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Abstract

Experimenis were performed on natural convection heat transfer from circular pin fin heat sinks subject to the
influence of its geometry, heat flux and orientation. The geometric dependence of heat dissipation from heat sinks
of widely spaced solid and hollow/perforated circular pin fins with staggered combination, fitted info a heated
base of fixed area is discussed. Over the tesied range of Rayleigh number, 4.5x10°<Ra<1.65= 10", it was found
that the solid pin fin heat sink performance for upward and sideward ocientations shows a competitive nature,
depending on Rayleigh number and generally shows a higher heat transfer coefficients than those of the
perforated/ hollow pin fin ones in both arrangement. For all tested hollow/perforated pin fin heat sinks, however.
the performance for sideward facing orientation was better than that for upward facing orientation. This
argument is supported by observing that the augmentation factor was around 1.05-1.11, depending on the hollow
pin diameter ratio, Di/'D, Meanwhile, the heat sink of larger hollow pin diameter ratio, Di/D, offered higher heat
transfer coefficient than that of smaller Di/D, for upward orientation, and the situation was reversed for sideword
orientation. The heat transfer performance for heat sinks with hollow/perforated pin fins was better than that of
solid pins. The temperature difference between the base plate and surrounding air of these heat sinks was less
thay that of solid pin one and improved with increasing Di/D,,.

Keywords: Energy efficient; Natural convection; Round/ hollow pin fins; Heat sinks; Orientation effects;
Electronic cooling.

1. Introduction maintaining their reliable operation. In such

For many industrial applications, heat
generation can cause overheating problems and
sometimes leads to system failure. To
gvercome this problem, efficient heat sinks are
essential.  Natural convection from these
devices is one of the considered cooling
techniques and played an important role in

circumstances, the heat sink may consume up
to 40% of the total system volume. Therefore,
smaller and more compact one is needed. Due
to their potentially high heat transfer
characteristics, less sensitive to air flow pattern
and surface area density [1, 2], round pin fin
array heat sinks have been of interest 1o
designers of electronic equipment and turbine
cooling applications.
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Pin fins having a height, A to pin diameter,
D ratio of 0.5<H /D < 4 are accepted as short
fins, whereas long pin have H,/D > 4 [3]. For
short pin-fins, the pin's height-to-diameter
ratio is the dominant factor influencing the heat
transfer coefficients as reported by Tanda [3].

Nomenclature

surface area, m”

pin fin diameter, mm

gravily, m/s®

pin fin height, mm

convective heat transfer coefficient, W/m’ K

average heat transfer coefficient, W/m'K
thermal conductivity, W/m K

base plate length, m

number of pin fins

average Nusselt number, dimensionless
heat rate, W

Rayleigh numbert, dimensionless

pin spacing, mm

temperature, C

valume, m’

base plate width

horizontal

vertical

Greek Symbols

a  thermal diffusivity of air, m¥%s

§  coefficient of thermal expansion of air, K’
g radiative emissivity, dimensionless

o (in efficiency, dimensionless

f, overall efficiency, dimensionless

L

= xe<ﬁwgog|zr“wz~|='_g:0° ol 5

However, for H;/D > 3, the array's rate of heat
dissipation was increased with the increasing of
Hy /D as concluded by Armstrong and
Winstanely [4].

U kinematic viscosity, m¥s

c Stefan-Boltzman constant, W/m? K™
o heat sink porosity dimensioniess

¥ finning factor, dimensionless

Subscripts

a air

bp  base plate
c convection
con  conduction
f fin

fp  projected fin
fm  mean fin

h horizontal

i inside, film
in input

i loss

Net  net

0 outside

rad radiation

5 heat sink

sm  mean surface
surw surrcunding walls

t total
v vertical
Superscript

average quantity

While considerable information exists on
convective heat sinks and plate fin arrays [5,
6], however, the available literature related to
natural convection heat transfer from round pin
fin arrays is relatively limited, especially those
of perforated hollow pin fins, Early
experimental study {7, 8] was presented for a
set of five staggered, widely spaced cylindrical
pin fins on plate that exchange heat by both
natural convection and radiation. Their results
revealed that the upward facing (horizontal
base/vertical fin) orientation yielded the
highest heat transfer rates, followed by the
side-ward facing and the downward facing

orientation ones. The radiation was found to be
an important factor, contributing 25-45% of the
overal]l heat transfer. Nawral convection and
radiation from an air-cooled, highly populated
pin-fin array was investigated experimentally
by Alessio and Kaminski [9]. The base plate
was maintained in a vertical position while
varying the pin inclination. 1t was reported that
the arrays of 30° from the horizontal exhibited
about a 10 % lower heat transfer rate than their
horizontal counterparts and the performance of
the 60° arrays was still worse (20-40 % lower
than that of the hortzontal array). Zografos and
Sunderland  [10]  investigated  natural
convecttve heat transfer from inline and
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staggered pin fin arrays. It is reported that the
inline arrays gave higher heat transfer
dissipation than the staggered ones, and the
effect of orientation less than 30° from the
vertical on arrays performance was relatively
small. Athara et al. [11] investigated
experimentally a set of round pin arrays with a
population density of 2.42 - 9.9 pinsfemn®. An
empirical correlation for predicting the heat
transfer performance of round pin fin arrays
was established.

An experimental study was conducted con
natural convection heat transfer from square
pin fin and plate fin heat sinks subject to the
influence of orientation by Huang ef af. [(12].
Over a tested range of 1.8x10° < Ra < 4.8x 106_
it is reported that the downward facing
orientation vielded the lowest heat transfer
coefficient for both pin fin and plate fin
geometry. It is also observed that the sideward
arrangement outperforms the upward one for
small finning factor, ¥ (which represents the
total surface area, A, divided by the base plate
area, Ayp) and the situation is reversed for large
finning factor as reported. In addition, the
advantage of the pin fins escalates with the
increase of the Rayleigh number due to the
more open ends for air ventilation as reported.
Enchao and Yogendra [13] investigated the
enhancement of heat transfer from enclosed
discrete heat source using pin fin heat sinks
taking into account the three modes of heat
transfer. Large deviations between the existed
natural convection correlations for pin fin
arrays in free space and their measured data
were observed. They reported also that the
enhancement of heat transfer rate was
significantly affected by enclosure orientations.
Vertical orientation of the enclosure produced
lower thermal resistance.

Natural convection heat transfer from pin
fin array with horizontal base was investigated
by D. Sahray ef al. [14]. It is reported that heat
transfer enhancement due to the fins increased
up to a certain fin number, and then decreased,
demonstrating that an optimum array existed.

A relative contribution of outer and imner fin
rows in the heat sink was also assessed. Taking
into account the edge effects, the role of the
outer rows was dominant. This indicated that
the heat sink could be buiit without inner fins
at all. However, when the edge effecis are
supposed to be absent, the contributions of
different fins became comparable as reported.
An optimization of natural convection pin fin
heat sinks fabricated of thermally conductive
polyphenylene sulphide (PPS) polymer using
Athara e/ al. correlation [10] was carried out by
Bahadur and Cohen [15]. 1t is reported that the
rate of heat dissipation was greatly dependent
on the geometrical parameters of the heat sink
and the performance of such lighter fin array
was about three times greater than that of the
conventional aluminum one. Peterson and
Ortega [16] have reviewed the use of natural
convection, among other approaches, 10
cooling electronic equipment.

Analytical solutions for free convection
limits for pin fin cooling were presented by
Fisher and Torrance [17). They suggested that
the pio fin heat sink desigh could be optimized
by proper choosing of both fin diameter and
porosity, and the chimney effect was shown to
enhance heat transfer. Kobus and Oshio [18]
carried out an experimental and theoretical
study on pin fin heat sink performance. A
theoretical model was suggested to predict the
effect of geometrical, thermal and flow
parameters on the effective thermal resistance
of heat sink. Subsequently, Kobus and Oshio
[19] investigated the effect of thermal radiation
on the heat transfer. of pin fin heat sinks and
presented an overall heat transfer coefficient
related to both radiation and convective heat
transfer modes.

The above literature indicates that many
studies have been carried out for different types
of fin arrays, but still there is lack of
knowledge of the natural convection heat
transfer from a surface with hollow perforated
pin fins, The present work deals with the heat
transfer  performance  of  solid  and
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hollow/perforated pin fin heat sinks relying on
natural convection. Parameters such as pin fin
structure, and Rayleigh number, fit most
specifications. In natural convection, the
orientation of the heat sink plays an important
role in its performance. The effect of pin
diameter ratio (Di/Do) variation on the heat
sink performance is  investigated for
horizontal/vertical base plate orientations.
Furthermore, the heat transfer experiments of
solid pin fin array are also conducted for the
sake of performance comparison.

2. Experimental setup and procedure
2.1 Pin-fin assembly

A perspective view of the
hollow/perforated heat sink is shown in Fig. la.
It consists of an array of 8 round solid or
hollow with single perforated pin fins (a) (Do
=12 mm, H = 50 mm) screwed into the upper
surface of the base plate (b) of a fixed area
(150 mm x 150mm) and of 10 mm thickness as
shown in Fig. 1b. The base plate and the pin-
fins were made of aluminum with a thermal
conductivity of 237 W/m K, and good contact
between them was assured. The pin fins were
widely spaced (Sy/Do= 3.5, Su/Doe= 35) and
arranged in a staggered manner. All pin-fins
were single perforated by a 3.5 mm drill bit, at
5 mm from the heat-sink base. These pins can
be easily removed and drilled with pits of
different diameter to have variable inside-
outside diameter ratio (Di/Dg= 0, 0.33, 0.5, 0.66).
The construction method was to screw the
round aluminum pins into the predrilled base
plate and the pin-fin's height was assured to be
fixed in each test. Detailed dimensions of the
iest samples are listed in Table 1. and
Mustrated jn Fig. |

2.2 Heating System

During experiments, the heat sink base
plate was heated by an attached electric heater
(c) with an identical size as the base plate,
which could supply a specific heat flux. The

presence of thin layer of high thermal
conductivity mica ensured that good thermal
contact existed between the heater and the heat
sink base. The side surfaces of the base plate
as well as the heater block were insulated
thermally with 50 mm gypsum (d) (k = 0.17
W/m K) and its lower side was insulated by 60
mm thick glass wool blankets (k = 0.04 W/m
K). The whole assembly, base, heater with
associated thermal insulation, was located in a
well-fitting open-topped wooden box (f) of 25
mm thick as shown in Fig.1b. The upper edges
of the wooden box and the top surface of the
lateralfy-placed thermal insulation were flush
with the upper surface of the heat sink base in
which the pin fins protruded perpendicularly.
The power supplied to the heater was
controlled by a wvariac transformer to obtain
constant heat flux along the base plate, and was
measured by infine multi-meter (an ammeter
and voltmeter).

v o

A total of eleven copper-constantan (T-
type) thermocouples were  appropriately
distributed among the base plate (Fig. I¢) to
measure its average temperature, t,,. These
thermocouples were pressed into fine holes and
glued in position with epoxy so as to ensure
good thermal contact. To verify the quality of
measurements, four T- type thermo-couples
were glued into one of the pin fins; at the base,
1/3, 2/3 3/3 of its height to detect the mean fin
temperature. Four T-type thermocouples were
installed inside the insulation box at two cross
positions to calculate the rate of heat loss from

the bottom of the heater, Qe Al

thermocouples were pre-calibrated with an
accuracy of = 0.1°C. The signals from
thermocouples were transmitted 1o a multi-
channel temperature recorder via a multipoint
switch where temperatures can be measured
and recorded. The whole assembly was located
in an enclosed space inside the tabaratory, far
from any air disturbance promoters. Heat sinks
of horizontal base plate (upward facing
orientation) and of vertical base plate (sideward
facing orientation) as shown in Fig. 2 were
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tested in the enclosed room at pearly fixed run took nearly 2-hours to reach equilibrium
temperature of 20°C with the power inputs when the power is turned on.

ranging from SW to 60 W. Steady state

conditions was indicated by noticing the

repeatable readings of each thermocouple at

different locations of the heat sink. Each test

med ¢

dh=3 S mm

Ay
(a) Perspective view of Hollow/single perforated pin fin heat sink

O

- 7 3
F—aaALsu=4eALaz___33__] 15

(c) thermocouple locations
Dimensions in mm

{b) sectiopal view of heat sink assembly

(a) Pin fins, (b) Base plate, (c) Heater, (d) Gypsum, (¢) Glass wool insulation, (f} Wooden box

Fig.1 Details of pin fin heat sink assembly, beating unit and thermocouple distributicn
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Table 1: Geometric details of tested heat sink modules

1 Sa (mm) T S, (ram) rW,L(mm) Hi {mm) Do (mm) D; (mm) ¥ (AJA) .'
Samplel |42 60 150 50 12 0.0 171
Sample 2 | 42 60 150 50 12 4.0 1.94
Sample 3 | 42 60 150 50 12 6.0 2.05
| Sample 4 | 42 60 150 50 12 8.0 2.15

Sideward facing

|

——
==
——x
—

4

11—}

Upward facing

Fig. 2 Heat sink orientations

3. Data reduction

For the problem of interest, Qne is
transferred from a heated surface to its
surrounding by both convection and radiation,
given by

Q‘rm':Q'c +Q rod (1)

This net rate of heat exchanged can be described
as

Q el =Q‘m - Qlfo\u (2)

Where Q. is the total power input to the heat
sink is and Quwis the rate of heat loss by
conduction from the backside and edges of the
base plate surrounding ambiance.

Under the entire test conditions employed, the
rate of heat loss by conduction (i = cona )

could be ignored. The pradiation contribution,
0 «a can be estimated following the procedure
reported by Zografos and Derland [9] as

Q _O’A,!qum—fmm!sx

(1—55)+ 4

HrW

3

Where A, is the total surface area of the heat
sink (the sum of fins area and that of the base
plate), that is very small compared to the area of
the surroundings  walls, justifying the
elimination of the last term (4,/4z4) in the
above equation, o is the Stefan-Boltzman
coefficient, £, is the emissivity of the heat sink

surface {(oxidized aluminum, £ = 0.15) and 7.,
is the average temperature of this heat sink. By
subtracting the radiation contribution, @
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from the net rate of heat exchanged, O n

described in Eg. (1), the steady state rate of heat
transferred from the heat sink by natural
convection, . can be determined. This rate of
heat transfer by convection can be described as:

Qc=(hbpl4ﬁp+hf 41’”}11‘0,0_-?;] (4)

Introducing the overall fin efficiency, 77, term
into the above equation, and considering that,
#,, =h, =h then

Q0 .=hdn,(t,-T1,) )
The term 4, can be detected from the measured

4, . _
data) 7, =1——Aj—(l-f;e‘f) » 17 is the fin efficiency
4

i

T -
(;?I= S %W_Ta ), and Ay, Arand 4, are

the un-finned portion of base plate, pin fins and
total heat sink surface areas (with the fin tip
contribution assumed to be negligible) available
for heat transfer, respectively, given by

=WL-4, (6)

flp

AIP=N)'%(DOZ"D’Z) (7

A=N, n{%(po?- ‘—D‘,Z)+(Da +D,]Hl +(D, —D,)dh]
8),
Ay =App + Ay 9

Where L and W are the Jength and width of the
base plate, respectively, D, and D, are the outer
and inner diameter of the pin fin, respectively,
Ap 15 the projected area of pin fins, H; is the pin
fin height, d}, is the perforation diameter, and N,
1s the total number of pin fins in the heat sink.
(For solid pin fin, D; =0.0 and d; = 0.0),

The average convective heat transfer coefficient
based on the total heat transfer surface area can
be determined from Eq. (5) as

#=24/ 7.0, -1.) 00)

The average Nusselt number, Nu  definition
based on the base plate edge, is given by

Nuzh% (1)

The Rayleigh number, Ra is proportional to the
lemperature difference (Ty, - 7}, which is the
major driving  potential  throughout the
experiments, and its definition based on the base
plate edge can be expressed as:

Ra=8P (., ’5/ (12)

The thermo-physical properties of the air

appeared in the Nu and Ra numbers are
evaluated at the film temperature, 7}, defined as

(T, +ij)/ (%)

- The mean surface iemperature, T, can be

expressed as

Tm:(A T, +A4, Tﬁ% (4

- Measurement uncertainties

The experimental uncertainty is estimated
using the wuncertainty propagation equation
proposed by Kline and McClintock [20]. As
described in Eq. (10), 71 = £{Q 4, , 0, T, T,
the measured uncertainties summed into the heat
transfer coefficient are from the ambieni and
surface temperatures, the heat transfer surface
area, and the total heat supply. In the present
study, precautions were taken in gstablishing the
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experimental  rig  to  assure  accurate
measurements of temperatures and the power
supptied to the base plate of the heat sink. Each
of the stated dimensions was accurate to £ 0.2
mm, and the measured temperature to £0.2°C.
The multi-meter has an accuracy of = 1%
reading + 4 dgt for the Ac Volts and + 2% «dg +
4 dgt for the AC current. By substituting the
measured data into the equation, the highest
uncertainty for the heat transfer coefficient is
about 11%, occurring at the Jowesl input power
(5 W). This uncertainty decreases less than 4%
when powet input is larger than 10 W.

4. Results and discussion
4.1 Solid pin fin heat sink

For the sake of comparison, the solid pin fin
array with the same dimensions of both the base
plate and pin fins was first tested and vsed as a
base reference. The variations of the averape

heat transfer coefficient, # and the average’
Nusselt number, Nu with Rayleigh number, Ra

for the solid pin fin heat sink facing upward and
sideward orientations are shown in Fig. 3. It can

be observed that, at high Ra, » for sideward

» S R

Salld pirts
L Upward .0
‘T +  Sidoward
g |
Tl
z
z |

facing orientation is slightly higher than those
for upward facing orientation. However, at low
Ra, results showed an opposite trend (Fig. 3a),
and subsequently the same behavior for the

average Nu with Ra as can be noticed in
Fig.3b. This results show that both orientations
are of competitive nature depending on the fin
structure and Rayleigh number as cencluded by
Huang ef al. [12], and based on the data reported
by Sparrow and Vemuri [7]) who performed
experimental investigation on round pin fin
arrays and concluded that the upward facing
orientation gave the highest heat transfer rates,
followed by sideward facing and thereafter,
downward facing ones. The phenomenon can be
associated with induced plumes. For low fin
population as in the present investigation, the
heat transfer coefficients for sideward facing
orientation are expected to be higher than those
of upward arrangement. However for higher fin
population, it is expected that the fins block
some air flow and acts as a flow barrier for the
sideward arrangement.

Fig.3a Average heat transfer coefficient versus Rayleigh
number of solid pin fin heat sink for two different

orientafions

&
[ 78
. *
» »
- » *
Z, 0 - )
‘J,— *
L
Solid pins
ol - Upward
¢ Sideward
I AN N AR DU N N S S A
8 8 10 12 14 16 18
Ra x 109

Fig.3b Average Nusselt number versus Rayleigh number

of solld pin
oricntations

fin heat

sink for two different



Mansoura Engineering Journal, (MEJ), Vol. 34, No, 4, December 2009, M. 91

4.2 Hollow/perforated pin fin heat sink

The experiments were carried out for three
modules of vertical/horizontal base plate heat
sink with diffecent hollow pin inside-outside
diameter ratio (Dy/D,=0.33, 0.5, 0.66). All
modules had a staggered arangement and of the
same base plate dimensions, the same number of
pin fins of fixed height. The variation of the

average Nusselt numbers, Nu with Rayleigh
number, Ra are investigated for both upward
and sideward facing onentations over a
Rayleigh number range of 4.5%10° < Ra< /.65 x 167,

Figure 4 indicates the variations Nu with Ra
for the heat sink of hollow pin fins of Dy¢D,
equals to 0.33 in both upward and sideward

facing orienmations. Values of Nu for sideward
facing orientation are higher than those for
upward orientation and the gap between them

decreases with increasing Rayleigh number. Mu
for sideward facing orientation exceeds by
nearly 17% compared to that for upward facing
orientation at mid tested range of Rayleigh
number. This may be attributed to the increase
of the induced plumes associated with the
sideward arrangement in comparison with that
associated with the upward arrangement.

Hetlow F parferated pins, DiDe=0.33

L Upward
& Sithew aref
» .
& 8 10 12 kLl 6 18
Ra x 105

Fig. 4 E versus Ra of hollow/perforated pin fin heat
sink for two different orientations, (BVD,= 0.33)

The same behavior is observed for the
hollow pin fin of D/D, equals to 0.5 and 0.66 as
shown in Fig. 5 and Fig. 6, respectively, where

the average Nu for sideward facing orientations
are also higher than those for upward facing

orientation. The percentage increase in Nu for
sideward facing orientation compared to that for
upward facing orienlation however, is reduced
with increasing Di/D,. This may be atiributed to
the presence of large diameter air column in the
hollow/pins of low convective heat iransfer
coefficient with respect to that outside the pins,
and the dependence of calculated average heat
transfer coefficient on the total heat sink surface
area, which increases with increasing D/D,
This might diminished the improvement in heat
transfer coefficient due to the effect of
increasing  intensity of induced plumes
accompanied with larger D/D, ratio.
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|l - e Al
w B )
]
|2
40—
Wik iew F performind pin fn array, D/0,=0.50
F & Upward
A Skdewnrd
Py N R o] R NV NN || S | S
4 a 12 18
Ra x 10-6

Fig. 5 Nu versvs Ra of hollow/perforated pin fin heat
sink for two different orientations, (DVDo = 0.50)

A comparison of the values of Nu versus Ra
for all tested heat sink modules in both upward
and sideward facing orientation is shown in
Figs. Ta and 7b, respectively. It can be observed

that Mu for solid pin fin heat sink (lowest Ay/Ay,)
over the tested range of Rayleigh number is the
highest in both orientations. This is attributed to
the increase of heat sink surface area, and hence
the ratio of (A/Ayy) with hollow pin fins on
which the average heat transfer coefficient is
calculated. This is in agreerent with the results
of Huang et al. [12] who reported that the heat
transfer coefficient increases with decreasing the
finning factor, ¥ (¥ = Ay/Ay,). The effect of the

value of Di/D; on Nu for upward facing
orientation (Fig. 7a) however, is different. The
pin fins of larger D/D, offered higher values of

Nuat low Ra and had an opposite effect at
higher values of Ra. This may be attributed to
the increasing intensity of induced plumes with
larger Di/D,, which might compensate the
reduction in the caleulated average heat transfer
coefficient due to the increased heat transfer
area.

Hollow ! perforated plos, DjfDo=0.68

L L J Upward
A Sideward
gl i b o ) gy ]
4 8 iz 16
Ra x 10-6

Fig. 6 Nu versus Ra of hollow/perforated pin fin heat
sink for two different orientations, (DvD,= 0.66)

The thermal performance of heat sink is
measured by detecting the variation of the
temperature difference between its base plate
and surrounding air, AT with the heat input rate,

(' . Figures 8a and 8b indicate the variation of

4T with QO for all tested modules in both
upward and sideward arrangements,
respectively, Genperally, the results indicate that
4T increases with increasing heat input rate,
Qw . In addition, the temperature difference, AT
decreases with increasing the hollow pin fin
diameter ratio, Diy/D,. The performance of
sideward arrangement is also seen to be slightly
higher than that of upward arrangement over the
tested range of Rayleigh number. As reported in
[12], the pin fin performance is also related to
the heat sink porosity, ¢ which is defined as the
volume fraction of air inside the heat sink
(Vo/V,); increasing the heat sink porosity is
advantageous to both upward and sideward
arrangements since it promotes the penetration
depth of the ventilation.
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Fig. 83 Temperature difference, A7 variations with heat
input rate, O of all tested pin fin heat sinks for
upward facing orientation

The test results of the presenti sclid pin fin
heat sink {AdApp=1.71, and ¢ = 0.95) in both
upward and sideward facing orientations are
compared with the data reported by Huang et al.
[12] for one of the tested solid pin fin heat sink
samples considered by them (W= [.758, and ¢ =

1 Tt T o m—— —— —
; Sldeward arrangem s -!
Sl el piny
801 [ 1 oMo e el pra el puas, D0, =033 ;
o, NallpwigerFaratedping, DyD,=0.5
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Fig. 7b Comparison of Nu variations with Ra of all
tested pin fin heat sinks for sideward facing
orientaticn
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Fig. 8b Temperature difference, A7 variations with heat

input rate, (' of al} tested pin fin heat sinks for
sideward facing orientation

0.952). As can be noticed in Figs. 9, the
average heat transfer coefficients of the present
investigation are higher than those reported in
{12], but have the same trend as theirs. These
discrepancies may be attributed to the
differences in fin structures and its population
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for both the present heat sinks and those
investigated by Hyang et al. [12].
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Fig. 9 Comparison of present results with the data
given by Huang et al. [12] for solid pin fis heat
sink ol upward/sideward facing orientations

5. Conclusions

In the present study, the heat transfer
characteristics of round hollow/perforaied pin
fin heat sinks subject to the influence of its
geometry, heat flux and orientation are
investigated under natural convection. Based on
the preceding discussions, the following
conclusions may be drawn:

1. Solid pin fin heat sink performance for
upward and sideward orientations shows

a competitive nature, Nu for sideward
arrangement was slightly higher than
those for upward arrangement at high
Ra. However, at low Ra, the results
showed an opposite trend.

2. For Holtow/perforated pin fin heat sinks,

Nu of sideward arrangement was higher
than those of upward arrangement, and
the % increase of its value reduced with
increasing the hollow pin diameter ratio,
DifDeo.

Generally, the Solid pin fin heat sink

yielded the highest Nu of both upward
and sideward facing orientations. The
average heat transfer coefficient was
calculated based en the total heat sink
surface area, which increases with the
increasing Di/D, {50% saving in area
with Di/D, = 0.66).

The temperature difference between the
base plate and surrounding air, AT at the

same heat input rate, ', was found less

for hollow/perforated pin fin heat sink
than that for solid pin one and its value
decreases with increasing D/D,. The
performance of sideward arrangement is
also seen to be slightly better than that of
upward arrangement,

The present study appears to provide the
first reported systematic study of the
thermal  performance  of  hollow
perforated pin fin heat sink relying on
natural convection.
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