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Abstract  The interaction of thermal radiation with conduction and laminar natural convection in a
vertical circular pin, situated at participating gas, is numerically investigated. An absorbing and emitting
gas is considered, and treated to be a gray participating media. Under the idealizing of gray gas, the
Rosseland approximation is employed to describe the radiative heat flux in the energy equation. The
modified box method with unequal grid spacing is used to perform the numerical computation of the
cowpled boundary layer conservation equations and pin conduction equation. The effects of buoyancy and
radiation on the temperature, velocity, heat flux, and Nusselt number are examined in detail. The Nusselt
number variation shows that heat transfer is enhanced by thermal radiation. Also, the local Nusselt number
is found to be strongly dependent on the temperature ratio Y., radiation-conduction parameter V,, and
conventional Gr and Pr numbers. Furthermore, the results are comparable with the available data in the
literature for pure natural convection.
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INTRODUCTION

Interaction of natural convection-radiation occurs in
a variety of thermal engineering applications such as
fins and cooling of electronic equipments. Research
in conjugated convection-conduction heat transferin
fins has been reported in the literature. Sparrow and
Acharya [1] and Sparrow and Chyu [2] analyzed
conjugated convection-conduction problems for a

vertical plate fin using finite difference method. In
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nonparticipating media, Sarma and Subrahmanyam
[3]have studied the problem of combined convection
radiation for a vertical plate by integral method. Hsu
and Tsai [4] investigated the combined convection
radiation interaction in a vertical plate fin situated in
a participating gas. In the case of circular pin, Huang
and Chen [5] and Huang et al. [6] have studied the
conjugated forced convection-conduction and natural
convection-conduction problems, respectively. They
concluded that convective fin analysis based on a
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involves the divergence of the radiation flux V.q\,
whereas the determination of the radiation flux q
requires the medium temperature distribution. When
energy transfer by radiation and convectionis present,
the law of conservation of energy becomes a
complicated nonlinear integrodifferential equation.
Since an exact analysis of the interaction of aradiation
field with absorbing and emitting mediain the laminar
boundary layer is a very difficult problem, the
Rosseland approximation, which is valid for intense
absorption, is used to approximate the radiant energy
flux. The Rosseland approximation for the radiative
heat flux in an optically thick medium is given by
[15]:

q'=--4 Ve =28 VT4 @
3B 38

where * is the mean absorption coefficient, and o is
the Stefan-Boltzmann constant. Here we ignored the
radiation in the axial direction in the energy equation.
Hence the divergence of the radiation flux becomes:

r _40 [82T4 +1_BT4.|_-1
T

- 10 30T
V~q = 3Bt 81‘2 * r_g{fr al' (5)

The corresponding boundary conditions of Equations
1-3 are:

r=r, , 0<x<L ,u=v=0,T=T (x) (6-a2)
r—e ,0<x<L . u-»0,T—>T (6-b)

x=0, r>r,

,u=0, T=T, (6-¢)
where T (x) is the pin wall temperature. For a vertical
circular pin with radius much smaller than its length,
it can be assumed that heat transfer in the pin is
mainly dueto conduction in the longitudinal direction,
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so that a one-dimensional condition can be assumed
forthe pinenergy equation. Thus, the energy equation

for pin is given as:

%-%’%mm-mw ™

with

x=0 T =T, (8-a)

x=L 4TH® _j 8-b)
dx

where Tp(x) is the pin temperature, kp the pin thermal
conductivity, L the length of the pin, and h(x) the
local combined radiation-convection heat transfer
coefficient. The energy transport from the pin wall to
the participating ambient in the presence of thermal
radiation depends on two related factors: the fluid
temperature gradient at the pin wall and the rate of
radiative heat exchange. Hence, the wall heat flux,
q,(x), at the pin surface can be expressed as:

9, (%) = Qe (X) + G, (%) (9-a)
q, () =hx) (T,(x) -T) 9-b)
qconv(x) =-k aT(—l‘,X) (9-(;)
or r=ro
4
q (x)=-40 9T X 9-d)
3B o |i=r
where q_ (x) and q_ (x) represent the wall heat flux

due to convection and radiation, respectively. The
basic coupling for the thermal conjugate relationship
between pin energy equation and boundary layer
equations is expressed by the requirement that the
fluid and the pin temperature and heat flux be continous
along the pin-fluid interface, that is,
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T,x) =T, (x) 10

4
h(O(T,00-T)=k9LED 45 T €X)
Br =To 3B E)r =1

(1
Equations 1-3, 7, and 11 can be reduced to a system
of dimensionless equations by introducing the
following definitions:

X=X  R=Lon" , u=tkgg” | v=xkgg”
L L N

0= T-To o Tp-T- 12
e By Tes

where the Grashof number Gr, is defined as:

3
GH_ - gB (TO "ZT”) L
v

Introducing non-dimensional parameters (12) into
Equations 1-3, 7, and 11 results in:

JdRU) , IRV) _, (13)
), 4 JR

U . U | 9 odU

U=+ V—=0+ 2 — (R — 14
oX dR R BR(RBR) (14)
a0 0 _1 1 0 (R@.

oX R Pr RJR OJR
‘V_Rl_iRl 933_9] 15
PrRBR[(-HVT)aR (1

d%6,(X)
ox?

- Zh:(X). Ve . 8X)=0 (16)

where Pr=v/a is the Prandtl number, y =
160T2./ (3pB*k) the radiation-conduction parameter,
Y .= kLGri’4 / (kr) the convection-conduction
parameter, .= (T -T,)/T_ the temperature ratio, and
hi X)=hxL/ (kGriM) the dimensionless local

combined convection-radiation heat transfer
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coefficient. The transformed boundary conditions
for fluid are:

R=R_,0<X<1,U=V=0, 8=0,X)
Row , 0<X<l1,U=0 ,0=0

the corresponding conditions for the pin are:

X=0 0,(%) =1 (18-2)
-L 46X _, (18-b)
ax

The thermal coupling between the pin and the fluid
can be transformed as follows:

0,(%) = q,(X) (19)

ht (X)) = 1 99R.X)
6X) OoR

{epm( W R e, 20)

R=Ro

In the case of combined convection-radiation heat
transfer, the local Nusselt number Nu,(x) is related to
the total heat flux through the wall.

Nu,(x) = Nu__ (x) + Nu_ (x) 2D
with
h(x).L
N =&)L
u(x) "

Nu, (x) = -Qﬁ BRX) {212]
X)) R |rRr

Griywr 390 RX) |
Nu_(x) = - LR (1 4,00y BRX).
5 800 Wiy R ex
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where Nu_ (x) and Nu_ (x) are convective and
radiative Nusselt number respectively. Thus the
formulation indicates that the local Nusseltnumberis

govemed by the following parameters:

Nu(x)=f(Gr, Pr, y,, ¥, R )

where R = roGrlﬁ“/L is the pin parameter. The local
combined convective-radiative heat flux can be taken
as:

awx)L  _ BRX)
k(To - T Grt* R [|rg,

- 1+ 393
YR(1+yr9) ey

(23)
SOLUTION METHODOLOGY

In its overall pattern, the solution begins by solving
the combined convection-radiation boundary layer
problem for an isothermal circular pin with Tp(x) E
T, (.e., GP(X) =1) for all X. The dimensionless heat
transfer coefficient h*(x) determined from this
solution in accordance with Equation 20 are then
used as input to the pin heat conduction Equation 16;
but note that BP(X) which appears on the right-hand
side of Equation 16 is treated as unknown (i.e., GP(X)
from the boundary layer solution is not transferred to
Equation 16). With prescribed values for y_ and Ve,
the differential Equation 16 is then solved to yield
GP(X). To begin the next cycle of the iterative
procedure, the just-determined OP(X) is imposed as
the thermal boundary condition for the combined
convection-radiation boundary layer problem
(Equations 13-15), the solution to which yields anew
h*(x) distribution which is used as input to the pin
heat conduction equation. This procedure of
altemately solving the boundary layer problem and
the pin conduction problem was continued until
convergence was attained. To track the approach to
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convergence, the dimensionless total heat transfer
coefficient h *(x) was monitored. When the cycle-to-
cycle relative error was less than 10, convergence
was deemed to have been attained. The number of
cycles needed for convergence ranged from four to
ten, depending on the values of y_ and ,. This rapid
convergence validates the selection of the heat transfer
coefficient (h*(x)) as the transferred quantity from
the boundary layer problem to the heat conduction
problem. The boundary layer solutions were obtained
by a marching procedure, starting at the leading edge
where X=0 and proceeding downstream step-by-step
until X=1 is reached. The boundary layer governing
Equations 13-15 are discretized by fully implicit
finite difference procedure based on modified box
scheme. Together with boundary conditions (17)
approximate solution in each marching step are
obtained by Newton-Raphson iterative method. The
grid pattern encompassed 60 grid points in the cross-
stream (R) direction and 40 grid points in the
streamwise (X) direction. There was a denser
concentration of grid points near the leading edge
(small X) to accommodate the initial rapid growth of
the boundary layer. In addition, at all X, the grid
points were more densely concentrated near the pin
surface. For grid spacing, a constant ratio between
two adjacent increments was used, that is:

=kl A)(n-!rl =k2

§ n

AR 1)

where j and n are the grid location in R direction and
marching step respectively. In this study, the suitable
values fork, andk, are 1.0420 and 1.0422 respectively.
At each marching step, convergence is assumed
whenthe following convergence criterionis satisfied:

o - 0z-1] <10°*

192" Qa-1] for all ¢
|o-]
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where ¢ refers to the any dependent variable (8, U,
V), z stands for the zth iteration. It is found in the
separate computation that the difference in results
obtained by using fully implicit finite difference
scheme with 90 x100 equally spaced grid points, and
modified box method with 60 x 40 unequally spaced
grid points are always less than 4 percent. Also the
computation time for the modified box method is
almosthalf of the computation time needed to perform
the fully implicit scheme. When convergence
temperature fieldis reached, the local Nusseltnumber
and dimensionless heat flux can be calculated from
Equations 21 and 23 respectively.

RESULTS AND DISCUSSION

In participating media, to demonstrate the behaviour
of thermal characteristics of boundary layer using the
Rosseland approximation for radiation model, the
velocity, temperature, and local Nusselt number are
found versus different radiation-conduction and
convection-conduction parameters. Since the
radiation and convection interaction is of primary

10 12 14 16 1& 20 22
R-R,

Figure 2. Effect of radiation-conduction parameter on
dimensionless velocity profile in boundary layer, W= 1.,
X=1
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concem here, all results are for fixed values of AX =
0.01, AR, = 0.09, Pr = 0.76, y,= 0.5, and R = 2.8.
Figure 2 shows the effect of radiation-conduction
parameter , on the dimensionless axial velocity at
the boundary layer. The radiation-conduction
parameter is defined as the ratio of radiation effect
to conduction effect. The effect of radiation gets
stronger as the y, increases. With increased y;, the
distribution of axial velocity goes up. This implies
that the presence of radiation effects tends to increase
the effect of buoyancy. Also, the maximum value for
velocity and momentum boundary layer thickness
increases with radiation effect. Figure 3 represents
the effects of convection-conduction parameter W
on axial velocity distribution. The greater value of y
indicates the smaller pin conductivity. Hence, athigh
value of y_, temperature at any location along the pin
reduces, and buoyancy effect decreases.

Figure 4 shows the temperature distribution in the
boundary layer as a function of the dimensionless
distance from the surface at X = 1 for different values
of . The temperature profile for y,=0 corresponds

to nonradiating fluid. The maximum temperature in

P YR IR WP TP TR (PR PRSP P s |
o r 2 ¥ 4 5 8 7 8 %18l 12
R-R

Figure 3. Effect of convection-conduction parameter on
dimensionless velocity profile in boundary layer, ¥ = 1,
X=1.
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Figure 4. Effect of radiation-conduction parameter on
dimensionless velocity profile in boundary layer, W= 1,
X=1
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Figure 5. Effect of convection-conduction parameter on
dimensionless velocity profile in boundary layer, y = 1,
X=1

the boundary layer is highest with the nonradiating
fluid. The effect of radiation within the boundary
layer is to flatten the temperature profile and hence to
reduce the temperature. Figure 5 illustrates the
distribution of temperature in boundary layer as a
function of convection-conduction parameter .
The greater value of y_ (smaller pin conductance)
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Figure 6. Effect of radiation-conduction parameter on
Nusselt number for y .= 1.
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Figure 7. Effect of convection-conduction parameter on
Nusselt number, ¥ = 1.

gives the decreasing pin temperature and causes
temperature gradient in fluid at boundary layer to
decrease. Figure 6 shows the effect of y, on the
local Nusselt number. The solution without radiation
(y,=0) is also shown for comparison. In all cases the
Nu(x) with radiation is larger than that without
radiation. This is due to two effects. First, the radiation
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Figure 8. Effect of radiation-conduction parameter i
dimensionless pin temperature distribution for y.= 1.
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Figure 9. Effect of convection-conduction parameter on
dimensionless pin temperature distribution for y, = 1.

is an additional mechanism for heat transfer through
the gas resulting in an increased heat flux. Second,
the radiation augments the velocity at boundary layer
so that heat transfer increases with y,. Both effects
act to increase the local Nusselt number. Careful
scrutiny on Figure 6 discloses that the curves with
radiation tend to attain a minimum and then rise
gradually. The location of these minima is shifted to
small X as radiation increases. Additionally, it is
found that the Nu(x) increases with the increase in
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Figure 10. Dimensionless pin temperature distribution for
pure convection.
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Figure 11. Dimensionless local heat transfer coefficient
for pure convection.

Y, Thisis due to the stronger radiationinteraction for
the flow withlarge . Figure 7 shows the dependence
ofthelocal Nusselt number on convection-conduction
parameter . The general trend of the curves shows
that the local Nusselt number is characterised by an
initial sharp drop, which becomes more gradual with
increasing X. An increase in convection-conduction
parameter, causes a drop in the local Nusselt number.
This is due to the increasing temperature gradient in
the pin. Since the temperature in the vicinity of the pin
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root is higher than in other locations on the pin, it is
seen that in the region near to the pin root, local
Nusselt number increases.

To demonstrate the role played by the radiative
lossmechanism, Figure 8 shows the effect of radiation
interaction on the pin temperature profiles. It is
clearly shown that as thermal radiation intensifies,
heat flux from the pin surface increases, causing the
pin temperature to decrease. Figure 9 shows the
effect of convection-conduction parameter y_on the
pin temperature distribution. The Figure depicts the
characteristic that larger values of y_ give rise to
larger pin temperature variations, which shows the
expected trend. To verify the accuracy of the present
work, results of these calculations for pure convection
are shown in Figures 10 and 11. Comparison of these
curves shows reasonable agreement between the
results of M. J. Huang et al. [6] and those of present

work.
CONCLUSIONS

Combined laminar natural convection and radiation
heat transfer of an absorbing-emitting gas over a
vertical circular pin have been investigated in this
research. Radiation by the participating gas has been
modelled by Rosseland approximation.The local heat
transfer coefficient along the pin is simultaneously
solved for combined natural convection-radiation
boundary layer equations of the fluid and the energy
equation of the pin. A fully implicit box technique is
employed. The effects of convective and radiative
parameter on thermal behaviour of system are
presented. To summarize, the following conclusions
are drawn.

1. The thicknesses of the momentum and thermal
boundary layer and the maximum velocity of the
fluid increase as the radiation heat transfer becomes
more dominant. This leads to the conclusion that as
the radiation heat transfer becomes dominant, the
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heat flux distribution becomes more evenly spread
out in the fluid boundary layer.

2. Temperature distribution in the gas flow is
affected by the radiation effect. The effect is small
when the radiation interaction is small.

3. With increases in radiation-conduction
parameter, the Nu(x) is enhanced as a result of
greater radiation effect.

4.Results of these calculations for pure convection
agree very well with those of previous investigations.

NOMENCLATURE
e, black body emissive power
g acceleration of gravity
Gr Grashof number
h(x) combined radiation-convection heat

transfer coefficient
h*(x) dimensionless combined radiation-

convection heat transfer coefficient

k fluid thermal conductivity

k, pin thermal conductivity

L pin length

Nu_ (x) convective Nusselt number

Nu (%) radiative Nusselt number

Nu,(x) local Nusselt number

Pr Prandtl number

q radiation flux vector

q.,.,X) convective heat flux from pin wall
q,.x) radiative heat flux from pin wall
q,(x) total heat flux from pin wall

r radial coordinate

T, radius of pin

R dimensionless radial coordinate
R, pin parameter

T fluid temperature

Tp pin temperature

T, root temperature of pin

T, pin wall temperature

T, ambient temperature
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u axial velocity

(8] dimensionless axial velocity

v radial velocity

v dimensionless radial velocity

X axial coordinate

X dimensionless axial coordinate

o fluid thermal diffusivity

B thermal expansion coefficient

B mean absorption coefficient

6 dimensionless temperature of fluid
GP dimensionless temperature of pin
Y kinematic viscosity

o Stefan-Boltzmann constant

Y, convection-conduction parameter
Ve radiation-conduction parameter
v, temperature ratio
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