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Abstract

Experiments are carried out on natural convection heat transfer from square pin fin heat sinks subject to the influence of orientation.
A flat plate and seven square pin fin heat sinks with various arrangements are tested under a controlled environment. Test results indicate
that the downward facing orientation yields the lowest heat transfer coefficient. However, the heat transfer coefficients for upward and
sideward facing orientations are of comparable magnitude. Depending on the fin structure, the performance of these two orientations
shows a competitive nature. It is found that the sideward arrangement outperforms the upward one for small finning factors below
2.7, beyond which the situation is reversed. In addition, with the gradual increase in the finning factor, the performance of sideward
arrangement approaches that of downward arrangement. Aside from the finning factor, the heat sink porosity has a secondary effect
on the pin fin performance. The comparison among three orientations shifts in favour of upward and sideward arrangements with raising
the heat sink porosity in consequence of reducing the flow resistance. The optimal heat sink porosity is around 83% for the upward
arrangement and is around 91% for the sideward arrangement. In particular, the addition of surface is comparatively more effective
for the downward arrangement whereas it is less effective for the sideward arrangement. This argument is supported by showing that
the augmentation factor, defined as the heat transfer of a heat sink relative to that of a flat plate, is around 1.1-2.5 for the upward

arrangement, around 0.8-1.8 for the sideward arrangement, and around 1.2-3.2 for the downward arrangement.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Natural convection from heat sinks has long been uti-
lized for the thermal management of low-power-density
devices. With the features of high system reliability, free
of maintenance, and zero power consumption, this cooling
technique plays an important role in the electronic cooling
industry and has attracted considerable researches for dec-
ades. Sparrow and Vemuri [1] studied the fin orientation
and the effects of fin population on natural convection/
radiation heat transfer from pin fin arrays having a pin
diameter of 6.35 mm and a pin height of 25.4 mm with a
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population density ranging from 0.31 to 1.33 pins/cm?.
Their results revealed that the upward facing orientation
yielded the highest heat transfer rates, followed by the side-
ward facing and the downward facing ones. For the opti-
mal fin population subject to practical values of Rayleigh
number, the heat transfer rates for upward arrangement
were about 15% higher than those for sideward arrange-
ment and were about 20% higher than those for downward
arrangement. Zografos and Sunderland [2] investigated the
heat transfer performance of inline and staggered pin fin
arrays in natural convection and concluded that the inline
arrays generally yielded higher heat transfer rates than the
staggered ones. In addition, their investigation showed lit-
tle influence of inclination when the inclination angle was
less than 30° from the vertical. Aihara et al. [3] tested a
total of 59 arrays with a population density of 1.08—
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Nomenclature
A surface area, m” y kinematic viscosity of air, m2s™!
Gr Grashof number, dimensionless 14 augmentation factor, dimensionless
g gravity, m s> a Stefan—Boltzmann constant, Wm 2 K *
H fin height, mm ¢ heat sink porosity, dimensionless
h convective heat transfer coefficient, W m~2 K~! V] finning factor, dimensionless
k thermal conductivity, Wm ™' K~!
L base plate edge, m Subscripts
Nu Nusselt number, dimensionless a ambient
Pr Prandtl number, dimensionless b base plate
0 rate of heat transfer, W C convection
Ra Rayleigh number, dimensionless Exp.  experiment
S pin spacing, mm f film
Sp pin edge, mm fp flat plate
T temperature, °C hs heat sink
Vi fluid volume in heat sink, m? L characteristic length
Vi fluid volume plus fin volume in heat sink, m* pred  prediction
R radiation
Greek Symbols t total
o thermal diffusivity of air, m? s~ 1 surface 1
p coefficient of thermal expansion of air, K™ 2 surface 2
€ radiative emissivity, dimensionless 3 fin surface
Mo overall fin efficiency, dimensionless 4 surroundings
0 rotated angle relative to upward arrangement,
radian Superscript
A thermal conductivity of air, Wm ™' K™! — average quantity
U dynamic viscosity of air, kgm ™' s~
10.58 pins/cm?. By introducing the modified Nusselt and effective radiation and a convective heat transfer
Rayleigh numbers, an empirical correlation which charac-  coefficient.

terized the heat transfer performance of round pin fin
arrays was established. Fisher and Torrance [4] presented
the analytical solutions relevant to the limits of free convec-
tion for pin fin cooling. They suggested that the design of
pin fin heat sink could be optimized by properly choosing
the pin fin diameter and the heat sink porosity. For con-
ventional heat sinks, the minimum thermal resistance was
about two times greater than that in an ideal limit accord-
ing to the model of inviscid flow with idealized local heat
transfer. Park et al. [5S] adopted a commercial finite-volume
computational fluid dynamic code with the sequential lin-
ear programming method and weighting method to obtain
an optimal design of plate heat exchangers with staggered
pin arrays for a fixed volume. The flow and thermal fields
were assumed to be a periodically fully developed flow and
heat transfer with constant wall temperature. Kobus and
Oshio [6] carried out a theoretical and experimental study
on the performance of pin fin heat sinks. A theoretical
model was proposed to predict the influence of various geo-
metrical, thermal and flow parameters on the effective ther-
mal resistance of heat sinks. Subsequently, Kobus and
Oshio [7] investigated the effect of thermal radiation on
the heat transfer of pin fin heat sinks and presented an
overall heat transfer coefficient that was the sum of an

Although many previous researches were made towards
the understanding of natural convection from round pin fin
arrays, nearly no experimental data are available for the
pin fins having rectangular configuration which is also a
very popular fin configuration used in electronic cooling
applications. In particular, few researches have explicitly
demonstrated the subtle difference of orientation effect on
the pin fin performance, which is of practical importance
for relevant applications. For this reason, the first objective
of this study is to provide experimental data for square pin
fin heat sinks under natural convection. Secondly, the
dependence of the pin fin performance on the orientation
effect is presented in a more detailed manner.

2. Experimental facility

Experiments are performed in an environmental cham-
ber whose volume is 0.5m x 0.5m x 0.65m (L x W x H).
The environmental chamber can provide a temperature
condition in the range of 0°C < 7T, < 50 °C with a con-
trolled resolution of 0.2 °C. To simulate the natural flow
condition, the air ventilator is turned off inside the test
chamber when the ambient temperature reaches 25 °C. In
particular, the air conditioner outside the test chamber
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continues to operate to maintain the room temperature at
25 °C. The test facility is inside the test chamber which con-
sists of a heat sink, a heater, an insulation box, and a tilting
mechanism as illustrated in Fig. 1.

The heat sinks are made of aluminum alloy 5083 with a
thermal conductivity of 121 Wm ™' K~'. Seven pin fin heat
sinks are made via CNC machining with a manufacture
precision of 0.03 mm. The heat sinks are cleaned and tested
at an ambient temperature of 25 °C with the power inputs
ranging from 1 W to 18 W. Detailed dimensions of the test
samples are shown in Table 1 and Fig. 2.

A Kapton heater with an identical size as the base plate
of the heat sink is used to eliminate the spreading resis-
tance. An insulation box made of bakelite with a low ther-
mal conductivity of 0.233 W m~' K ! is placed beneath the
heater to reduce the heat loss. In addition, a high thermal
conductivity grease (k = 2.1 W m~" K™') is used to connect
the heat sink and the heater. For further minimization of
the contact resistance, four M4 screws with fixed applied
pressure located at the corners of the base plate are
employed. The heater is powered by a DC power supply.

Each heat sink is equally equipped with nine T-type
thermocouples to obtain the mean temperature of the base
plate (7) of the heat sink. The dots shown in Fig. 1 indi-
cate the locations of the thermocouples. The thermocou-
ples were pre-calibrated with an accuracy of 0.1 °C. In
addition, a total of 10 T-type thermocouples are installed
inside the insulation box at two cross positions to calculate
the heat loss from the bottom of the Kapton heater. Each
cross-section is equally instrumented with five T-type ther-
mocouples to obtain the mean temperature of that cross-
section. The averaged temperature is then used to estimate
the heat loss via Fourier’s law of conduction. The exact
total heat supply (Q,) is then obtained by subtracting the
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Table 1
Geometric details of tested heat sinks

Sp(mm) S(mm) H(mm) L(mm) ¢ (4/4s) ¢ (Vi/Vi)
Sample #1 2 8 10 100 1.758 0.952
Sample #2 2 5 10 100 2.533 0.909
Sample #3 2 3 10 100 4.032 0.829
Sample #4 2 2 10 100 6.053 0.740
Sample #5 2 2 6 100 4.032 0.740
Sample #6 2 2 4 100 3.021 0.740
Sample #7 2 2 2 100 2.011 0.740
Flat plate - - 0 100 1 -

estimated heat loss from the power input. The signals from
thermocouples are then transmitted to a data acquisition
system for further data reductions. Usually, each test run
needs approximate 2h to reach equilibrium when the
power is turned on.

3. Data reduction

In the present study, the ambient air temperature is
always controlled at 25 °C and the thermophysical proper-
ties in the Nu and Ra numbers are evaluated at the film
temperature, i.e.

1
Tf:E(Ta—i—Tb). (1)
The average heat transfer coefficient can be calculated

from the following:

h=0c/ny A(Ty — Ta), 2)
Nu =hL/, 3)
Oc =0, — 0. (4)

20| 30| 30 |20 lg
Environmental Chamber o
| I | | | [ ] L ]
Heat Sink PL S Y 7 o
- . » . » .
‘e
’ 1 H m H { Heater ‘ _ _ . . . . -
[ & T :
Upward w
= — Insulation
—f | ¢ Box
e E Tilting 20| 30 | 30 |20 13
—| Mechanism
—1 ]
= Ve 6] ‘ -
Downward P . (o] L/ (=1
&
| ' 22 |
UL R
5
wn
Ax =10 mm Unit: mm

Fig. 1. Schematic of the experimental setup.
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Fig. 2. Detailed geometry of test samples.

For the problem of interest, Q, is transferred to the envi- Following the reducing procedure by Zografos and Sun-
ronment via both convection and radiation. The radiation derland [2], the radiation heat transfer is
contribution can be estimated using the following equation

4 4
which describes the net heat transfer between two surfaces ;. — Aso(T5 — Ty) )
[8]: (As/A43)[(1 = &3)/e34s] + 1

(6)

o(T — T%) By subtracting the radiation contribution, the heat trans-
g, = ﬁ (5)  ferred by natural convection can be determined. To better
ad T A T o calculate the heat transfer coefficient, one shall take into
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account the overall fin efficiency (179). By solving Eq. (2)
with iteration, the 5 for every test sample can be obtained.
The lowest 7o encountered in the present study is around
0.99, so that 7 is reasonably assumed unity for simplicity.
The Rayleigh number is proportional to the temperature
difference (T, — T,), which is the major driving potential
throughout the experiments, and is expressed as

Ra = gB(Ty, — Ta)L? /va. (7)

The experimental uncertainty is estimated using the
uncertainty propagation equation proposed by Kline and
McClintock [9]. As shown in Eq. (2), &= h(Qc,A:,
1o, Ta, Tv), the measured uncertainties summed into the
heat transfer coefficient are from the ambient air tempera-
ture, the base plate temperature, the total surface area, and
the total heat supply. By substituting the measured data
into the equation, the highest uncertainty for the heat
transfer coefficient is about 12.82%, occurring at the lowest
input power of 1 W. In particular, this uncertainty drasti-
cally decreases to less than 3% when the power input is lar-
ger than 2 W.

4. Results and discussion

For the purpose of comparison, an un-finned flat plate
with the same dimension of the base plate of the test sam-
ples is used as a basic reference. The test result of this plate
is first compared with the correlation given by Al-Arabi
and El-Riedy [10] in the laminar region of Ra < 4 x 10,
The present result of flat plate shows a good agreement
with the previous measurement as shown in Fig. 3. The
heat transfer coefficients for the flat plate and the present
heat sinks are shown in Figs. 4-6. Generally, the results
indicate that the heat transfer coefficients for all test sam-
ples increase with the temperature difference between the
base plate and the ambience. In addition, the heat transfer
coefficient increases with decreasing the finning factor (1)
which represents the total surface area divided by the base
surface area (A/Ayp).

The effect of orientation on the heat transfer coefficient
is also shown in Figs. 4-6. In essence, the downward facing
orientation yields the lowest heat transfer coefficient. How-
ever, one can notice that the heat transfer coefficients for
upward and sideward facing orientations are of compara-
ble magnitude. For the flat plate, sample #1, sample #2,

@ Present work _]
— Al-Arabi and El-Riedy [10]

0....I....I....I....I....

0 1 2 3 4 5
Rax 10°

Fig. 3. Comparison of present results of the flat plate with the correlation
given by Al-Arabi and El-Riedy [10].
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Fig. 4. Heat transfer performance of the flat plate for all three
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Fig. 5. Heat transfer performance of samples #1-#4 for all three
orientations.

and sample #7, the heat transfer coefficients for sideward
arrangement are higher than those for upward arrange-
ment. By contrast, the other test samples (samples #3—
#6) show an opposite trend. At first sight, this finding
looks contradictory as compared with that by Sparrow
and Vemuri [1] who conducted experimental study on
round pin fin arrays and concluded that the upward facing
orientation gave the highest heat transfer rates, followed by
the sideward facing and the downward facing ones. As we
further examine this qualitative difference, both results turn
out to be reasonable. This phenomenon can be associated
with the induced plumes. For the un-finned plate with the
sideward arrangement, the buoyancy-induced flow is
mainly from the bottom of the plate surface; however, this
induced air flow comes from the four edges of the plate for
the upward arrangement as illustrated in Fig. 7 [11]. Anal-
ogous flow pattern is applicable to the finned surface, hence
one can expect that finning has a greater influence on the
sideward arrangement than on the upward arrangement
since it blocks some air flow and acts as a flow barrier
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Fig. 6. Heat transfer performance of samples #4-#7 for all three
orientations.

for the sideward arrangement. With the further increase in
fin surface, the flow pattern for upward arrangement
remains similar while the sideward arrangement experi-
ences a dramatic change that the main flow arrived at the
bottom of the heat sink is blocked when the induced air

Plume

Boundary
layer

7 &

(a) Upward

(b) Sideward
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flow penetrates through the fins as depicted in Fig. 8b. A
similar flow pattern was also observed by Aihara et al.
[3]. For the problem of interest, a threshold may exist
beyond which the sideward arrangement is surpassed by
the upward arrangement. The comparison among three
orientations for varied finning factor is shown in Fig. 9.
With the finning factor being varied from 1.0 to 6.053 for
the upward and sideward arrangements, the performance
of sideward arrangement initially takes the lead, matches
that of upward arrangement at yy = 2.7, and is overtaken
thereafter. As clearly seen in this figure, the performance
of sideward arrangement may be superior or inferior to
that of upward arrangement by 20% at y =1.0 and
Y = 6.053, respectively. Similarly, the performance of side-
ward arrangement gradually approaches that of downward
arrangement when the finning factor increases. In fact, the
performance of sideward arrangement surpasses that of
downward arrangement by more than 120% at y =1.0
and is only 8% higher at yy = 6.053.

Aside from the finning factor, the pin fin performance is
also found to be related to the heat sink porosity (¢) which
is defined as the volume fraction of fluid inside the heat
sink (Vy/Vy). This factor is regarded as a measure of the
inner drag of the heat sink. According to the flow pattern
depicted in Fig. 8, increasing the heat sink porosity is
advantageous to both upward and sideward arrangements
since it promotes the penetration depth of the ventilation.
This may explain the fluctuation behavior of the profile
(Mdownward /Psidewara) in Which sample #2 is lower than sample
#7 and sample #3 is lower than sample #5. As we examine

(c) Downward

Fig. 7. Schematic of induced main flow for a flat plate subject to three orientations [11].

(a) Upward

I

(b) Sideward

(c¢) Downward

Fig. 8. Schematic of induced main flow for pin fin geometry subject to three orientations.
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the staggered pin fin arrays tested by Sparrow and Vemuri
[1], the corresponding finning factors are 2.571, 3.356,
4.403, 5.431, and 6.934, respectively. Although the smallest
one is below 2.7, the presence of staggered arrangement
inevitably contributes the flow resistance and reduces the
performance for sideward arrangement, thus rendering
the upward arrangement to prevail throughout their study.
In addition, for the staggered arrangement having
Y =6.934 and ¢ = 0.37, the most dense sample in their
study shows almost identical performance between the
sideward and downward arrangements.

The dependence of the thermal resistance subject to the
influence of the fin height is shown in Fig. 10. For a fixed
porosity of 0.74, the thermal resistance for upward and
downward arrangements continues to decrease with the
rise of fin height. This result indicates that, even if the
induced convection becomes less effective with the fin
height, the enhancement of surface area still outweighs
the reduction of heat transfer coefficient. Nevertheless,
for sideward arrangement, the thermal resistance becomes
independent of the fin height when the fin height is greater
than 2 mm. The advantage of increased surface area is off-
set by the decrease of heat transfer coefficient can be attrib-
uted to the choking phenomenon occurring among the pin
fins as proposed by Zografos and Sunderland [2]. The ris-
ing air flow within the heat sink is termed choked due to
a balance of viscous drag and buoyancy force. The depen-
dence of thermal resistance on the heat sink porosity is
shown in Fig. 11. For a fixed fin height of 10 mm, the opti-
mal porosity for upward arrangement is around 0.83 while
that for sideward arrangement is around 0.91. The optimal
porosity for sideward arrangement occurs at a higher value
due to its sensitive nature of performance associated with
the fin configuration. In particular, one can notice that
the thermal resistance consistently decreases with reducing
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Fig. 10. Dependence of the thermal resistance on the fin height, (a)
upward, (b) sideward, and (c¢) downward.

A T,T,=25°C
A T,T, = 40°C
—A— T.T, = 65°C

1
10, F A —\
8| A— 000 )
r A\‘
: [ @ \ ;
| 0.7 0.75 0.8

O T,;T,=25C
-O- T, T,=40°C
8- T, T, =65"C

j—

0.7 0.75 0.8

O T,T,=25°C
2 | O Ty T,=40°C
- T, T, =65C

Thermal resistance, 1/hA (‘C/W)

0.7 0.75 0.8 0.85 0.9 0.95 1
Heat sink porosity, ¢ (V,/V,)

Fig. 11. Dependence of the thermal resistance on the heat sink porosity,
(a) upward, (b) sideward, and (c) downward.

the heat sink porosity at downward arrangement over the
test range of 0.74 < ¢ < 1.0. This result, once again, sug-
gests that finning is comparatively effective for downward
arrangement.

To further examine the effect of finning on heat transfer
performance, the augmentation factor (¢), which represents
the augmented heat transfer of a heat sink relative to that
of a flat plate, is proposed as follows:

A)hs N
), ¢=f(Rav, b, 9.0). (®)

p

—
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data.

Employing the multi-regression analysis, the augmentation
factor is empirically correlated by the following equation:

& =(0.0423 — 0.0049301'5)Rag).244+0005192-5)
X (W)<0'125_0'1570+0~°502)(¢)(0.557—0,o19203) )

with a mean deviation of 6% and a standard deviation of
8%. Fig. 12 shows the comparison between the experimen-
tal data and those predicted by Eq. (9). The accuracy of
this correlation is generally within 15%. Generally, from
0 = 0—m, the augmentation factor increases with the Ray-
leigh number but shows intricate dependence with the fin-
ning factor and the heat sink porosity. One can also see
that the augmentation factor is around 1.1-2.5 for upward
arrangement (solid symbols), around 0.8-1.8 for sideward
arrangement (open symbols), and around 1.2-3.2 for
downward arrangement (semi-open symbols). For a highly
finned surface at sideward arrangement, the augmentation
factor may slightly be less than unity at a lower Rayleigh
number. Part of the reasons is because the flow pattern is
more sensitive to the fin structure, and the heat transfer
coefficient of the flat plate is relatively higher at this
orientation.

5. Conclusions

The heat transfer characteristics of square pin fin heat
sinks subject to the influence of orientation are examined
under natural convection in the present study. Based on
the foregoing discussion, the following conclusions are
made:

1. Generally, the downward facing orientation yields the
lowest heat transfer coefficient. However, the heat trans-

fer coefficients for upward and sideward facing orienta-
tions are of comparable magnitude. It is found that the
performance of sideward arrangement exhibits a greater
dependence on fin structure. The sideward arrangement
outperforms the upward one for small finning factors of
Y < 2.7, beyond which the situation is reversed.

2. The performance of sideward arrangement may be supe-
rior or inferior to that of upward arrangement by 20% at
Y = 1.0 and y = 6.053, respectively. In addition, with a
gradual increase in finning factor, the performance of
sideward arrangement approaches that of downward
arrangement. The performance of sideward arrange-
ment surpasses that of downward arrangement by
120% at y = 1.0 and only by 8% at yy = 6.053.

3. The optimal heat sink porosity is around 0.83 for the
upward arrangement and is around 0.91 for the side-
ward arrangement. In particular, finning is generally
more effective for downward arrangement throughout
the present study regardless of the finning factor and
the heat sink porosity.

4. The pin fin arrays in the present study outperform the
flat plate on the thermal performance by 1.1-2.5 times
for upward arrangement, by 0.8-1.8 times for sideward
arrangement, and by 1.2-3.2 times for downward
arrangement. It is found that finning is comparatively
more effective for downward arrangement and is less
effective for sideward arrangement.
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