be sufficiently accurate to
describe the fluid flow and heat transfer in a square duct
rotating in a parallel mode. As for the grids employed for
the rectangular ducts various aspect ratio cases, the
81 x 41 or 41 x 81 grid arrangement was used for aspect
ratio y =2 or 0.5, respectively. As a partial verification of
the computational procedure, results were initially
obtained for convection heat transfer in a rotating square
duct without thermal radiation effect. The results for heat
transfer and friction factor were compared with those of
Soong and Yan [1]. The predicted Nusselt number and fric-
tion factor were found to agree with those of Soong and
Yan [1] within 2%.

24—y .
r=2 (a)===== No radiation
” O Gra=5x10*
A Grao=2x10"
O Gro=1x10*
20t ° Grao=5x10* i
_____ A Gro=10"~0
fRe
“
18 +
16 +
e . "
0.01 . 0.1
X
9 — 7 r — r
T=2 (B eemes P
sk (b) No radiation

.."
Jhb e PN
':‘;D - ‘-&;u
‘' ' 0 Gra=sx10* "=:§2133§5533.__= 7
Lo Gro=2x10' @ Gra=5x10° “*~*:==’=ﬁ:ﬁ'“‘f‘
]  Gra=1x10* A Gro=10"-~0
200 01

#

X

Fig. 6. Effects of Grg on the axial distributions of fRe and Nu, for y = 2.
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4. Results and discussion

For practical applications, the bulk temperature of the
fluid along the channel is important. Fig. 2 shows the
effects of rotational Grashof number Gro and conduc-
tion-to-radiation parameter Nc on the axial distributions
of the normalized bulk temperature 0y,. It is clearly seen
from Fig. 2a that the value of 0, rises fast in the entrance
region and converges to unity. The thermal development
(temperature rise) is enhanced with increased Grg and is
reduced by radiation effect. The magnitude of Grq indicates
the influence of centrifugal buoyancy on the fluid flow.
Therefore, the centrifugal buoyancy increases the thermal
development along the duct. Also, it is seen that the effect
of radiation is greater than that without radiation. It can be
easily found in Fig. 2b that the bulk temperature develops
quickly with smaller Nc. Similar to the curves in Fig. 2a,

4237

the effect is restricted in the entrance region. Beyond this
region, the bulk temperature is not influenced by either
buoyancy or radiation. In addition, the bulk temperature
is almost the same as that without radiation when Nc is
large (Nc > 0.5), which corresponds to a weak radiation—
convection interaction. It can be easily realized that the
bulk temperature is higher with stronger radiation effect
(Nc = 0.05) due to radiative heat flux being an additional
mode of energy transport.

The axial distributions of fRe and Nu, for different rota-
tional Reynolds numbers with and without radiation effect
are depicted in Fig. 3. Both the values of fRe and Nu
monotonically decline along the axial location without
rotation and radiation effects. Rotation induces the second-
ary flow and vorticity and in turn causes raise and fluctua-
tion of fRe and Nu,. Near the very inlet, both fRe and Nu,
are not significantly influenced by rotation. The rotational

24 ——— r r

»l (a)

16 +

No radiation
O N=0.05

A N=0.1 1
] N=0.5

() N.=1.0

0.01

10 ——— . .
(b) ===== No radiation

%

X

Fig. 7. Effect of Nc on the axial distributions of fRe and Nu,.
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effect then axially increases and causes a local minimum
fRe (Nuy). The values are raised with increasing rotational
speed (Reynolds number) due to the stronger Coriolis
force. For J = 600 or higher, oscillations in the variations
of fRe and Nu, exist after the first local minimum. This
behavior is related to the emergence and decay of the sec-
ond pair of vortices. It is observed that the radiation has
weak influence on the variation of fRe, but it strongly
raises the value of Nu,, from the very inlet to the farther
downstream region. This influence is axially augmented.
With or without radiation effect, the curves asymptotically
converge and temperature fields approach the fully-devel-
oped conditions.

Figs. 4-6 show the effect of rotational Grashof number
Grq on the local friction factor fRe and total Nusselt num-
ber, with different aspect ratio y. Fig. 4 present the axial
distribution of fRe and Nu, with different Grg for a square

24
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duct (y = 1.0). It is clear that both fRe and Nu, are raised
with increasing Grg. Similar to the curves in Fig. 3, oscilla-
tions in the variations of fRe and Nu; exist after the first
local minimum for Gro < x10*. The observation of the
curves also reveals that the deviations due to buoyancy
take place in the entrance region. However, the influence
of radiation on Nu; extends to the downstream. It is clear
that the Nu, curves with and without radiation show differ-
ent convergence values. Although radiation significantly
raises the curves of Grg, it does not affect their features
and the locations where the local minimal take place.
Besides, the centrifugal-buoyancy effect can be neglected
for Gro < x107 [14].

Fig. 5 show the curves of the same conditions as that in
Fig. 4, except for y = 0.5. It is found that the curves present
similar trends, but they are more smooth than those of a
square duct (y =1.0). It is seen in Fig. 5a that the local

(a)
22

20

18

16

14

No radiation
7 =0.1
7=0.5
7=1.0
7=2.0

®[1>O

0.01

12

10

I 7=2.0 1
/ D\C\\G
_\j\ \/_-ﬂ \D\Dﬂﬂﬂﬂﬂﬂ

No radiation-
7=0.1
7 =0.5
7=1.0

®[I>O

0.01

0.1

%

X

Fig. 8. Effect of 7 on the axial distributions of fRe and Nu,.
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minimum does not exist for Gro < x10°%, meaning the
buoyancy effect on fRe (Nu,) is weaker than that of square
duct. It is also observed that the radiation still shows insig-
nificant effect on fRe and significant effect on Nu,. The axial
distribution of fRe and Nu, for the same conditions of
Fig. 4 is shown in Fig. 6, except for y = 2.0. These curves
have similar features with less deviation and less fluctua-
tion, suggesting even weaker buoyancy effect. The fRe
curves monotonically decline along the axial location.
Although the value of y influences fRe and Nu, the conver-
gence values are seemingly unchanged. This suggests that
the effect of geometry is restricted in the entrance region
as well. Overall inspection of Figs. 4-6 indicates that the
buoyancy effects are stronger for a square duct.

The effects of conduction-to-radiation parameter Nc on
the axial distribution of fRe and Nu, are presented in Fig. 7.
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In the very inlet region, the flow is dominated by convec-
tion, and the local fRe shows almost no deviation. As the
flow proceeds downstream, the radiation begins to reduce
fRe. Even though, it is seen in Fig. 7a that N¢ only slightly
reduces the local friction factor. For Nc = 0.05, the devia-
tion of fRe is still insignificant. Contrarily, the value of Nu,
is strongly increased with decreasing Nc and the radiation
effect dominates through out the channel. For Nc < 1.0,
the value of Nu, is significantly raised. This is due to two
effects. The first is that radiation is additional mechanism
for heat transfer through the fluid resulting in an increased
heat flux. Secondly, the radiation source term augments the
rate of thermal developments so that the bulk temperature
approaches the wall temperature at a more rapid rate. Both
effects act to increase the local total Nusselt number Nu;,.
Near the inlet, Nu, is raised only by the additional radiative
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Fig. 9. Effect of ¢, on the axial distributions of fRe and Nu.
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heat flux, while further downstream, the more rapid ther-
mal development contributes when the bulk temperature
approaches the wall temperature.

Fig. 8 show the effect of optical thickness on the axial
distribution of fRe and Nu,. In Fig. 8a, it is seen that the
curves are very close. It means the local friction factor is
not significantly affected by optical thickness. Even for
1 = 2.0, the local friction factor is slightly reduced. Besides,
the influence only takes place in the entrance region. How-
ever, it does show the trend that the friction factor
decreases with increased optical thickness. In contrast,
the data in Fig. 8b show that optical thickness influences
the value of Nu, through out the channel. A strong radi-
atively participating medium corresponds to a larger opti-
cal thickness. It is easy to see that there is more heat
released from such a medium than from a weak radiatively
participating medium. Thus the value of Nu, is increased

H.-C. Chiu et al. | International Journal of Heat and Mass Transfer 50 (2007) 4229-4242

with an increase in 7. Comparison of the curves suggests
that increasing optical thickness not only increases value
of Nuy, but also axially augments the effect.

The effect of wall emissivity ¢, on the axial distribution
of fRe and Nu, is depicted in Fig. 9. Similarly, it is found
that the effect of ew on fRe is weak, even weaker than
the effect of optical thickness, meaning that the value of
fRe is almost emissivity independent. Fig. 7b shows the
influence of &, on Nu,. The value of Nu, is raised with
increasing &,. Compared with the influence of 7, increasing
emissivity does not show an augmented effect of radiation.
Contrarily, it shows a saturation of effect at high value. The
heat transfer is the maximum for a black duck (e, = 1.0)

In many applications, scattering processes are important
in radiative heat transfer if particulates are present in the
fluid. Therefore, the effects of the single scattering albedo
on the fluid flow and heat transfer are of interest. For illus-
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tration, the scattering is assumed to be isotropic. Fig. 10
presents the effects of single scattering albedo @ on the
axial distributions of local fRe and Nu,. The amount of
energy that impinges upon the gray medium depends on
the scattering albedo. When single scattering albedo
approaches zero, the emission and absorption of the radia-
tive energy within the medium dominate. But as the scatter-
ing albedo @ approaches unity, the scattering of the
radiative heat transfer dominates. It is seen in Fig. 10a that
when o is 0, the local fRe is attenuated slightly due to the
most radiation effects. In Fig. 10b, the local Nu, is appar-
ently raised with decreasing w. For o =0, Nu, reaches its
maximum value.

5. Conclusion

In this work, combined radiation and mixed convection
heat transfer in rectangular ducts rotating in a parallel
mode has been studied numerically. The vorticity-velocity
method is successively employed to solve the three-dimen-
sional parabolic governing equations. The radiative trans-
fer equation was solved by the discrete ordinates method.
The effects of the aspect ratio y, rotational Reynolds num-
ber J, rotational Grashof number Gr, conduction-to-radi-
ation parameter Nc and optical thickness 7 on the fluid
flow and heat transfer are examined in detail. What follow
is a brief summary.

1. The rotational effects are more pronounced for a square
duct (y = 1) than rectangular ones.

2. The axial distributions of fRe and Nu;, are characterized
by a drop near the inlet due to the entranced effect, but
the decay is reduced by the onset of secondary flow.

3. The circumferentially averaged friction factor fRe and
total Nusselt number are enhanced with increase of
the rotational parameters J as well as Grg.

4. The total Nusselt number, Nu,, are augmented by the
radiation effects. On the other hand, the value of fRe
is slightly reduced in the presence of radiation.

5. Radiation effects augment the Nu, and the extent of
enhancement in Nu, increases with a decrease (increase)
in Nc or o. Contrarily, the enhancement in Nu
increases with an increase in 7 Or &.
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