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a b s t r a c t

This paper presents a comparative numerical study of 2-D and 3-D steady, laminar conjugate natural con-
vection heat transfer from a vertical rectangular aluminium fin array subjected to a distributed high heat
flux related to the cooling of a 105 W LED street lighting luminaire. The effect of radiation is also consid-
ered in the aforementioned models. The 2-D model uses the Stream function-Vorticity-Temperature
approach. The finite-difference methodology is used to discretize the governing equations. The discretiza-
tion method in the 3-D model is finite-volume. The solution algorithm is SIMPLE (Semi-Implicit Method
for Pressure-linked Equations). A detailed parametric study based on a realistic lamp data is conducted to
observe the effect of heat flux, fin spacing, fin height, fin width, fin thickness and fin material (aluminium,
brass, copper, mild steel) on the fluid (air) velocity and temperature distributions, heat transfer and LED
junction temperature. A novel finding of this work is the revelation of asymmetric flow and thermal fields
in the successive channels of the fin array, as predicted by the 3-D model. In contrast with the existing
studies in which fin base is treated as isothermal, an optimal fin spacing is found to exist corresponding
to the maximum heat transfer coefficient in the present study. The difference between 2-D and 3-D
model-predicted average heat transfer coefficients increases with increase in fin height to fin spacing
ratio. The contribution of radiation heat transfer is about 8–14% of the total heat transfer in the range
of dimensions of the fin array considered in this work. A penalty function based optimization study is car-
ried out to maximize the average heat transfer coefficient while maintaining the LEDs below the safe
limit of 353 K. Finally, correlations for predicting the average heat transfer coefficient in the vertical rect-
angular fin array heat sink, and the maximum LED temperature as a function of luminaire wattage and
geometric parameters of the fin array have been presented.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction and literature review

1.1. Background

This paper presents a CFD study of conjugate natural convection
and radiation heat transfer from a vertical rectangular fin array
used as a heat sink for an LED street lighting luminaire. A light-
emitting diode (abbreviated as LED) which is a semiconductor
based light source is widely used today in both domestic and
industrial lighting due to its energy efficiency, long life and envi-
ronmental friendly nature. However, in LED 65–75% of the electric
power supplied is transformed into heat. Hence, cooling LED lights
is a challenging task. In a study by Narendran and Gu [1], the

lifetime of LED’s was seen to decrease exponentially with increase
in temperature. Furthermore, higher temperatures drastically
affect the LED light colour and energy efficiency. Reliable street
lighting systems require adequate cooling methods to limit the
LED junction temperature within safe limits. Natural convection
cooling using fins proves to be a low cost, noise free and mainte-
nance free method suited for the outdoor operation of the long
lasting LED street lights. Among the different fin arrangements, a
rectangular fin array is a commonly used heat sink system.

1.1.1. Natural convection from rectangular fin array
Natural convection heat transfer from rectangular fin arrays has

been a widely researched field for the past seventy years or so.
Elenbaas [2] conducted an experimental study on natural convec-
tion from an array of parallel plates and proposed a correlation
for Nusselt number. For small values of spacing between the plates,
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the heat dissipation was found to increase rapidly with increase in
spacing. However, in the study, the parallel plates did not have a
base plate at the bottom. Later on, the effect of the heated base
plate at the bottom of the parallel plates was explored by Starner
and McManus [3]. Experiments were carried out for three base
plate orientations: vertical, horizontal and 45 degrees inclined.
The presence of the base plate caused 10–30% reduction in heat
transfer coefficient in comparison with the results of Elenbaas
[2]. Experiments conducted by Welling and Wooldridge [4] identi-
fied the existence of an optimum fin height to spacing ratio for
maximum free convection heat transfer. Harahap and McManus
[5] augmented the research on rectangular fin arrays on a horizon-
tal base, and came up with a correlation for Nusselt number based
on their experimental study. The chimney flow pattern in the fin
channel was investigated in the study. However, in a later experi-
mental work by Jones and Smith [6], the results produced mis-
matched with the Harahap and McManus correlation. Jones and
Smith suggested fin spacing as the prime characteristic dimension
affecting the heat transfer. The results included a correlation for

Nusselt number with the fin spacing as the characteristic dimen-
sion. A series of experimental studies by Leung et al. [7–13]
enriched the understanding of heat transfer from rectangular fin
arrays on vertical and horizontal bases. Influence of fin parameters
including fin thickness [9,11] and fin material [12] constituted a
part of their extensive experimental study.

Sobhan et al. [14] pointed out the lack of available research on
local fin heat transfer rates as well as research considering realistic
conditions like non-isothermal fins. They performed experiments
with variable fin spacing, heating level and material. The maxi-
mum value of local heat transfer coefficient appeared at a fin
height of 20–30% from the base. The optimal fin spacing and heat
transfer rates depended on the material thermal conductivity.
Yuncu and Anbar [15], and Harahap and Setio [16] extended the
experiments on rectangular fin arrays, and proposed enhanced cor-
relations for heat transfer.

A computational study of natural convection from a single ver-
tical fin on a partially heated horizontal base was conducted by
Mobedi et al. [17]. Later, Baskaya et al. [18] carried out a numerical

Nomenclature

A area (m2)
Bi–j absorption factor between surface i and surface j
cp specific heat (J/kg K)
d diameter of an LED (m)
Fi–j view factor between surface i and surface j
g acceleration due to gravity (m/s2)

Gr Grashof number = gbðq00S=kfluidÞS3
t2

h heat transfer coefficient for the heat sink (W/m2 K)
H fin height (m)
J radiosity (W/m2)
k thermal conductivity (W/m K)
l integration path
L fin array length = Nf (S + tf) (m)
n number of LED’s in one row, also direction normal to

a surface
Nf total number of fins in the rectangular fin array
p pressure (Pa)
Pr Prandtl number = t=afluid
q heat transfer (W)
q00 heat flux due to LED’s (W/m2)
qtotal total heat transfer from the heat sink (W)
qluminaire total wattage of the LED luminaire (W)
Re Reynolds number = uref S=t
S spacing between adjacent fins (m)
t time (s)
t� dimensionless time = turef =S
Dt� dimensionless time increment
tf fin thickness (m)
tb total base layer thickness (m)
T temperature (K)
Tamb ambient temperature (K)
TLED,max maximum LED temperature (K)
u velocity component in X-direction = @W=@Y (m/s)
u� dimensionless u-velocity, = u=uref

uref reference velocity = m
S

ffiffiffiffiffiffi
Gr
100

q
(m/s)

v velocity component in Y-direction = �@W=@X (m/s)
v� dimensionless v-velocity = v=uref

w velocity component in Z-direction
W fin array width (m)
X, Y, Z Cartesian coordinates
X� dimensionless X =X=S

DY� dimensionless grid size along X�

Y� dimensionless Y = Y=S
DY� dimensionless grid size along Y�

Greek symbols
a thermal diffusivity (m2/s)
b volumetric thermal expansion coefficient (K�1)
e emissivity
f vorticity = @v=@X � @u=@Y (s�1)
f� dimensionless vorticity = fS=uref

h dimensionless temperature = T�Tamb
q00S=kfluid

l dynamic viscosity (kg/ms)

v kinematic viscosity (m2/s)
q density (kg/m3)
r Stefan-Boltzmann constant, 5.67 � 10�8 W/m2 K4

W stream function (m2/s)
W⁄ dimensionless stream function = W=Suref

Subscripts
amb ambient
avg average
bot bottom of luminaire base
fluid fluid medium, air
i surface element
j surface element
rad radiation
solid solid medium
surface on channel-wall
wall channel wall at solid-fluid interface of the heat sink

Superscripts
⁄ dimensionless
P present time
P + 1 future time after time-step Dt

Abbreviations
Avg. average
CFD computational fluid dynamics
h. t. coeff. heat transfer coefficient
LED light emitting diode
MCPCB metal-core printed circuit board
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