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ABSTRACT

The unsteady state laminar mixed convection and radiation through inclined
cylindrical annulus is investigated numerically. The two heat transfer mechanisms of
convection and radiation are treated independently and simultaneously. The outer
cylinder was kept at a constant temperature while the inner cylinder was heated with
constant heat flux. The study involved numerical solution of the governing equations
which are continuity, momentum and energy equations using finite difference method
(FDM), where the body fitted coordinate system (BFC) was used to generate the grid
mesh for computational plane. A computer program (Fortran 90) was built to calculate
the bulk Nusselt number (Nuy) after reaching steady state condition for fluid Prandtl
number fixed at (Pr =0.7) (for air) with radius ratio (R=1.5, 2.6, 5.0), Rayleigh number
(0<Ra<10%),Reynolds number (50<Re<2000), dimensionless heat generation (0<Q<10),
Conduction-Radiation parameter (0<N<10), optical thickness (0 < t < 10) and different
annulus inclination with horizontal plane (0°<6<90°). For the range of parameters
considered, results show that radiation enhance heat transfer. It is also indicated in the
results that Nu increase with the increasing of inclination angle 8, Ra, Re, & and Q. The
correlation equations are concluded to describe the radiation effect.
Comparison of the result with the previous work shows a good agreement.

Keywords: Laminar, Mixed Convection, Radiation, Inclined Annulus.

INTRODUCTION interest of its engineering applications,
Mixed convection has received a since the associated fluid motion is largely
considerable attention from the thermo interacted with the energy equation. Much

fluid point of view as well as the practical theoretical and experimental work has
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been published on this subject. Mixed
convection in concentric annuli has been
extensively studied for the past half
century due to its wide applications in
various engineering devices.

Cheng and Hong [1], presented a
numerical ~ solution for the hydro
dynamically and thermally fully developed
combined free and forced laminar
convection with upward flow in inclined
tubes subjected to the thermal boundary
conditions of axially uniform wall heat
flux and peripherally uniform wall
temperature at any axial positions. The
results show that there was a limitation for
Rayleigh number at which the back flow
occurred. The tube inclination angle or
body forced orientation effect on flow and
heat transfer and show that in high Ra
regime the tube orientation effect had a
considerable influence on the results in the
neighborhood of horizontal direction.
Bohne and Obermeier [2] studied
mixed convection of upward and
downward fluid flow in an internally
heated concentric annulus in a vertical,
inclined and horizontal position with
annulus radius ratio of 0.742 and the
heated core length to the equivalent
diameter was 187.5. Water and water-
glycol mixture were used as working
medium.  Experimental ~ parameters
covered were (350 < Re < 20000, 10° <
Gr<10®and 2.3 <Pr< 75). The results
show an increase of Nusselt number in
the laminar flow range as the annulus
inclination deviates from vertical to
horizontal position. The measured heat
transfer data were also presented in a
form of correlation equations.

Theoretical and experimental study
has been conducted by Akeel
Al—Sudani [3] on mixed convection
heat transfer of the flow through an
inclined annulus with uniformly heated
inner cylinder and adiabatic outer

cylinder with both fixed and rotating
inner cylinder. Experiments were carried
out to study the local and average heat
transfer by mixed convection to a
simultaneously developing air flow in a
horizontal, inclined, and vertical
concentric  cylindrical annulus. The
experimental setup consisted of an
annulus which had a radius ratio of
0.555 and inner cylinder with a heated
length 1.2m subjected to the constant
heat flux while the outer cylinder was
subjected to the ambient temperature.

Theoretical study were obtained and

represented by stream function contours
and isotherms as well as the axial
velocity profile and circumferential
distribution of local Nusselt number
around the inner cylinder and the change
of average Nusselt number with Rayleig
number.
The experimental results demonstrated
the temperature variation along the inner
cylinder surface and the local Nusselt
number Nu, variation with the
dimensionless axial distance, for all
angles of inclinations which show an
increase in the Nu, values as the heat
flux increase and as the angle of the
inclination moved from the vertical to
the horizontal position.

Thermal radiation with simultaneous
buoyancy and forced convection is an
important issue for applications such as
heat exchangers and cooling processes in
nuclear reactors. In such systems, heat
transfer results from coupled processes,
in general, can not be calculated
separately.

Adegun and Bello-Ochende [4]
reported a numerical study of steady
state laminar forced and free convective
and radiative heat transfer in an inclined
rotating rectangular duct with a centered
circular tube for a hydro dynamically
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fully developed flow. The coupled
equations of momentum and energy
transports were solved using Gauss-
Seidel iteration technique subjected to
given boundary conditions. A thermal
boundary condition of uniform wall
temperature in the flow direction was
considered. Results for mean and total
mean Nusselt numbers for various
values of Reynolds number (Re),
Rayleigh number (Ra), Geometric ratio
(GR), aspect ratio (AR), Radiation-
Conduction parameter (N), Optical

thickness (f), Rotational Reynolds
number (Ro) and Emissivity (g) were
presented. For the range of parameters
considered. The results indicated that
heat transfer from the surface of the
circle exceeds that of the rectangle.
Optimum heat transfer and fluid bulk
temperature were attained when the duct
was vertically positioned.

Previous work studied the case of the fully
developed laminar mixed convective heat
transfer in an inclined concentric
cylindrical annulus without the effect of
radiation, the present work will be
investigate the case with radiation.

MATHEMATICAL MODEL:

The effect of radiation and heat
generation will be investigated for fully
developed laminar mixed convective
heat transfer in an inclined concentric
cylindrical annulus shown in Fig. 1, for
thermal boundary condition of constant
heat flux on the inner cylinder and
constant wall temperature at the outer
cylinder.

Unsteady steady state, quasi three-
dimensional,  incompressible,  fully
developing laminar aiding air flow will
be investigated.  Accordingly the
governing, continuity, momentum and

energy conservation equations are as
follows:-

Ve, I Vy,Z

Fig. 1 Three Dimensional Annular Geometry

Continuity equation:

du dv
7 a0 1)

Momentum Equations:

du , Gu  du __lE_,.[E_'f'_m]
ar liﬁ'.x Yay T podx T et dy?
)
g g dv 1dp ) E__i N _
Sruptvy =12 e[S eBr-1)
©)
w , 0w, Ow _ 1dp [ﬂ_ﬂ_]
ar t ax YAy T sz T lass Ay
(4)
Energy Equation:

The dimensionless parameters:

T = %,De=2(ro-ri),
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By using these dimensionless forms, the
above equations can be written as
follows.

ou av .
oz Ty 0 ©)
u au LU & 2%y E:U
= VnT Ve T o [e;- ay=]
(7
‘ : L8V _ _ap  [@fv  @'W] _
E_ i U; oY ay g |:E;-'* gyt Ra IQ
(8
oW oW ,L:-._r L:-.:r.- N E:fl-'r N
ﬁ'_‘ +U 8x +V ay [a;.__: EY_] ARe
©)
28 /8 ,ﬁ =1_ |:":E' _B:_E' _i :."-E:E
E_ U; +V a7 oy [l:"f-_': ﬁ'i’:] o =
(10)

The governing equations in
dimensionless form above were written
in terms of dependant variables
(U, V. ,W.P,8). The pressure term in
the momentum equations will be
eliminated in the resulting vorticity
equation as can be shown:

an a7 a7 {
—t U—+V— = [ -
gt 8% 2¥ X

(11)

For this flow field, the only non-zero
component of the vorticity is:
Erl_r Lr

ax  av (12)

Nn=

Also by making use of the vorticity
definition of Eqg. 12 and the definition of
stream function ( W), which satisfy
continuity equation, the horizontal and
vertical velocities can be written as
follows respectively:-

o

U= = (13)

-
V= - (14)
By substituting the velocity

components of Eq. 13 and Eq. 14 in the
vorticity definition equation (12), stream
function equation resulted as:-

Ty

—0=[£2+ 2] (15)

L3 E]
Ly E]

ax? aye

Initial Conditions:
Initial conditions may be chosen as zero:

At =0 , U=V=W=Q=¥=0
[No slip condition]

The boundary conditions which defined
by Kotake and Hattori [5] and
Kaviany [6] make use the boundary
conditions for a motionless rigid surface
which required that both horizontal and
vertical velocities components (U and V)
to be vanished at surface.
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This expressed in terms of stream
function as follows:-
e Inner cylinder surface :

UsV=w=w=0 ,

NETE) P
(16)
e Outer cylinder surface :
U=V=W=%¥=0 |,
- 8, _
ﬂ__?._..- , So=0
17)

TRANSFORMATION OF
GOVERNING EQUATIONS:-

Governing  equations can be
transformed from the  Cartesian
coordinates (X, Y) to generalized
coordinates ({ ,n) as shown below

Fletcher [7]:
1- Vorticity-Transport equation:-

80 (%Q,-Y.0 ) o0 +al +el,, -2 0y 1y, | (8, 7,-8,Y;)
E_ ] - Jri —na ]
(18)
2- Axial Momentum Equation:-
aw (WS oW +mW, e W -2 Wa 1y W |
oW Tl P “{Fz Fulll ' L4Re
dr i P
(19)
3- Energy equation:-
#, (%-%8) 1 |ge{-:ev-aeri-:gep-;-e,, )+ it
ot ) Er F
(20)

4- Stream Function Equation:-

(@@, sa ¥ =28 F 1y |

_n_ = -

(21)
5- Vertical Velocity:-
.[_.-? — II.P?"YFr_I'FEY.“'I (22)
6- Horizontal Velocity:-
U= IL[-'.P_;:;—rL[-';;:.,__I 23)
NUMERICAL SOLUTION:

Explicit finite difference technique
was the numerical method used for
solving the transient behavior of the
fluid flow and heat transfer until the
steady state was reached by marching
out in time steps (At) Anderson [8].

Discretization of Vorticity

Equation:

n“,’!,_‘.lz

AN LAND LA AN . LANE LAQY . _ A (An _
m{:-ui A:n{f-ui Asni:gf- Aeni:,f-ii Asn(;‘.;-f- As[‘ﬂ(:-u-r

Ofitj0 = Wagon T eayon)

(24)
Where:-
_ eippdr | oegpdt Ea
M= T Eau aaZan,
(25-a)
_ _ Bupar | oegpar | EA
A2 = ToE g JaA% T salangp
(25-b)
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A 1 e bt Tyl

(25-¢)

(25-q)

Discretization of Axial Momentum
Equation:

Jh o+
il 2 5

Bs[,‘“"“""“f-i.,f-ﬁ - ‘”ﬂ“""“::-xj-r- - m"'lfné-m-r- T L"""(‘“5-1.;‘-15) 8,

WS =B W + BWE.o) B0 + B MR £ BV -

(26)
Where:-

-J(-27-b)

4ACAN i f

(27-e)

(27-f)

F
I

.ﬂT[:‘l-RE' — Raf; ; sin d}
(27-9)

Discretization of Energy Equation:

ntl _ oo I n 1 i ‘an
e(:g} - C@F:-w T CfeFi-l.ji T Cse« T Cee'(:uf-ii it e(:‘.j-l] - Ce[,eli:'-u—ij- -

[F51] -
" n

Bt o)~ g o 1 8o ) G

(28)

Where:-

]
[y
Il
I
I
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E=¥,0—Yu-n (29-h)
F=%ip — Yooy (29-i)

Stream Function Solving Method:

YE =¥y + (¥R —¥,) (30)

Calculation of Average Axial Velocity:

W= (25 Wepdun) )T (31)
Calculation of Bulk Temperature:

8, = (T 6y Wi pJiup )/ W (32)

(=]

Calculation of Nusselt Number:

Wi o (B+10

Nu, = —-E — (33)

RESULTS AND DISCUSION:
Streamlines And Isotherms:

Figs. 2a, b, ¢ and d, display the
temperature  distribution and  the
secondary flow pattern in the cross
section of the annulus for Ra=200,

Re=50, Pr=0.7 and R=2.6 with different
values of inclination angle 9.

The value of Wnax listed for each pattern
which is a measure of the strength of the
secondary flow; Wnax 1S the maximum
value of the dimensionless stream
function .

1- Horizontal Position:
Fig. 2-a, shows that for &=0°
(Horizontal) and low Rayleigh number
(Ra=200), the secondary flow is weak
(Wmax=1.9027), and forms a symmetrical
eddy rotating in the clockwise and anti-
clockwise direction (i.e., there is one cell
only in each side). Thus, the isotherms

are nearly circular and thus little affected
by the secondary currents.

2- Inclined Position:
It is expected that the heat transfer
process in horizontal position is better
than other angles of inclination because
of the stronger secondary flows
associated with free convection which
behave so as to reduce temperature
difference in the annulus. In general, in
horizontal and inclined positions, the
fluid flows up along the inner wall to
form vorticities having their center in the
upper part of the annulus. Figs. 2b and
2¢, show the effect of inclination angle
on the heat and fluid flow patterns for

Ra=200, Re=50, Pr=0.7, R=2.6 for
angles of inclination (30° and 60°);
respectively. It is clear from these
figures that there is a slight effect on the
streamlines  behavior and  more
pronounced effect on isotherm lines. The
isotherms tend to be more circular as
angle of inclination deviates from
horizontal to vertical position.

3- Vertical Position:
In vertical position, the velocities due to
buoyancy forces are parallel to the
direction of the forced motion; thus,
rotational symmetry is retained. This
situation leads to one component of the
velocity due to buoyancy forces in the
same direction of axial velocity because
there are no components of buoyancy
forces in (X, Y) direction compares with
the horizontal and inclined positions in
which three components of velocity in
(X, Y, Z) directions are formed. Thus,
there is no tangential velocity (V) and
radial velocity (U), and the value of
stream function in terms of these two
velocities is equal to zero. Therefore, in
vertical position the main and secondary
flows are in the same direction, so the
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vortex strength diminishes. Fig. 2d,
represent the effect of inclination angle
on the isotherm lines contour for
Ra=200, Re=50, Pr=0.7 and &=90°
(vertical); as can be seen from these
figures, it is impossible to represent the
secondary flow by plotting a diagram
describes streamlines since stream
function is equal to zero. This is a guide
for accuracy of the numerical method
used in solution of the governing
equations of flow.

The figures show that the isotherm lines
seem to be close to each other near the
heated inner wall because the natural
convection is weak (Ra=200) and have a
slight effect on the flow field compared
with forced convection . This effect is

(a) 8 = 0° Isotherms

Vol.12 No.1 (March 2011)
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(c) 8 = 60° Streamlines

Fig. 2a,b,c,d Streamliges and Isotherms for
Ra=200,Re=50,Q=0, R=2.6, N=3, and =1
limited to accelerate the fluid velocity
near the heated wall. Since this study
was achieved in the region of thermally
and hydraulic fully developed, then the
isotherm lines remain in a form of
circular lines which have the same center
located at the center of the annulus and
distributed between the temperature of
the heated inner wall and the adiabatic
outer wall.

Streamlines and isotherms are shown in

Fig. 3, with different R which indicate
that the radius ratio does not alter the
qualitative features of the isotherm and
streamline patterns. The strength of the
secondary flow is seen to decrease with

the increase in the radius ratio. When R
is large, the heated surface of the inner
cylinder, near which the boundary force
is greatest forms a relatively small
portion of the boundary of the
calculation domain, thus reducing the
driving force for the secondary motion.

(c) 8 = 60° Isotherms

LeSFREAM
15 0

cooooocoocooocooo

PNWAROON®O

(d) 6 = 90° Streamlines

Streamlines

(d) 3 = 90° Isotherms
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Isotherms

Fig. 3 Streamlines and Isotherms for
Ra=200,Re=50,Q=0, F=1.5, N=3, and #=1

For Ra=600 in Fig. 4, the secondary
flow was still weak (Wmax=4.7055) and
forms a symmetrical eddy rotating in the
clockwise and anti-clockwise direction
(i.e., there is one eddy only in each side).

Streamlines

Isotherms

Fig. 4 Streamlines and Isotherms for
Ra=600,Re=50,Q=0, i=2.6, N=3, and =1

Fig. 5, shows that the increase in Re will
change the behavior of the stream
function and the temperature
distribution. Both stream function and
temperature distribution of the air will be
increase as Re increase, because as Re
increase it will strength the vortex of the
secondary flow. The flow pattern at
Re=2000 is similar to that at Re=1000.

Vol.12 No.1 (March 2011)
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Streamlines

Streamlines

Isotherms Isotherms

Fig. 5 Streamlines and Isotherms for _Fig. 6 S_treamﬁnes &}p_d Isothgrms f%r 2e
Ra=200,Re=1000,Q=0, £=2.6, N=3, and =1 Ra=200,Re=50,Q=10, £=2.6, N=3, and =1

Fig. 7, illustrates the effect of 6 on Nu.
Generally, Nu will be increased with the
increasing in the inclination angle 9.
This is because of the increasing in the
effect of the buoyancy force component
toward the flow direction which will
accelerate the flow and heat transfer
process and that result to increase the
rate of heat transfer between the air and
the walls of the annulus. Also, the effect
of radiation is so clear and it increases

It is clear from Fig. 6, that there is a
slight effect on the streamlines behavior
and more pronounced effect on isotherm
lines when Q increase and heat transfer
increase as Q increase and this is due to
the increase of the total heat gain by the
air which leads to accelerate the flow of
air.

22
F Concentric without Radiation
20 —— —— Concentric with Radiation
18F
165 Ra=200
- Re=50
- Br=07 //‘\\\
14 R=26 \
Q=0 /s
12E N=3,1=1 Vs \
2 -
o \
8;__// \
S/\—/
aF
2
ozllllllllll\\I\ll\ltl\lll
0 20 40 o 60 80 100
8
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Fig. 7 Effect of inclination angle on Nu

the rate of heat transfer because of the
heat gain that transformed to the air by
radiation, therefore, the flow and the
velocities of the air will be accelerated
leading to increase in the rate of heat
transfer.

Effect Of Radius Ratio (R):
Fig. 8 illustrates the effect of radius ratio
on Nu. The influence of buoyancy is to
increase Nu but this becomes noticeable
only after a threshold value of Ra

exceeded. Thus as R increased Nu
increased, because heat is removed most

Concentric Without Radiation

——— ——— Concentric With Radiation

-
o
I

o
o \|‘rln|||||\|Ir||||(||.|r|v1[1111| IR RS LARES LA

Fig. 8 Variation of Nu with £

efficiently from the inner heated wall for

large value of R and because for large R
the gap in the annulus would be
relatively very large and even if heat is
flowing into the fluid at a high rate it
would be carried off downstream before
it was able to penetrate very far across
the gap. Therefore, as radius ratio grows,
contribution of the convection to the
overall heat transfer was increased
contrary to the role of conduction.

The effect of inclination angle on the

variation of Nu with R is shown in Fig.

9. The figure shows that as 6 increased

Nu

Nu

Nu will be increased, this is because as
increased the effect of buoyancy force
component toward the flow direction
will accelerate the flow and heat transfer
process.

40

a5 E —_— g=2;°(Horizonlal)
f ———— 5=60,
| —— 5=9 i
Wk 0" (Vertical) L
.
[ 4
Ra=200 -
25  Re=50 .o 7
F Pr=0.7 R
- Q=0 o -
o N=3 . t=1 - e
20 o0~
-
5 - -~ ]
15 F _,//‘/ ,»»—“‘//,:
| —’_—' — I ——
- - -
o
s -
5 F  —-—"
o L 1 1 1 | . 1
1.5 2 2.5 3 /F\a 35 4 4.5

Fig. 9 Variation of Nu with £ for different
values of &

Fig. 10, illustrates the effect of Ra on Nu

value with the variation of R. The figure
spows that the value of Nu increases as

R increases for each value of Ra, this is
because as the radius ratio grows,
contribution of the convection to the
overall heat transfer increased contrary
to the role of conduction.

18
f — — — - Ra=0 Concentric Annulus
I ————— Ra=100 Concentric Annulus
16 - — —— Ra=600 Concentric Annulus
14 2 =
v =
12| I s
//’ ..
10 o LA
/,/
—
8 —
/,/ =
6 =
e Re=50
Pr=0.7
4 Q=0
— N=3 , t=1
2 Gl
8 =0" (Horizontal)
q A 1 1 | " NreraETe |
5 2 25 3 35 4 45 5

Fig. 10 Variation of Nu with & for different
values of Ra (horizontal annulus)
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Fig. 11, illustrates the effect of Ra on Nu

value with the variation of R for vertical
annulus. The figure shows relatively the
same effect with that obtained in Fig. 10,
which shows that the inclination angle

has a little effect on the variation of R .

24

—_—— - Re=50 Concentric Annulus
Re=1000 Concentric Annulus

Re=2000 Concentric Annulus

22

8 = 0° (Horizontal)
. " L
4 45 5

Fig. 11 Variation of Nu with & for different
values of Ra (vertical annulus)

In Fig. 12, it is clear that Nu will be

increased as K increased for each value
of Re. This is due to the increase in the
rate of heat transfer is because of the
increase in Re and therefore, increase
fluid flow.

20
—_— - Ra=0 Concentric Annulus
18 Ra=100 Concentric Annulus
—— —— Ra=600 Concentric Annulus
o i —
16— s
- —
—
14 - s
7 v
g -
12 ~ =
- -
> o
10 - =~ - =
~ _ -
= y
8 ~ _ - -
o 7 5 2 =
e .~ Re=50
2 Pr=0.7
4 Q=0 .
N=3, t=1
2 N o .
& =90 (Vertical)
o i 1 ek | 1 i 1 PN B L
15 2 25 3 a 3.5 4 45 5

Fig. 12 Variation of Nu with £ for different
values of Re (horizontal annulus)

Fig. 13, shows the effect of Re on Nu

with the variation in R for vertical
annulus. In this figure for Re=50, 1000,

Nu

2000, Nu will be increased rapidly with

the increase in K and the curves for
these two values of Re have the same
shape and same value.

24 -

Re=50 Concentric Annulus /
Re=1000 Concentric Annulus 74
- Re=2000 Concentric Annulus /

2F

20

=90 ° (Vertical)

| TR T i W W v T LMY
3.5 4 45 5

[9,]
N
o
(4]
bl

Fig. 13 Variation of Nu with & for different
values of Re vertical annulus

Effect of Rayleigh Number (Ra):

Fig. 14, shows that Nu will be increased
as Ra increased because the vortex
strength increases with Rayleigh number
and this will increase the buoyancy
effect resulting in an increase in the rate
of heat transfer.

The radiation effect increases with the
increasing in Ra because of the heat gain
that transformed to the air by radiation.
Therefore, the flow and the velocities of
the air will be accelerated leading to
increase in the rate of heat transfer.

Concentric without Radiation
————— Concentric with Radiation
~—— — —— Eccentric without Radiation
Eccentric with Radiation

9
8
7
6
5
4 st P Re=50
e ErSOJ
3 =26
s Q=0 ,
2 - N=3,1=1
1 ; 8= OO(Horlzon(al)
° g " - AR | . T
250 500 750 1000
Ra

Fig. 14 Effect of Ra on Nu
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Nu

Fig. 15 shows that there is an optimum
value of annulus inclination that gives
maximum value of Nu, for most instance
this max. which appears at 90° of
annulus inclination.

Rayleigh number at which back flow
occurs is of considerable theoretical and
practical interest and the numerical
results was given below for Pr=0.7 and
ReRa < 50,000. Because of the
assumptions, the reversal flow cannot
occur for the limiting case of horizontal
annulus (6=0°) for the present problem.

20 -
= e s By (Horizontal)
18 _ - 8 =30
= 5=60° _
16 | — —— §=90" (Vertical) S
-
-
/
14 - o -
‘/ - /
12 ST
= ’/ > i
—
10 | T ==
e e mlE T
S el
6 - Re=50
£r=UA7
4 Qs
N=3 %=1
2
o 1 1 L1 -
0 250 500 750 1000
Ra

Fig. 15 Variation of Nu with Ra for different
values of &

Effect Of Reynolds Number(Re):

Fig. 16, shows that Nu will be increase
in respect to the limiting condition of
pure forced condition (Ra=0). Until Re
is less than the standard critical value of
about 2000 and ReRa is far from the
critical value (ReRa<50000) causing
flow reversal conditions, heat transfer by
mixed convection develops in stable
laminar regime.

Nu

Concentric Without Radiation
Concentric With Radiation

. 6°(Horizonlal)

LA RAREE EEARA RER\ RARES RRARS REREE RRRE)

s | T |
1000 1500
Re

n n 1
500

o

Fig. 16 Effect of Re on Nu

Fig. 17, shows that as & increase Nu will
be increase and the higher value of Nu
for low Re occurs at 6=30° while the
higher value of Nu for high Re occurs at
5=0°.

2000

5=0" (Horizontal)
8 =30

5 =60

8 =90 (Vertical)

-
N
| RARRNBERAY|

Gl RAAR \RARI AR

W

Fig. 17 Variation of Nu with Re for different
values of &

An improvement in Nu value is shown
in Fig. 18, as Re increases for each Ra
value .In fact, the highest Ra shows the
highest Nu value. This behavior
indicates that the secondary flow
vorticities effect is high in high Re, but
this effect will be diminishes for low Ra.
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Fig. 18 Variation of Nu with Re for different
values of Ra (horizontal annulus)

For a vertical annulus, Fig. 19, illustrates
the effect of Ra on Nu with the variation
in Re. Also, the figure shows an
improvement in Nu value as Re
increases for each Ra value. The
increased value of Nu for vertical
annulus was much higher than that for
horizontal annulus because in the
vertical case the direction of the
buoyancy force components will be
toward the flow direction and this will

18
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—  Rs=1l0
L] p— Ra-G00
14 -
12 -
o ——
= L ————
=
BF e mm e
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Er=0T
“F F=2.8
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Fig.19 Variation of Nu with Re for different
values of Ra (vertical annulus)

increase the rate of heat transfer. It is
noticed form the figure that there is no

effect of inclination angle on Ra=0, i.e.,
for 6=0°, 90° Ra has the same effect on
Nu.

Effect Of Radiation Properties:
Fig. 20, shows that as conduction —
radiation parameter N and optical

thickness t increase Nu will be increase,

but the increase in T will be greater than

the increase in N, this is because the
optical thickness is powered to 2 in the
radiation term, so the radiation source
term in the energy equation plays a more
significant role, and the effect of
radiation is augmented physically. For a
higher N the participating medium
contained between the two cylinders can
be absorb more radiant energy and
transform it in to thermal energy,
thereby increasing the overall medium

&0
ok
oo
sof

40 f

Nu

an

Fig. 20 Effect of radiation properties
temperature compared with the non radiative
case.
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COMPARISON OF RESULTS:
Comparison is made for the value of Nu
with different Ra for a vertical annulus
with the results obtained by Rogers and
Yao [9]. This comparison is shown in
Fig. 21, from the foregoing figure a
different (approximately 14%) is found
between these results.

Fig. 21 Comparison of the present study with [9]

A correlation has been set up to give the
average Nusselt number variation with
Ra, M and N and Q. This correlation is
made by using the computer program
(DGA v1.00).

Nu=a, +a, Ra™ Re” R™ Q" (sin5)>
(36)

Where, the constants in the correlation are
defined in Table 1.

Table 1 Constants in eq. 36

Constants Without With
radiation radiation
a1 5.35 7.54
ay 1.7 4.55
by 0.13x10% | 3.74x10*
b, 0.146 9.75x10”
bs 0.996 0.902
b, 3.77x10% | 4.16x10%
bs 5.61x10° | 5.84x10°

CONCLUSIONS

In the present work, a numerical
investigation has been performed to
examine the effect of radiation,
inclination angle and the position of the
inner cylinder of an annulus, on the rate
of heat transfer for a fully developed,
unsteady state laminar air flow .

The main results are as follows:

1- Nu increases with the increase in
the inclination angle compared to
the  horizontal case. The
maximum value of Nu seems to
lie between (50°-70°).

2- Increasing the radius ratio of the
annulus decreasing the resistance
to the circulation motion which
leads to faster replacement of the
hot air adjacent to the inner
cylinder by the cold air adjacent
to the outer cylinder and this
result in an increase in the rate of
heat transfer.

3- Nu increased with the increase in
Ra and Re, the secondary flow
induced by buoyancy leads to a
significant enhancement in heat
transfer ~ over the  forced
convection results.

4- Nu increases with the increase in
the dimensionless heat generation
Q from 0 to 10.

5- Radiation is found to play an
important role in determining
thermo fluid dynamics behavior
in mixed convection in an
annulus, when the radiation

parameters (N, f) increase the
radiation effect will also increase
and this will increase the overall
heat transfer.
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NOMENCLATURE

Latin Symbols:

Symbol Description Unit
j‘ff‘ Radius Ratio
(R =2

i
f Optical Thickness
(t = k,De)
Axial Pressure
A Gradient N/m?
4pv* Re.
(a=- Det )
Axial Temperature
C Gradient K/m
(c=25)
De Hydraulic Diameter m
De=2(r,-1i)

Space Between

e the Centers of the m

Inner and Outer
Cylinders

g Gravitational m/s
Acceleration

J Jacobean of
Direct
Transformation

k Thermal W/m K
Conductivity of
the Air

K; Volumetric m
Absorption
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Coefficient

Radiation-
Conduction
Parameter

(P‘J _ -'-1-1_‘TET._|-)

keky

uv,w

Velocity
Components in X,
y and z Direction

Respectively

m/s

Dimensionless
Outer Normal
Direction

Ni

Number of
Gridlines in the
@-direction

uVv,w

Dimensionless
Velocity
Components in
X,Yand Z
Direction
Respectively

Nj

Number of
Gridlines in the r-
direction

The physical
Coordinates of
The Annulus

Nub

Bulk Nusselt
Number

Normalized Air
Pressure

The
Dimensionless
Physical
Coordinates of
The Annulus

Air Pressure

Prandtl No.
(Pr = i)

Greek Symbols

Symbol

Description

Unit

Ra

Rayleigh Number

(R& _ gﬁCDE‘)

P

0wy

Coefficient of
Transformation
of BFC.

@

Angular
position for the
inner cylinder

Degree

Re

Reynolds

Number
(RE — .JLDE' )

4 o2

Thermal
Diffusivity

m/s

Ri

Dimensionless
Inner Cylinder
Radius

Coefficient of
Thermal
Expansion

1/K

fi

Inner Cylinder
Radius

Ro

Dimensionless
Outer Cylinder
Radius

€.n

Coordinates in
the
Transformed
Domain

Outer Cylinder
Radius

Air Temperature

Time

Dimensionless
Air
Tempgraturq
(T =T )
FrcDe

Stefan
Boltzmann

W/m?K*
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Constant

Dimensionless
T Time

wi

De®

T =

v Kinematics' m/s
Air Viscosity

Y Dimensionless
Air Stream
Function

Q Dimensionless
Air Vorticity

€ Emissivity

-
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