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Abstract: Thermal performances of plate-fin, pin-fin and elliptical heat sinks with vertical base plate were compared in
natural convection. Comparison is performed with same base plate dimensions and height of fin condition. In the work
herein, steady-state natural convection heat transfer and thermal performance comparison between rectangular finned
heat sinks and pin fin heat sink from vertically-oriented base plate is investigated. After generating and validating the
existing analytical results for continuous fins, a systematic numerical study is conducted on the effect of the elliptical
fin. ANSYS and SOLIDWORKS software are used in order to develop a three-dimensional numerical model for
investigation of different fin geometries effects. Results show that alterations in fin geometry to vertical oriented base
plate fins enhances the thermal performance of fins and reduces the weight of the fin arrays, which leads to lower
manufacturing costs. The optimum spacing for maximum fin array thermal performance is found. This study suggests
that the most important geometric parameter influencing the heat transfer from pin fin arrays is the ratio of the fin

diameter to the center to center spacing.

Keywords: Fins, natural convection, numerical model, optimization.

I. INTRODUCTION

Sparrow and Vemuri [1] studied the optimal number of
pin-fin with fixed base plate dimensions and fin diameter.
With the optimized result, they compared pin-fin and
plate-fin heat sinks. However, their comparison was
performed based on the same surface area. The design of
efficient and economical cooling methods is crucial for
reliable performance of high power density electronics. A
number of failure mechanisms in electronic devices, such
as inter-metallic growth and void formation, are connected
to thermal effects. In fact, the rate of such failures nearly
doubles with every 10°C increase higher than the
operating temperature ~80°C of high power electronics.
Besides the damage that excess heat will cause it to
increases the movement of free electrons within
conductors and semiconductors, causing associated degree
increase in signal noise. Consequently, electronics thermal
management is of crucial importance as is reflected back
in the market. Natural convection heat sinks have various
configurations to enhance the thermal performance but
typically plate-fin and pin-fin array are widely used
because they are cost-effective. Plate-fin array usually has
larger surface area than pin-fin array because of the area
loss caused by cross cut in pin-fin array. Pin-fin array
usually has higher heat transfer coefficient because of the
depression of growth of the thermal boundary layers.

Heat sinks function expeditiously by efficiently
transferring thermal energy that is heat from an object at
high temperature to a second object at a lower temperature
with a much larger heat capacity. This rapid transfer of
thermal energy quickly brings the initial object into
thermal equilibrium with the second, lowering the
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temperature of the first object, fulfilling the heat sink's role
as a cooling device. Efficient operation of a heat sink
depends on speedy transfer of thermal energy from the
former object to the heat sink and the heat sink to the latter
object. The most common design of a heat sink is a metal
arrangement with many fins. The high thermal
conductivity of the metal combined with its large surface
area result in the rapid transfer of thermal energy to the
encircling cooler, air. This cools the heat sink and
whatever it’s in direct thermal contact with. Use of fluids
such as coolants used in refrigeration and thermal interface
material in heat dissipation from electronic devices
ensures good transfer of thermal energy to the heat sink.
Similarly, a fan may improve the transfer of heat energy
from the heat sink to the air. Currently, the thermal losses
of power electronic devices are increasing. At the same
time, their sizes are decreasing. Consequently, heat sinks
have to dissipate higher heat fluxes in every new design.
Therefore, devising efficient and economic cooling
solutions to meet these challenges is of dominant
importance and has direct impacts on the performance and
dependability of electronic and power electronic devices.

Also, extracting the generated heat from the element will
increases component’s potency, efficiency and also its
performance .Eventually profiting the user. The techniques
used in the cooling of high power density electronic
devices may vary largely, and depending on the
application and the required cooling capacity. The heat
generated by the electronic components needs to pass
through a very complex network of thermal resistances to
the environment. Passive cooling methods are most likely
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preferred for electronic and power electronic devices since
they provide low-price, noiseless, and trouble free
solutions. Some passive cooling techniques include: heat
pipes, natural convection air cooling, and thermal storage
using phase change materials (PCM). Heat pipes can very
efficiently transfer heat from heat sources in high power
density converter components to a heat sink based on
phase change of a working fluid.

Air-cooling also is recognized as an important technique
in the thermal design of electronic packages, because
besides its availability, it is safe, does not contaminate the
air and does not add vibrations, noise and moisture to the
system in which it is used. Such features of natural
convection stimulated considerable research on the
development of optimized finned heat sinks and
enclosures. Using fins is one of the most inexpensive and
common ways to dissipate unwanted heat and it has been
successfully used for many engineering applications.

There have been many researches about plate-fin heat
sinks [2, 3, 4, 5, and 6], so plate-fin heat sinks would be
optimized using correlations suggested by previous
researches. The objective of the present study is to
determine which type of heat sink performs better under
fixed volume conditions between plate-fin heat sinks and
pin-fin heat sinks and elliptical heat sink. The fixed
volume condition means that, physically, the space
specified by the length, width, and fin height of a heat sink
is fixed in the present study. Objective function used for
the comparison is total heat dissipation for a given base-to-
ambient temperature difference.

Thus, the higher value of the first objective function
means a greater heat dissipation capability under a given
volume of a heat sink. For plate-fin heat sink, pin fin heat
sink the correlation of the heat transfer coefficient
suggested by Younghwan Joo and Sung Jin Kim [7] is
used. In the present study, thermal performances of plate-
fin and pin-fin and elliptical heat sinks with vertical base
plate would be compared based on the same base plate
dimensions and fin height condition and fixed volume
condition To achieve maximum thermal performance for
the constraints, each array type would be optimized using
correlations of convective heat transfer coefficient.

1. DESCRIPTION AND PRINCIPLES OF FINS

As fins are introduced to enhance heat transfer from a base
which is at high temperature rectangular fins, cylindrical
fins and elliptical fins are considered for analysis.
According to Incropera F. P., DeWitt D. P [8] the term
extended surface is commonly used to depict an important
special case involving heat transfer by conduction within a
solid heat transfer by convection from the boundaries of a
solid. Although there are many different situations that
involve such combine conduction- convection effect, the
most frequent application is one in which an extended
surface is used to increase the heat transfer rate between
the solid and adjoining fluid.
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Fig2. Heat sink with array of plate fin arrangement.

Such an extended surface is called is called as fin. While
heat sinks are routinely used in most electronics
applications, the rationale for selecting a particular design
of heat sink or more specifically a particular fin cross
sectional profile, remains somewhat uncertain. Most often
these types of selection procedures are based exclusively
on performance evaluations consisting of formulations for
extended surface heat transfer found in most fundamental
heat transfer text book. Geometry of fins plays a very
important role in performance characteristics. Therefore
fin geometry is optimized for maximum heat dissipation
through extended surfaces As mentioned above to enhance
the ability of heat transfer through fins main concentration
lies on fin available surface area for convection. Different
types of fins used in heat sink are rectangular fin,
cylindrical fins, splayed fins, triangular fins etc. our main
concentration in this study is of optimization pin fins. And
to carry out further investigation on thermal characteristic
of elliptical fin heat sink.

Design considerations for heat sinks Material: Copper has
excellent heat transfer characteristics which makes it one
of the best materials to be used for heat sinks. Copper is
also resistant to corrosion and bio fouling. Copper finds its
application in industrial thermal facilities, solar power
systems, power plants, HVAC systems, etc. However,
most of the heat sinks used commercially for electronic
chip cooling are made of aluminum alloys. Aluminum
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alloys have heat transfer coefficients. Aluminum alloys are
preferred over copper for commercial applications as they
are cheaper than copper.

Thermal Resistance: Thermal is a measure of the
temperature difference by which a material resists heat
flow. Thermal conduction is a material property. Thermal
resistance is the temperature difference across a system
when heat flows through it.Thermal resistance gains its
importance in systems and not individual components.
Resistances occur at the interface between two connected
parts. When individual parts are connected, micro gaps are
formed at the interface due to grooves and crests that are
inherently present on the surface. The gaps thus formed
get filled with air, which has a low thermal conductivity.
This means that the energy has to get transferred through a
medium of low conductivity.

Air P
Q‘ummxn
Fin
surface —® N
Heat " feat-spreader
spreader
Cement Otemen
Chip —»
Fig3 Thermal resistances generally encountered in chip
cooling

This reduces the overall heat transfer coefficient of the
system. Although thermal resistance between surfaces
cannot be totally overcome, it can be mitigated. There are
various ways of managing these resistances.

e Use of thermal tape. Twin sided tapes made of
thermally conductive materials are one of the widely
used, cheapest form of attachment that is used. The
tape, being compressive, reduces the number of air
pockets when pressure is applied.

e Epoxy. Epoxy paste can be applied between the two
contacting surfaces to reduce the thermal resistance. It
is not as common as thermal tape as it is more
expensive than the tape.

e Pressure. Contacting surfaces can be held tightly in
place by use of pressure. Pressure is exerted on the
surfaces by use of clips, push pins with compression
springs.

11l. MATHEMATICAL FORMULATIONS
3.4.1 Governing equations
For the numerical analysis, the following assumptions are
imposed.
(1) The flow is steady and three dimensional.

(2)The Boussinesq approximation is used for natural
convection flows.
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(3)The direction of the gravitational acceleration is the
negative x-direction.

Equations governing natural convection
Continuity equation

du av ow .
P 5 + Erl 0 Q)
Momentum equation
ou  du ou _ _,_1oP f’(f’“))
u6x+V6y+Waz_ g p6x+v(6(6x) +
200 (90T, .
(Gan) Gon) (i)
Energy equation
aT | 9T aT _ 0(T) , 9(dT) , 2(IT)
uax + V(?y + Wdz - 0'(6(6)() a(dy) + 00z ) (III)

Surface area of plate-fin heat sink can be expressed with
design parameters shown in Figure 1

Aarray: Nfin X (ZHL + ZWC H+ Wiy I—) (IV)
Abase =WL - Nin WWL (V)
Nfin = (W-We) / (W + W) (vi)

Surface area of pin-fin array can be calculated using
equations as follows.

Aarray =nfin X nd (H + d/4) (V”)
nd?

Apase = WL - Ngip > (VI i I)

Surface area for elliptical fin array can be calculated using

(ab)1'6+(ac)1'6+(bc)1'6)_625

3 ()

Aarray = Nfin 41 (

Apase = WL-(Nin * 7ab) (x)
For calculating optimized number of fin fins in array
Nfin = Ny Np + (Ny-1) (Nn-1) (xi)
ny= (L-d)/s,+1 (xii)
Ny = (W/2-d)/sy+1 (xiii)

The terms H,L, W, Ngn, Nn, Ny, Aarray, Abase, We, Wy height of
fin, length of fin, width of fin, number of fins, number of
fins in horizontal direction, number of fins in vertical
direction, area of fins on base plate area of base plate,
channel spacing in plate fin, width of plate fin
respectively.

With above equations, we can express Qi Which means
total heat dissipation from heat sink.
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Qtotal = Qbase + (XV)

Qtotal = (hbase Abase + hfin Aarray T]fin) (Tb'Too)

(xiv)
(xv)

With above equations, we can express Qtotal which means
total heat dissipation from heat sink.

Then, thermal resistance (Rth) which is target dependent
variable for thermal performance comparison is expressed
as follow. Thermal resistance in fins is given by difference
in temperature to total heat dissipated by fins

_ Tb—To
Q (hbase Abase + hfin Aarray nfin )

(xvi)

Efficiency of fins is expressed by following equation

tanh (mH)

— (xvii)

Nfin =
IV. NUMERICAL SIMULATION

Thermal steady state, commercial software based on the
finite volume method and provided by ANSYS, Inc., is
used as the simulation tool. The geometrical
configurations for the numerical model are shown in Fig.5.
The model consists of a heat sink base and fins. For the
numerical analysis, the following assumptions are
imposed.

(1) The flow is steady and three dimensional.

(2) The Boussinesq approximation is used for natural
convection flows.

(3) The direction of the gravitational acceleration is the
negative x-direction.

The governing equations are as follows: For the fluid
phase,

Continuity equation, momentum equation, energy equation
given in (i),(ii) and (iii)

The boundary conditions are indicated in Fig.5. The
boundary condition for the min.-y side wall is a symmetric
condition. The boundary conditions for the other walls are
opening conditions with ambient temperature and ambient
pressure.

In the present study, ambient temperature is assumed to be
20 ©C. The boundary condition for the bottom of a heat
sink base is a constant heat flux condition.

N Simulation

5(c)
Fig.5 (a) (b) (c) Geometry modelling for pin fin, plate fin
and elliptical fin heat sink on SOLIDWORKS Software.

Tablel.Dimensions of pin-fin heat sinks for numerical simulation.

Type of heat sink L(mm W(mm) H(mm) d(mm)/ w, sy (mm) Sp (Mm)/ w,
Pin finl 100 100 30 4 19 12

Pin fin2 100 100 20 1.8 19 8

Pin fin3 100 100 20 4.9 19 12

Pin fin4 100 100 30 2.6 19 10

Plate finl 100 100 30 1.20 - 8

Plate fin2 100 100 30 2 - 5.28
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Table 2 Geometric modelling parameters for elliptical heat sink under fixed volume condition.

Heat sink Minor diameter (d;) mm Major diameter (d;) mm Height of fin (H) mm
Elliptical finl | 2.54 4.46 30
Elliptical fin2 | 2.3 3.84 30
Elliptical fin3 | 3.6 6.012 30

Domain selection for fin array: When a natural
convection problem is considered, the computational
domain size should be determined carefully because the
accuracy of the results is affected by the domain size. To
determine the domain size, the effects of the height, the
width, and the length of the domain on the numerical
results are investigated.

Increasing the height (z-direction), the width (x-direction),
and the length (y-direction) beyond 10H, 5L, and 7L,
respectively, changes the average heat sink base
temperature by less than 0.05 oC. Therefore, the domain
size is determined to be 10H for the height, 5L for the
width, and 7L [10] for the length for simulation.

Meshing: Meshing of geometries imported form solid
works software is done on CFD package ANSYS under
meshing setup. Medium meshing is selected as

25.00 75.00

* Meshing size is selected as 2.50mm Fig7(a)  (a) Meshing size Imm

* Medium smoothing is assigned

« Transition is by default set as fast.

* Span angle is set at course.

* Minimum edge length is 2mm

* Mesh morphing is disable for numerical simulation
» Number of nodes in meshing 106737

» Number of elements in meshing 63222

2500
Fig7 (b)

(@) Meshing size 1mm

Above Fig 7(a) and 7(b) depicts meshing visualization of
pin fins as element size Imm in (a) and element size as
2.50mm in (b) on making the meshing size finer no
considerable change in temperatures were obtained so
meshing size is set at 2.50 mm saving computational time
and cost.

Fig.6 Computational domain creation for numerical
simulation on Ansys Workbench.
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. c—
25.00 75.

Fig 8(a). Steady state contours showing temperature
variation in plate fin heat sink

Fig8(b) Steady state contours showing temperature
variation in pin fin heat sink

Optimization of heat sink

VARIATION OF 1/R;y AGAINST FIN DIAMETER

d(mm)

Fig.9 Depiction of optimization of pin fin versus diameter.

Thermal performances of plate-fin and pin-fin heat sinks
are compared analytically. The constraints for the
comparison are same base plate dimensions, 2) same fin
height. The definition of thermal resistance ratio is as
follow
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Rth pi R i
—_ ,pin _ th ,pin
Rth, ratiol — ’ Rth, ratio2 —
Rin ,plate Rin Jelliptical
R _Rth Jelliptical
th, ratio3 = R
th plate

Rin, ratio >1 shows that plate fin heat sink has better
performance than pin fins according to [4] Younghwan
Joo, Sung Jin Kim. And also better than elliptical heat
sink.

EFFECTIVENESS

, COMPARISON OF FINS
i
5 =—&— Pinfin

E 4di6 7 =
e

o 3W5
52 24 '

0

0-1.8 1.8-2.5 2.5-3.8 3.8-5

DIAMETER OF RESPECTIVEFIN (D) OR
CHANNELSPACING (WC) MM

Fig.10 Effectiveness comparison of fins on line graph

Graph obtained shows the superiority of vertically oriented
plate fins in natural convection. From above graph it is
clear that elliptical fins can replace pin fins or serve as an
alternative to pin fins. As surface area available for
elliptical fin geometry for natural convection is much
higher than those of pin fins. But when comparison is
made with plate fin, results show that plate fin is still
better than pin fin and elliptical fins for total heat
dissipation. To compare the optimized heat sinks, each
heat sink type was optimized based on the correlations for
convective heat transfer coefficient of fin array. So we
come to a conclusion that heat dissipation rate in plate in is
highest due to large surface area available for convection.
Then elliptical fin emerge as more efficient and reliable
than pin fin for heat dissipation under natural convection.

V. CONCLUSION

In this study result are evaluated on basis of TOTAL
HEAT DISSIPATION under fixed volume condition.

In the present study, thermal performances of plate-fin and
pin-fin and elliptical fin heat sinks were compared for the
fixed base plate dimensions and fin height under fixed
volume condition. When objective function is considered
plate fin performs better than pin fins. Thermal
performances of plate-fin and pin-fin heat sinks were
compared for the fixed base plate dimensions and fin
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diameter. To compare the optimized heat sinks, each heat
sink type was optimized based on the correlations for
convective heat transfer coefficient of fin array. Using the
correlations for both types of heat sinks, thermal
performances were compared and a region map was
suggested. According to the region map, we can conclude
that plate-fin heat sinks show better thermal performance
in most practical regions. Therefore, it is recommended to
use plate-fin heat sinks when the total heat dissipation for
a given volume of a heat sink is to be maximized under
fixed volume condition.

Plate-fin array usually has larger surface area than pin-fin
array because of the area loss caused by cross cut in pin-
fin array. Pin-fin array usually has higher heat transfer
coefficient because of the depression of growth of the
thermal boundary layers. When elliptical fins comes in
comparison then it is better to use elliptical fins rather than
pin fins. But elliptical fins lack the large surface area
available in plate fins for natural convection. They
dissipate lower heat energy than plate fin ejects heats from
the equipment.

So therefore plate fin dissipate the most heat from the
equipment in case of total heat dissipation in present
study. As surface area after optimization of each fins, plate
fins control the largest area available for convection under
fixed volume condition. So, least material will be used to
manufacture plate fin other than pin fin and elliptical fin.
Therefore at last we can conclude that elliptical fins can be
a replacement for pin fins. But elliptical fin were not able
to compete plate fins as larger area is exposed to
convection in plate fins. The elliptical pin heat sink
analysis represents only one set of design parameters
relating pin spacing and shape based upon minor and
major axes. There may exist other designs which produce
better results in overall thermal performance. A study
looking at reduced spacing, pin alignment, pin staggering,
and an array of ellipse axis ratios would be advantageous
to the heat sink industry.
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