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Abstract

Numerical experiments have been carried out to investigate natural convection heat transfer and fluid flow characteristics from a horizo
fluid layer with finned bottom surface. The effects of fin height and fin spacing have been investigated for a sufficiently wide range of
number. Quantitative comparisons of heat transfer rates and finned surface effectiveness have been reported. The insertion of heat conduct
fins has been found to induce an upward fluid motion along the fin walls. For a given value of fin spacing, the number of convec
between two adjacent fins is function of the values of fin height and Rayleigh number. In comparison with a bare plate, the heat transfer
for low values of fin height may be decreased by the insertion of fins. For high values of fin height, the finned surface effectiveness
than one for a wide range of fin spacing. For low values of Rayleigh number and high values of fin height, the finned surface effe
increases linearly with the decrease of fin spacing. Useful guidelines have been suggested to enhance the heat transfer rates fro
surface.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Natural convection heat transfer from finned surfaces
been the subject of a large number of both experimental
theoretical investigations. Compared to a bare plate, a fin
surface increases the heat transfer area. However, with th
fins, the flow rate is reduced. Thus, if not properly desig
it is possible that no improvement is achieved in terms of
overall heat transfer rates. Therefore, careful design o
arrays is necessary to improve the overall heat transfer an
optimise the finned surface effectiveness.

One of the earliest studies in this field is that of Star
and McManus [1] who presented free convection data
four different rectangular fin arrays attached to a verti
45 degrees, and a horizontal plate. A similar experime
study has been carried out by Welling and Wooldridge
They reported optimum values of fin height to spacing
maximum heat transfer from rectangular fin arrays. T
flow pattern associated with free convection heat tran
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from horizontal fin arrays has been also investigated
Harahap and McManus [3]. Jones and Smith [4] stud
the variation of localheat transfer coefficient for isotherm
vertical fin arrays on a horizontal base. Simplified des
correlations and optimum arrangement for maximum h
transfer have been suggested. Other studies on the
transfer performance of such fin configurations have b
also reported [5,6].

Research interests in this field are continuous. They
recently motivated by the advance in electronics technology
and the need for efficient cooling techniques. Most recently
Yüncü and Anbar [7] and Güvenc and Yüncü [8] ha
reported experimental studies on natural convection
transfer of rectangular fins attached to horizontal or vert
surfaces. The separate roles of fin height, fin spac
and fin base to ambient temperature difference have
investigated. It has been found that, for a given fin bas
ambient temperature difference, the convection heat transf
rate from fin arrays takes on a maximum value as a func
of fin spacing and fin height. Also, for fin arrays of t
same geometry, higher heat transfer enhancement
have been obtained with vertically oriented bases than
horizontally oriented ones.
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Nomenclature

c specific heat . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

g acceleration due to gravity . . . . . . . . . . . . . m·s−2

H layer height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
h heat transfer coefficient . . . . . . . . . W·m−2·K−1

K permeability . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

k thermal conductivity . . . . . . . . . . . . W·m−1·K−1

L fin height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
M number of control volumes iny direction
N number of control volumes inx direction
NS number of control volumes used to represent

the fin thickness
n iteration number
Nf number of fins
Nu Nusselt number
p pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Pr Prandtl number
Q heat transfer rate . . . . . . . . . . . . . . . . . . . . . . . . . W
Ra Rayleigh number,= gβ(TH − TC)H 3/να

S fin spacing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . .◦C
tf fin thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

u, v velocity components . . . . . . . . . . . . . . . . . . m·s−1

W layer width . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
x, y Cartesian coordinates . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

α thermal diffusivity . . . . . . . . . . . . . . . . . . . m2·s−1

β coefficient of thermal expansion . . . . . . . . . K−1

εf finned surface effectiveness
ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

Subscripts

a air
C cold plate
E east node
e east face of control volume
f fin
H hot plate
P control volume central node
∗ in the presence of fins
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Most of the above mentioned studies have been c
cerned with rectangular fins attached to vertical or horiz
tal bases in a free environment. Investigations with arr
of rectangular fins on horizontal or vertical surfaces in
limited and/or confined spaces, as would be likely enco
tered in electronic cooling systems, are rather limited.
heat transfer and fluid flow phenomena associated with
tical fins in a bottom heated fluid layer are related to
Rayleigh–Bénard convection process that arises in a h
zontal fluid layer. A large amount of research work on t
form of convection has been reported in the literature. In
ticular, much effort has been dedicated to investigate b
flow-instabilities and flow-transitions or bifurcations. A ge
eral well-known result obtained by many researchers is
the first bifurcation from motionless conduction to stea
state convection occurs as the Rayleigh number is incre
beyond a critical value which depends on the aspect rat
the enclosure (see, for example, Raithby and Holland [9

As the Rayleigh number is further increased, the mo
becomes unstable and subsequent flow-transitions lead
increasing spatio-temporal complexity which ultimately
sults in turbulence. According to a typical bifurcation se
quence [10–12], steady state convection becomes at
oscillatory, then turning into quasi-periodic and eventua
chaotic motion. Detailed surveys of Rayleigh–Bénard c
vection, as well as reviews on the several studies condu
are widely available in the open literature [13,14].

On the other hand, studies on enhancement of na
convection heat transfer in ahorizontal fluid layer have re
ceived very little attention. Most recently, an experimen
d

n

t

l

study has been carried out by Inada et al. [15] to investi
the effects of vertical fins on thelocal heat transfer in a hor
zontal fluid layer of finite extent. The heat transfer rates h
been reported for a single value of fin height and for limi
values of Rayleigh number and fin spacing. To the bes
our knowledge, there are no detailed parametric studie
the heat transfer and fluid flowcharacteristics within a finne
horizontal fluid layer. The results of such studies are us
for improving the heat transfer performance of the finn
surface and developing practical design guidelines.

In the present work, detailed numerical experiments h
been carried out to investigate heat transfer and fluid fl
characteristics from a horizontal fluid layer with finn
bottom surface. The effects of fin height and fin spacing h
been investigated for a sufficiently wide range of Rayle
number. Quantitative comparisons of heat transfer rates
finned surface effectiveness have been reported.

2. Physical models

Schematic drawings of the physical models under inv
tigation are shown in Fig. 1. The basic reference phys
model is a horizontal air layer of heightH and widthW .
The bottom plate is kept at a constant temperatureTH , while
the top plate is maintained at a lower temperatureTC . The
thickness of the air layer is small in comparison to the
panse of its surface. Therefore, the air will tend to circu
in a series of cells known as Bénard cells. For an infin
horizontal fluid layer, this cellular convection takes place
values of Rayleigh number greater than 1700 [9,14].
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Fig. 1. Schematic drawing of the physical models and computationa
domain.

Heat conducting fins of thicknesstf , height L, and
spacing S are now attached to the bottom plate. T
objective of numerical simulations is to investigate
effects of these heat conducting fins on the heat transfer
fluid flow characteristics. Results of heat transfer and flui
flow from the finned surface are to be compared with
base case of bare plate. A two-dimensional computati
domain comprising one single fin is selected for numer
simulations as shown in Fig. 1.

3. Governing equations

In the present numerical model, the heat conduc
fins are considered as a part of the computational dom
Heat transfer is taking place by natural convection in
fluid layer and by heat conduction in the solid fin. Th
phenomenon represents a conjugate heat transfer pro
A single set of governing conservation equations, va
for the whole domain comprising the solid fins and
surrounding fluid, are written in Cartesian coordinates as
Continuity:

∂u

∂x
+ ∂v

∂y
= 0 (1)

X-momentum:

ρ

(
∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y

)

= µ

(
∂2u

∂x2 + ∂2u

∂y2

)
− ∂p

∂x
− µ

K
u (2)

Y -momentum:

ρ

(
∂v + u

∂v + v
∂v

)

∂t ∂x ∂y
.

= µ

(
∂2v

∂x2
+ ∂2v

∂y2

)
− ∂p

∂y
− µ

K
v + ρgβ(T − T0) (3)

Energy:

ρc

(
∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y

)

= ∂

∂x

(
k
∂T

∂x

)
+ ∂

∂y

(
k
∂T

∂y

)
(4)

The assumptions employed in the governing equat
are in agreement with laminar incompressible flow. App
priate spatial values of constant physical properties (d
sity, thermal conductivity, specific heat, and viscosity)
assigned to the fluid and solid regions. Boussinesq app
mation has been adopted by considering the variation of
density with temperature in the buoyancy driving force.

It should be observed that, the third term on the right-h
side of the momentum equations, Eqs. (2) and (3), repres
the Darcy’s drag force that is well known for modellin
fluid flow in porous media. This term is introduced here
accommodate the presence of solid fin protrusions within
the whole domain. These solid protrusions are treate
a porous media with a very low permeability (K) in
comparison with the infinitepermeability of the surrounding
fluid. The low value of permeability in the solid regio
ensures an impermeable condition with zero velocity. T
governing equations for the solid region, Eqs. (1)–(4),
thus reduced to the classical heat conduction equation.
technique is similar to the blocking-off method introduc
by Patankar [16] to handle conjugate heat transfer proble

The adoption of this technique requires no explicit bou
ary conditions to be specified at the fluid–solid interfa
Thus, the boundary conditions for both the velocity and te
perature fields can easily be supplied at the outer surfac
the calculation domain. In the present study, the top and
tom walls of the computational domain have been con
ered impermeable with constantcold and hot temperature
respectively. Symmetry conditions have been employed
the left and right boundaries of the computational dom
These boundary conditions can beexpressed mathematical
as follows:

• For the top wall(y = H): u = v = 0, T = TC .
• For the bottom plate(y = 0): u = v = 0, T = TH .
• For the left and right boundaries (x = −S/2,+S/2):

u = 0, ∂v
∂x

= 0, ∂T
∂x

= 0.

4. Heat transfer rates

For a horizontal fluid layer of widthW and heightH , the
steady state total heat transfer rate through the fluid l
at the hot (QH ) and cold (QC ) plates are equal. They a
calculated as:
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QC = QH = Q =
+W/2∫

−W/2

−k
∂T

∂y

∣∣∣
y=0

dx

=
+W/2∫

−W/2

−k
∂T

∂y

∣∣∣
y=H

dx = hW(TH − TC) (5)

Where h is the average heat transfer coefficient d
to natural convection. The average value of heat tran
Nusselt number based on the layer heightH can be evaluate
from Eq. (5) as follows:

Nu = hH

ka

= QH

W(TH − TC)ka

(6)

Now, when the layer is equipped with fins of spacingS,
the heat transfer rates from single fin spacing due to
conduction in the solid fin and natural convection in the fl
space is given by:

Q∗
C = Q∗

H = Q∗ =
+S/2∫

−S/2

−k
∂T

∂y

∣∣∣
y=0

dx

=
+S/2∫

−S/2

−k
∂T

∂y

∣∣∣
y=H

dx = h∗S(TH − TC) (7)

Nu∗ = h∗H
ka

= Q∗H
S(TH − TC)ka

(8)

The effectiveness of the finned surface (εf ) is a measure
of heat transfer enhancement using fins. It is defined as th
ratio of the total heat transfer rate from the finned surf
to the total heat transfer rate in the absence of fins.
calculated as:

εf = Q∗ · Nf

Q
= h∗S(TH − TC) · Nf

hW(TH − TC)
(9)

WhereNf is the total number of fins in the layer widthW .
For fins of negligible thickness,Nf = W/S, εf can be
written as:

εf = Nu∗

Nu
(10)

For a particular fluid of a given value of Prandtl number,
effectiveness of the finned surface is function of the val
of Rayleigh numberRa, fin lengthL, fin thicknesstf , and
fin spacingS.

5. Numerical solution

The governing equations have been discritized using
control volume based finite difference formulation with im
plicit time integration [16]. The computational domain h
been divided into a large number of control volumes. A s
ficient number of control volumes have been positioned
side the solid region. The grid is designed such that the
surfaces coincide with the control volumes faces pas
through the solid boundaries. This allows appropriate
signment of the values of density, specific heat, visco
thermal conductivity, and permeability at the central node
of both the solid and liquid computational cells. The dif
sion coefficients (viscosity and thermal conductivity) at
faces of the control volumes have been calculated as the
monic mean of their respective known values at the centr
nodes [16]. For example, using a uniform grid, the value
thermal conductivity at the east face of a control volum
calculated aske = 2kP kE

kP +kE
. The adoption of harmonic mea

practice ensures the continuity of diffusive fluxes at the c
trol volume faces and correctly handles the large step ch
in the diffusion coefficients at the solid–liquid interface [1

The governing equations have been solved using Aqu
CFD code developed at TREFLE [17]. Solution of Navie
Stokes equations have been carried out using the
mented Lagrangian method [18]. Hybrid scheme has b
chosen for discretization of the convective–diffusive tra
port terms [16]. The discrete algebraic equations have b
solved using a preconditioned conjugate gradient me
BI-CGSTAB. Steady state numerical solutions have b
obtained by retaining the transient terms in the gove
ing equations. This technique provides a kind of und
relaxation and improves the convergence to steady stat
lutions [16]. The code is thoroughly validated by comp
isons with bench mark numerical and experimental res
for fundamental CFD test cases including: natural conv
tion in cavities, Rayleigh–Bénard convection, flow ove
backward facing step, flow around a cylinder, and many
ers [17].

Calculations are terminated, steady state is consid
satisfied, when the normalized differences in the value
temperature and velocities between two successive itera
in time n and n + 1 are less than 10−10. The value of
the normalized mass imbalance, residual of the contin
equation, is less than 10−12. These criteria have bee
found sufficient to ensure accurate results of steady s
temperature and velocity fields. The difference in Nus
number value between two successive iterations at st
state is less than 10−6. The values ofQH andQC have been
observed to be exactly equal at steady state. This indic
an excellent overall heat balance.

6. Results and discussion

In the present study, numerical experiments have b
carried out using airPr = 0.71, for six different values o
Rayleigh number in the range ofRa = (2 × 103–3× 104),
three different values of fin length to layer height ra
L/H = (0.25,0.5,0.75), and nine different values of fi
spacing in the range ofH/S = (0.125–2.0). Calculations
have been carried out using high conducting (copper,k =
200 W·m−1·K−1) thin fins (tf /H = 0.05).



E. Arquis, M. Rady / International Journal of Thermal Sciences 44 (2005) 43–52 47

ine
l

e of
r a

rved

ce
of

hat,

ting
gth
er o
ent
l
the

for
ons.
sse
the
s ar

are
late

gh
e of
ect
late
y
fin

ce

he
the
and
een
ted

ting

bers
ion
2,

ells

of
ns
h
be

r, at

ow
r
f
2.

ved
ent
ern
, a

sed

r of
A grid refinement study has been carried out to determ
the effect of grid size (N · M) on the accuracy of numerica
solution. The variation of the steady state average valu
Nusselt number, in the absence of fins, with grid size fo
typical test case is shown in Table 1(a). It can be obse
that, the difference in the calculated value ofNu using
100× 50 and 200× 100 is less than 0.5%. In the presen
of fins, the sensitivity of numerical results to the number
control volumes used to represent the fin thickness (NS) has
been examined. It can be observed from Table 1(b) t
for a grid size of (N · M) = 100× 50, the difference in
Nusselt number values usingNS = 10, 6, 4, 2, 1 is within
±0.15%. This can be attributed as due to the domina
one-dimensional heat conduction along the thin fin len
that can be accurately represented using a small numb
grid points along the fin width. Based on the grid refinem
results, a uniform 200×100 grid with a minimum of 4 noda
points within the fin thickness has been employed in all
numerical simulations of the present study.

The results of heat transfer and fluid flow patterns
different test cases are presented in the following secti
The steady state isotherms and streamlines are discu
In addition, quantitative evaluations and comparisons of
heat transfer rates in the absence and presence of fin
carried out.

Flow patterns

For the basic reference horizontal fluid layer with a b
plate, the layer thickness is small with respect to the p

Table 1
Grid refinement study

(a) In the absence of fins (Ra = 3× 104, H/W = 0.5)

Grid size (N · M) 60× 30 80× 40 100× 50 150× 100 200× 100

Nu 3.8459 3.8775 3.8922 3.9127 3.9121

(b) In the presence of fins (Ra = 3× 104, H/S = 0.5, L/H = 0.5),
N · M = 100× 50

NS 10 6 4 2 1
Nu∗ 4.3761 4.3736 4.3724 4.3714 4.3701
f

d.

e

width, the flow pattern beyond a critical value of Raylei
number is known to be characterized by the existenc
multiple convection cells [9]. In the present study, the eff
of attachment of heat conducting fins to the bottom p
on the fluid flow characteristics has been investigated b
examining the flow structures predicted within a single
spacing, of aspect ratioH/S, as a function of fin height (L),
fin spacing (S), and Rayleigh number (Ra). The flow patterns
obtained within the same spacing (H/W = H/S) in the
absence of fins (L/H = 0.0), have been used as referen
cases for comparison.

A general picture of the effect of fin insertion on t
predicted flow patterns can be inferred by comparing
number of convection cells observed in the absence
presence of fins, shown in Table 2. The numbers betw
brackets indicate the number of convection cells predic
usingH/W = H/S without fins. It can be observed from
Table 2 that, in the absence of fins, the number of rota
cells is dependent upon the values of aspect ratioH/W and
Rayleigh number. For the present range of Rayleigh num
(Ra = 2000–30 000), the predicted number of convect
cells for H/W = 0.125, 0.25, 0.5, and 0.75 are 6–8, 4,
and 1, respectively. At least two Bénard convection c
have been predicted for values ofH/W � 0.5. For higher
values ofH/W , the flow is characterized by the existence
a single convection cell. The intensity of this cell weake
with the increase ofH/W and the decrease of Rayleig
number. Convective fluid motion have been observed to
fully suppressed, indicating pure conduction heat transfe
Ra = 2000 forH/W � 1.5.

In the presence of fins, the number of rotating cells n
depends on the values of fin spacingH/S, Rayleigh numbe
Ra, and fin heightL/H . A general picture of the number o
cells in the presence of fins can be inferred from Table
Four different types of flow patterns have been obser
within the fin spacing. They are distinguished by differ
areas shown in Table 2. Namely, a multiple-cell flow patt
(number of cells greater than 4), a two-cell flow pattern
flow pattern with one convection cell, and a fully suppres
flow without any convective motion. For values ofH/S �
0.25, the insertion of fins generally reduces the numbe
0.75

4)
(2)
(1)
(1)
1)
)

Table 2
Comparison of the number of predicted convection cells in the presence and absence of fins

L/H Ra = 2000 Ra = 5000 Ra = 10000 Ra = 15000 Ra = 20000 Ra = 30000

0.25 0.5 0.75 0.25 0.5 0.75 0.25 0.5 0.75 0.25 0.5 0.75 0.25 0.5 0.75 0.25 0.5

H/S = 0.125 8(8) 6(8) 6(8) 6(6) 6(6) 6(6) 4(6) 4(6) 4(6) 4(6) 4(6) 4(6) 4(6) 4(6) 4(6) 4(6) 4(6) 4(6)
H/S = 0.25 4(4) 4(4) 4(4) 4(4) 2(4) 2(4) 2(4) 2(4) 2(4) 2(4) 2(4) 2(4) 2(4) 2(4) 2(4) 2(4) 2(4) 2(
H/S = 0.50 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2(2) 2
H/S = 0.75 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2
H/S = 1.00 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2
H/S = 1.25 2(1) 2(1) 2(1) 1(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(
H/S = 1.50 0(0) 0(0) 0(0) 1(1) 2(1) 2(1) 1(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1) 2(1
H/S = 1.75 0(0) 0(0) 0(0) 1(1) 0(1) 0(1) 1(1) 2(1) 2(1) 1(1) 1(1) 2(1) 1(1) 2(1) 2(1) 1(1) 2(1) 2(1)
H/S = 2.00 0(0) 0(0) 0(0) 1(1) 0(1) 0(1) 1(1) 1(1) 2(1) 1(1) 1(1) 2(1) 1(1) 1(1) 2(1) 1(1) 1(1) 2(1)

Multiple cells Two cells One cell Suppressed flow
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(b)

Fig. 2. (a) Streamlines and isotherms without fins (Ra = 2000,
H/W = 0.125). (b) Streamlines and isotherms using fins (Ra = 2000,
H/S = 0.125,L/H = 0.25).

convection cells as comparedto the reference case of a ba
plate. Two-cell convection patterns have been observed
in the absence and presence of fins for values ofH/S = 0.5.
On the other hand, for values ofH/S = 0.75–1.25, the
insertion of fins results in inducing a two-cell convecti
pattern as compared to single cell in the absence of
The range of predicted two-cell flow pattern is extended
comparison with the bare plate. For low values of fin spac
(H/S � 1.5), the predicted number of convection cells
largely dependent upon the values of fin height and Rayl
number. In comparison with the prediction of a single c
in the reference case of a bare plate, the insertion of
may result in developing a two-cell convection pattern
single-cell convection pattern, or completely suppress
fluid motion.

The foregoing comparison between the flow pattern
the presence and absence of fins is general. A more de
comparison can be made by comparing the flow streamline
and isotherms for the two cases and for equivalent num
of flow cells and domain aspect ratio. Fig. 2(a), (b) sho
a typical flow pattern that is characterized by eight rotat
cells. The streamlines and isotherms with and without
are completely similar. The insertion of heat conducting
induces an upward fluid motion along the fin walls th
happens to be in the same direction as the original fl
motion without fins. It can be also observed from Fig
that, closely spaced isotherms at the top and bottom plate
correspond to the locations of fluid impingement on th
plates. These locations are characterised by high local va
of heat transfer rates. The increase of Rayleigh num
results in higher temperature gradients at these locations
consequent higher values of local heat transfer coefficie

For values ofH/S = 0.125, L/H > 0.25, andRa =
2000–5000, the flow pattern is characterised by the exist
of six rotating cells. Comparison of this flow pattern with t
basic six rotating cells flow pattern obtained without fins
shown in Fig. 3(a), (b). It can be observed that, altho
the number of cells is the same, the cells orientation
direction of rotation are reversed as due to the insertio
d

s

d

(a)

(b)

Fig. 3. (a) Streamlines and isotherms without fins (Ra = 5000,
H/W = 0.125). (b) Streamlines and isotherms using fins (Ra = 5000,
H/S = 0.125,L/H = 0.25).

Fig. 4. Streamlines and isotherms,Ra = 5000,H/S = 1.25: (a) Without fin,
(b) L/H = 0.25, (c)L/H = 0.5, (d)L/H = 0.75.

fins. Again, the insertion of heat conducting fin induces
upward fluid motion along the fin walls. The streamlines a
isotherms of Fig. 3(a) can be considered as a mirror im
of those shown in Fig. 3(b). The locations of conden
isotherms and corresponding peaks in local heat tran
coefficient have exchanged their positions between the
and cold plates.

Further comparisons of the four-cell and two-cell flo
patterns in the absence and presence of fins have been c
out. It has been observed that, the four-cell flow patterns
similar in the presence and absence of fins. On the othe
hand, the cells orientation and direction of rotation in
two-cell flow pattern using fins have been observed to
opposite to the basic two-cell flow patterns predicted in
absence of fins.

Streamlines and isotherms corresponding to a single
flow pattern are shown in Fig. 4(a), (b). The transition fro
single to two-cell flow patterns with the increase of fin hei
at the same value of Rayleigh number is also shown
Fig. 4(c), (d). It can be observed that the convection c
move outward away from the fin surface with the incre
of fin height. Also, the temperature gradient at the cold p
above the fin tip increases with the increase of fin height
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Fig. 5. Variation of average value of heat transfer Nusselt number fro
single fin spacingNu∗ with Rayleigh number for different values of fi
height: (a)H/S = 0.125, (b)H/S = 0.5, and (c)H/S = 1.0.

Heat transfer rates

Analysis of the effect of fin insertion on the heat transfe
rates from a horizontal fluid layer should clarify two poin
The first one, is related to the comparison of heat tran
rates from a single fin spacing (of aspect ratioH/S) with
the corresponding values obtained within the same spa
(H/W = H/S) in the absence of fins. The second iss
is related to the variation of heat transfer rates and fin
surface effectiveness as a function of Rayleigh num
fin spacing H/S, and fin heightL/H . The results of
this analysis are useful in the design of finned surfac
maximize the heat transfer rates and optimize the cost o
material for a particular application.

Fig. 5(a)–(c) shows the variation of average value of h
transfer Nusselt number from a single fin spacing (Nu∗) with
Rayleigh number for different values of fin height. The
values are compared to the average Nusselt number v
(Nu) obtained for the same spacing (H/W = H/S) in the
absence of fins, also shown in Fig. 5. The values ofH/S

chosen for this comparison (H/S = 0.125, 0.5, and 1.0
represent three different cases of predicted flow patte
see Table 2. It can be observed from Fig. 5(a) that
H/S = 0.125, the heat transfer rates generally decrease
fin insertion. This may be mainly attributed to the reduct
in the number of flow rotating cells and corresponding lo
s

peaks of heat transfer rates. For fin spacing ofH/S = 0.5,
the flow pattern is characterized by the existence of
convection cells both in the absence and presence of
The decrease in flow intensity with fin insertion is n
significant. The insertion of fins for this case results
relatively higher values of heat transfer rates, as show
Fig. 5(b). The heat transfer rates increase with the incr
fin height.

Analysis of the variation of heat transfer rates w
Rayleigh number forH/S = 1.0, see Fig. 5(c), indicate
that the heat transfer rates are reduced at low value
fin height and Rayleigh number (L/H = 0.25, Ra = 2000–
5000) as compared to the basic case without fins. It sh
be mentioned that, the number of convection cells wit
this range are the same in absence and presence of fin
Table 2. The reduction of heat transfer rates is attribute
the decrease in flow intensity due to the insertion of fi
The heat transfer rates have been observed to be enh
for this case (H/S = 1.0,L/H = 0.25) with the increase
of Rayleigh number. For high values of fin height (L/H =
0.75), the heat transfer rates using fins are relatively hig
than the corresponding values in the absence of fins fo
values of Rayleigh number.

The above results show that the heat transfer rates
largely dependent upon the competition between the eff
of increase of heat transfer surface area, the reduc
or increase of the number of convection cells, and
variation of flow intensity as due to the insertion of fins. T
complex interactions betweenthese parameters determi
the resulting heat transfer rates. In actual applications
general design requirement is to maximize and enha
the total heat transfer rate and finned surface effectivenes
with the insertion of fins. However, in some situations, o
may be interested in maximizing the heat transfer rates
a particular location from single fin spacing on the h
plate. That is characterized, for example, by relatively high
heat dissipation rates to avoid the possibility of hot sp
at these points. The variation of the heat transfer rates
finned surface effectiveness from a horizontal fluid la
with bottom plate finned surface as a function of fin spac
H/S, for different values of Rayleigh number and fin heig
L/H are discussed in the following sections.

The variation of the average value of Nusselt num
(Nu∗) from the finned surface with fin spacingH/S for
different values of fin height and Rayleigh number is sho
in Fig. 6(a)–(c). The maximum value of heat transfer r
from a single fin spacing occurs at boutH/S = 0.5–
0.75. For high values of fin height (L/H = 0.75) and low
Rayleigh number, conduction heat transfer dominates
the heat transfer rate from a single spacing increases linearl
as expected, with the decrease of fin spacing.

In actual design of finned surface, the layer aspect rat
known and the designer seeks to calculate the finned su
effectiveness using a particular value of fin height (L/H )
and spacing (H/S) for a given temperature difference (Ra).
It should be noted that, calculation of the fin effectiven
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Fig. 6. Variation of average value of heat transfer Nusselt number from
a single fin spacingNu∗ as function of fin spacing (H/S) and Rayleigh
number: (a)L/H = 0.25. (b)L/H = 0.5. (c)L/H = 0.75.

using Eq. (10) requires specification of the reference valu
heat transfer Nusselt numberNu in the absence of fins. In th
present study, the thickness of the basic reference horiz
fluid layer with bared plate is considered to be small w
respect to the layer width. The corresponding convec
patterns are known to be characterized by the existenc
multiple convection cells. These convection patterns h
been observed in the present study for values ofH/W � 0.5.
The variation of heat transfer Nusselt number with Rayle
number forH/W � 0.5 has been correlated as:

Nu = 0.1225(Ra)0.3395 (11)

The Nusselt number value obtained from Eq. (11) has b
taken as reference in the calculation of total finned surface
effectiveness.

The variation of total finned surface effectiveness w
fin spacing for different values of fin height and Raylei
number is shown in Fig. 7(a)–(c). Values of fin effectiven
greater than one indicate an enhancement of heat tra
using fins. For the present range of Rayleigh number,
effectiveness of the finned surface is a strong function
fin spacing and height. The finned surface effectiven
increases with the increase of fin height. Low values
fin height may result in reducing the heat transfer rate
compared to a bare plate. For enhancing the heat tra
rates, the fin spacing for low values of fin height should
carefully chosen as a function of Rayleigh number.

For high values of fin height (L/H � 0.75), Fig. 7(c),
the finned surface effectiveness is greater than one, f
wide range of fin spacing. The dependence of finned sur
effectiveness on the Rayleigh number value is decrea
A fin spacing ofH/S = 0.5–0.75 seems to be an optimu
value for maximum finned surface effectiveness. For
values of Rayleigh number and high values of fin heig
the finned surface effectiveness increases linearly with th
decrease of fin spacing.

The above results have been obtained for a single v
of fin thickness (tf /H = 0.05). For the completeness of th
present study, the effect of variation of fin thickness on
heat transfer rates has been examined. The average value
of heat transfer Nusselt number for three different val
of fin thicknesstf /H = 0.05, 0.025, and 0.0125 (atRa =
30 000,L/H = 0.5, andH/S = 0.5) have been respective
predicted as 4.376, 4.407, and 4.420. These results ind
a very slight enhancement in the heat transfer rates
decreasing the value of fin thickness. In practice, the ch
of fin thickness is carried out based on the manufactu
capability to produce as thin fins as possible.

Useful guidelines

The following guidelines are recommended for practi
applications:

• The total finned surface effectiveness is generally
hanced for the following design ranges: (L/H = 0.75
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Fig. 7. Variation of total finned surface effectiveness (εf = Nu∗/Nu) with

fin spacing,Nu = 0.1225(Ra)0.3395: (a) L/H = 0.25, (b) L/H = 0.5,
(c) L/H = 0.75.

and H/S = 0.5–1.5), (L/H = 0.5 and H/S = 0.5–
0.75), and (L/H = 0.25 andH/S = 0.5).

• For values outside these ranges, the fin design p
meters should be carefully chosen as function of
Rayleigh number value, using Fig. 7(a)–(c).

• The heat transfer rate from a single fin spacing
optimised for values ofH/S = 0.5–0.75.

• The heat transfer rates increase by using higher va
of fin height.

• The fin thickness is determined by the manufactur
limitations of thin fins production.

7. Summary and conclusion

Numerical experiments have been carried out to inve
gate heat transfer and fluid flow characteristics from a ho
izontal fluid layer with finned bottom surface. Results
heat transfer and fluid flow from the finned surface h
been compared with the basecase of bare plate. The e
fects of fin height (L/H = 0.25, 0.5, and 0.75) and fin spa
ing (H/S = 0.125–2.0) have been investigated for a w
range of Rayleigh numbers (Ra = 2000–30000). Quanti
tative comparisons of heat transfer rates and finned
face effectiveness have been reported. The insertion of
conducting fin induces an upward fluid motion along
fin walls. Four different types of flow patterns have be
predicted within the fin spacing as function of the valu
of fin height and Rayleigh number. Namely, a multip
cell flow pattern (number of cells greater than 4), a tw
cell flow pattern, a flow pattern with one convection ce
and a fully suppressed flow without any convective m
tion.

The maximum value of heat transfer rate from a sin
fin spacing occurs at boutH/S = 0.5–0.75. For the presen
range of Rayleigh number, the effectiveness of the fin
surface is a strong function of fin spacing and height. T
finned surface effectiveness increases with the increase
height. Low values of fin height may result in reducing t
heat transfer rates as compared to a bare plate. For enha
the heat transfer rates, the fin spacing for low values of fin
height should be carefully chosen as a function of Rayle
number.

For high values of fin height (L/H � 0.75), the finned
surface effectiveness is greater than one, for a wide rang
fin spacing. The dependence of finned surface effective
on the Rayleigh number value is decreased. A fin spa
of H/S = 0.5–0.75 seems to be an optimum value
maximum finned surface effectiveness. For low values
Rayleigh number and high values of fin height, the finn
surface effectiveness increases linearly with the decrease
fin spacing.
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