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Nomenclature
T : Temperature
Cs; : Dimensionless fin parameter, ks t/kD T. : Ambient fluid temperature
D : Cylinder diameter AT : Temperature difference, To— T
k  : Cylinder local heat transfer coeificient, ¢/4T AT, : Temperature difference, 75— T.
hs : Fin local heat transfer coefficient, ¢/47+ ¢ : Fin half thickness
g : Gravitational acceleration % : Dimensionless radial velocity, UD/a
k£ : Thermal conductivity of fluid v : Dimensionless angular velocity, VD/a
ks : Thermal conductivity of fin
Nu : Local Nusselt number, 2D/k Greek Symbols
Pr :Prandtl number a : Thermal diffusivity
@ : Heat transfer rate per unit length of cylinder B8 : Thermal expansion coefficient
g :Local heat transfer rate ¢ : Angular coordinate
R : Radial coordinate ¢ : Dimensionless fluid temperature,
7 : Dimensionless radial coordinate, R/D (T-TH/(To—To
Ra : Rayleigh number, gfD*4T jva ¢s : Dimensionless fin temperature,

*Member, Dong-A University.

(To—DH/N(To—T



242 Sun Sok Kwon

: Kinematic viscosity
: Density

D v

: Stream function
: Dimensionless stream function, ¥/a
: Vorticity

g &

Subscripts

f :Fin
fs : Downward projecting fin
f. :Upward projecting fin

a : Cylinder surface

S : Smallest

T : Total
Superscripts

— : Mean value

m : Current iteration numbey

1. Introduction

Many theoretical and experimental studies have
been performed on natural convection from simple
surfaces such as vertical plates and horizontal circular
cylinders. It is of interest in natural convection heat
transfer to study how the buoyancy-induced flow
from one heated source affects another object which
is in contact with or separated from the source.
Numerical solutions for wall and free plumes above
a heated vertical Plate have been carried out for
Pr=¢,7—10 by Sparrow et al.®®,

Free plume is created by the buoyancy flow above
a heated plate and a typical wall plume is the flow
along vertical adiabatic extension above the heated
plate. Numerical solutions for two vertical plates
situated one above the other have been obtained to
determine the enhancement of heat transfer on the
upper plate as the vertical separation distance,
lateral offset and plate length are changed by
Sparrow and Patankar® and Sparrow and Samie®®.

Buoyancy-induced flow due to multiple isolated
heated elements located on a vertical surface has
been studied analytically for obtaining the general

nature of the flow and the dependence of the heat
transfer from an element, located in the wake of
another at a Prandtl number of 0.7 by Jaluria®
An analytical study of conjugate natural convection
heat transfer from an infinitely long vertical plate
fin has recently carried out by Kwon and Kuehn®.

In the present work, natural convections from two
long axial fins projecting vertically from an
isothermal horizontal circular cylinder are studied
as fin conduction, Prandtl number and Rayleigh

number are varied parametrically.
2. Numerical Analysis

The geometry investigated is shown schematically
in Fig. 1. Two long vertical fins are attached to
the heated isothermal cylinder at 6=0° and 6=180°.
It is assumed that the temperature at the base of
each fin is the same as the temperature of the cylinder
to which it is attached so that contact resistance is
negligible. The finned cylinder is immersed into a

fluid of infinite extent.
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Fig. 1 Schematic diagram of the geometry
investigated

The fluid flow is assumed to be steady, laminar
and two-dimensional, with a plane of symmetry
passing vertically through the center of the cylinder
and fins. The fluid is assumed to be incompressible
and to follow the Boussinesq approximation. Radia-
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tion is neglected in the computations.

The dimensionless equations for steady, laminar,
natural convection flow can be written in cylindrical
polar coordinates as follows:

Vo=-w 6))

A1 (0w v ow . 508  cosf 0p
Viw="Tp; (” or 77 aﬁ)—R‘Z(Slnﬁ or r ?‘0)
@
0 v 0

Voo ®

09* 1 2 1 7
where V'= 7+ 57 + 77 567 @

The boundary conditions become

>
u=v=¢=0, w=—"—3-0", ¢=1 &
on the cylinder surface,
19%°¢ 2’9 1 94

u=v=9=0, w=—"r g1, Crgm=—"7755®
on the impermeable fin surface at which the thin
fin approximation is used.

The outer boundary must be treated as one part
with fluid coming into the solution domain, the other
with fluid leaving. The fluid is assumed to approach
the cylinder radially at ambient fluid temperature.

The inflow boundary conditions are

0* 1 @
v= a,(f =¢=0, W-:—?’—ag—‘f )

The fluid is assumed to leave radially in the vicinity
of the plume with negligible radial temperature

gradient.
The outflow boundary conditions become
_ ¢ 0 _ R
V= = o =0, w=——7""75p ®

The position of the outer boundary is fixed so that
it has no significant effect on the heat transfer from
either the fin or the cylinder.

In most case the outer boundary was set near
R/D=s,

The grid spacing in the angular direction is 10°
although near the surfaces of fins it is reduced in
steps to A#,=0.625° to better resolve the angular
gradients at the fluid-fin boundary.

The radial grid spacing varies from Ar,=0. 005
near the cylinder surface for good resolution of radial
gradients to Ar=1. 28 near the outer boundary of the
computational domain. The resulting grid is 35X 29

with a total of 1015 nodes. An indication of the
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magnitude of truncation errors associated with the
finite differencing is given by a comparison with the
results of reference () which are extrapolated to
zero radial grid spacing for a free cylinder without
fins. The difference in total heat transfer between
the present results with no fin and those of (§) is
0.44% for Ra=10° and Pr=5,

The solutions were considered to be converged
when the stream function and temperature both met
the following criterion,

|- | o ©O)
where B is either ¢ or ¢, Calculations were
performed on a DEC PDP 11/34 minicomputer with
a Fortran program. Average solution times were
approximately 3 hours.

The following definitions are used when evaluating

the heat transfer. Local Nusselt number on the

cylinder:
kD 2¢ @D
Nuy=—p==—"5| .~ AT (10)
Local Nusselt number on the fins:
_ D _|1 9
Nu,_ k - ¢f o6 6=0 or x (11)
Cylinder total heat transfer per unit length:
e D =
xkAoT =Tk =Nu, (12

Fin total heat transfer per unit length of cylinder:

Q 7:D =
RdT = =Nur 13)

Total heat transfer per unit length of cylinder:

Qr Q,+Qs hr D —
wEAT =z EAT = F —Nur 4

where Nu,, Nu, and Nur denote equivalent mean

Nusselt numbers based on the cylinder diameter, D,

3. Results and Discussion

Solutions were obtained for the following sets of
conditions;
0.1<Cs<0. 6 at Ra=10°5 Pr=5,
0.1<Pr<10 at Ra=10°% Cs=0.5
and 10°<<Ra<C10° at Pr=5, Cs=0.5.
Emphasis was placed on the effect of the buoya-
ncy-induced upflow from a heated cylinder on two
projecting fins and the effect of the upflow from
two projecting fins on the cylinder.
Streamlines and isotherms with and without two
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Fig. 2 Dimensionless stream lines and isotherms for a horizontal isothermal circular cylinder
with two long axial fins, Ra=10%, Pr=5, C;=0.5

long vertical fins are shown in Fig. 2,

In all solutions the flow around the cylinder is more
activated in the presence of the heated fins.

This is caused by the buoyancy-induced upflow
from a downward projecting fins and by the
buoyancy-enhanced upflow in the plume area from
an upward projecting fin. However the heat transfer
convected from the cylinder surface decreases below

18 — - -

—-— With two vertical fins
Qr_—-— With a downward fin
RgoT ——~ With a upward fin
Bare cylinder

Equivalent mean Nusselt numbers for a
horizontal isothermal circular cylinder
with two long axial fins versus C; at Ra
=10°% Pr=5

Fig. 8

that for a bare cylinder because of the heated fluid
from a downward projecting fin passing near the
cylinder surface.

The mean Nusselt numbers for a horizontal
isothermal circular cylinder with two long axial fins

are shown in Fig. 3 as a function of the dimensionless
b1 r . r

20

0 1 Ir=rel 2
Local fin Nusselt numers versus vertical
position for an upward and a downward
projecting fins at Ra=10°, Pr=5

Fig. 4
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Fig. 5 Dimensionless fin temperature distributions
versus vertical position for an upward and

a downward projecting fins at Ra=10°,
Pr=5
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Fig. 6 Dimensionless angular temperature pro-

files at (r—7,)=0.120 adjacent to an
upward and a downward projecting fins
at Ra=10°%, Pr=5
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Fig. 7 Dimensionless radial velocity profiles versus
angular displacement near a cylinder with
an upward and a downward projecting

fins at (r—7,)=0.192, Ra=10% Pr=5

T

Fig. 8 Local fin Nusselt numbers versus vertical

postion for an upward and a downward
projecting fins at Ra=10%, C,=0.5
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fin parameter, C.

The mean fin Nusselt number increases apparently
as Cy is increased. This is caused by the increase in
fin temperature which results in a larger total
buoyant force. The mean cylinder Nusselt number
decreases apparently as Cr is increased due to the
decrease of the temperature gradients near the fin
base. The result is an increase in the mean total
Nusselt number for the cylinder with two fins as
C; is increased. Natural convection heat transfer
from a horizontal circular cylinder with an upward
fin, a downward fin and two fins is increased by 2. 43
%, 2.86% and 5,32%, respectively, over that for a
bare cylinder at Ra=10%, Pr=5 and C;=0.5.

Local fin Nusselt number distribution for various
C; is shown in Fig. 4. Generally the local fin

2

! ! (r-ro)
Fig. 9 Dimensionless fin temperture distributions
versus vertical position for an upward
and a downward projecting fins at Ra=
105, C+=0.5

(T—8)or A

Fig. 10 Dimensionless angular temperature profiles
at (r—7,)=0. 120 adjacent to an upward
and a downward projecting fins at Ra=
10% c+=0.5

Nusselt number near the cylinder rapidly increases as

the radial distance from the cylinder increases to

(r—7)=~0.1 and then decreases at larger radial

distances. The heat transfer from the fin is zero at

the base because of the mnegligible angular tem-
perature gradient in the fluid.

The dimensionless temperature distribution on the
downward fin rapidly decreases near the cylinder
and then approaches the ambient temperature of the
fluid at (r—7,) =0.7 for Cr=0.1, (r—7)=<1.2 for
C; =0.3 and (r—7,)=1.8 for Cr=0.5 while the
dimensionless temperature distribution on the upward
fin gradually decreases at the radial distance from
the cylinder increases as with the fluid in the plume
and the effect of C; is very small as shown in Fig.5.

The dimensionless angular temperature profiles in
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the fluid at (z—7,)=0.12 near an upward and a
downward fin are shown in Fig. 6. The temperature
gradient adjacent to the fin increases as C; increases
indicating a larger local heat flux.

The dimensionless radial velocity distributions at
(r—7,)=0.192 above and below a cylinder with two
long vertical fins for various values of C, are shown
in Fig. 7. The radial velocity is zero on the surface
of the fin. The velocity is larger than the bare
cylinder value near the fin because the heated fin
provides additional buoyancy-induced upflow to the
fluid which increases with increasing fin conduc-
tivity.

The radial velocity near the upward fin is not
significantly influenced by changing C;. Local fin
Nusselt number on two projecting fins for various
Prandt]l numbers are shown in Fig. 8. The local fin
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Fig. 11 Dimensionless radial velocity profiles versus
angular displacement near a cylinder with
an upward and a downward projecting
fins at (r—7,)=0.192, Ra=10¢, C;=0.5
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Fig. 12 Local fin Nusselt numbers on an upward
and a downward projecting fins at various
Rayleigh numbers for Pr=5, C;=0.5

Nusselt number increases as Prandtl number increases
in accordance with standard boundary layer theory.
Dimensionless temperature distributions on two
projecting fins are shown in Fig. 9,

The dimensionless fin temperature decreases as
Prandt]l number increases and approaches zero for
the downward fin at (r—7,)=1.8, 1.4 and 1.2 for
Pr=0.1, 1 and 10 respectively. Corresponding di-
mensionless angular temperature distributions in the
fluid at (r—7,)=0.120 are shown in Fig. 10. The
thermal boundary layer on the fins decreases in
thickness and magnitude as Prandtl number increases.

Dimensionless radial velocity profiles in the fluid
at (r—7,)=0.192 are shown on Fig. 11.

The radial velocity distribution increases signific-
antly in the fluid near the upward fin as Prandtl
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Fig. 13 Dimensionless fin temperatuse distributions
on an upward and a downward projecting
fins at various Rayleigh numbers for Pr

=5, Cr=0.5
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Fig. 15 Dimensionless radial velocity profiles
versus angular displacment near a cylinder
with an upward and a downward projec-
ting fins at(r —7,) =0. 192, Pr=5, Cs=0.5
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Fig. 14 Diemnsionless angular temperature profiles

at (r—7,)=0.120 adjacent to an upward
and a downward projecting fins at Pr=5,
Cs=0.5

number increases.

Local fin Nusselt number distributions on two
projecting fins are shown in Fig. 12. Local fin
Nusselt number distribution apparently increases as
Rayleigh number increases.

Dimensionless fin temperature distribution decreases
as Rayleigh number increases as shown in Fig. 13,

Dimensionless temperature profile in the fluid near
the fins at (r—7,)=0.12 decreases as Rayleigh
number increases as shown in Fig. 14,

Dimensionless radial velocity profile at (r—r,)=
0. 192 increases as Rayleigh number increases near
the fins as shown in Fig. 15.

Finally, the flow near the plume area for a circular
cylinder with two projecting fins is more activated
by increasing Rayleigh number and Prandtl number
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Fig. 16 Dimensionless stream function distributions
at #=20 for a circular cylinder with two
vertical projecting fins

but little by increasing C; as dimensionless stream
function distributions at #=20° shown in Fig. 16.

4. Conclusions

The following conclusions can be made on the
basis of the results presented above.

(1) Natural

horizontal circular cylinder with two long projec-

convention heat transfer around a
ting fins is increased 5.32% over that for a
bare cylinder at Ra=10° Pr=5 and C,=0.5.

(2) Local fin Nusselt number distributions increase
and dimensionless fin temperature distributions

decrease as Ra and Pr increases respectively.

But as C: increases, local fin Nusselt number
and dimensionless fin temperature distributions
increase.

(3) Maximum local fin Nusselt number appears at
(r—7,)=0.1—0. 2 fo the upward and downward
fins projected from an isothermal circular cylinder
at Ra=10°

(4) The buoyancy-induced flow around a cylinder
with two vertical projecting fins is stronger
than that of a bare cylinder.
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