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Thermal management plays a critical role in maintaining the
performance of electronic devices by keeping the system temperature

Keywords at an optimal level and preventing overheating. A heat dissipation
Heatsink, modular pin-fin, device widely employed in computing and other electronic systems’
geometric, forced convection, heat management is a fin-type heat sink, owing to its robust and simple
convective heat transfer design. In this work, the authors evaluated heat sinks of different pin-

fin cross-sectional geometry, arranged in a staggered configuration, in
terms of heat transfer characteristics under forced convection. Three
basic geometries were chosen on the grounds of manufacturing
easiness and market availability: circular, square, and hexagonal. All the
tested geometries had approximately the same hydraulic diameter.
Therefore, the results could be compared to each other. The
investigation revealed that the square cross-section induced an
excellent convection coefficient, hence higher heat dissipation,
compared to the counterparts. The tradeoff between heat transfer
performance and size-related parameters, such as surface area and
material volume, is also discussed in this paper.

1. Introduction

The use of computers and electronic devices is continuously increasing due to the large number of work activities
requiring high-performance electronic computing processes. In accordance with the market demands, the
performance of electronic devices needs to be improved [1]. One of the significant aspects that can be fine-tuned
to optimize the performance of electronic devices is in the sector of temperature control [2]. An electronic device
generates heat during its operation, which has to be released to the environment to prevent overheating that may
lead to malfunctions [3]. Although heat is a natural consequence of electronic device operation, excessive heating
can slow down the system and induce damage to components. Therefore, it is mandatory to keep the temperature
low to prevent adverse effects [4]. By maintaining the ideal operating temperature, the device will be able to
deliver the performance level expected by the user [5].

The temperature stability in electronic devices can be maintained in various ways [6]. To dissipate the heat,
one method is to utilize heat sinks in conjunction with a particular working fluid, using active and passive methods
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[7]. Passive methods have the advantage of a cost-effective strategy, but it also has the disadvantage of a high
initial cost for fluid pumping [8]. Although having a negligible running cost, passive cooling suffers from its low
effectiveness [9]. As a result, active methods employing forced convection are commonly engaged to enhance heat
transfer, hence the cooling effect [10]. That being said, compared to passive methods, forced convection cooling
methods with air or liquid are far more effective solutions [11]. The active cooling concepts based on forced
convection may be implemented in many forms, such as heat sinks under the external flow of fluid or cooling
blocks where the heat is evacuated by the internal flow [12].

Installing a heat sink on a heat-generating component is the most widely implemented method to enhance
heat transfer [13]. The heat sink serves as a heat exchanger that drains heat from electronic components to their
surroundings. In a heat sink, the heat flows from a surface in contact with a heat-generating object to the other
surface that is exposed to the environment or working fluid [14]. Increasing convection heat transfer can be done
by expanding the area or heat transfer area through the use of an extended surface, such as fins of diverse features
[15]. Apart from the area, heat transfer can also be influenced by geometric shapes, flow conditions, and fluid
properties [16].

In this work, the use of the extended surface in heat sink applications is demonstrated through the application
of various shapes of fins. The geometric features affect heat transfer properties by increasing the heat surface area
[17] and by altering the flow of fluid. Fin-equipped heat sinks generally use air as a heat transfer medium [18].
Besides geometric features, heat sinks’ performance can also be tuned up by selecting materials with high thermal
conductivity values [19]. This aims to minimize the temperature difference between the prime and extended
surfaces. Past research on several common engineering metals shows that, within the same Reynolds regime, the
highest heat transfer rates of a heat sink can be achieved by using copper, followed by brass, aluminum, and finally
steel [20].

Various types of fins are usually used, ranging from rectangular, cylindrical, annular, tapered, or pin shapes
to a combination of different geometries with regular spacing in staggered and aligned arrangements [21]. The
pin fin is a solid-shaped element that is mounted perpendicular to the wall of the heat exchanger apparatus, with
the coolant flowing in a stream that is transverse to the wall of the heat-affected surface. The fins extrude from
the surface that undergoes heating, thus providing an additional area for heat dissipation. In addition, fins induce
turbulent flow mixing that is favorable for heat transfer.

Pin fin types can be classified based on parameters such as shape, height, diameter, height-diameter ratio
(H/D), and so on [22]. Pin fins with a height-diameter ratio (H/D) between 0.5-4 are categorized as short pin fins,
while a height-diameter ratio greater than four can be classified as long pin fins [23]. A large value of the height-
diameter ratio is closely related to the high heat transfer coefficient. In addition, the pin fin arrangement also
affects the heat transfer amount [24]. The study found that mass flow rate, Sx/D, and Sy/D are among the
parameters that affect pin-fin heat sink performance [25].

Furthermore, staggered arrangement results in better heat transfer enhancement compared to the aligned
arrangement [26]. The heat transfer rate at a given temperature can be amplified by raising the average heat
transfer coefficient, expanding the surface area, or both. Also, faster heat rejection can be done by increasing the
velocity of the fluid flowing around the hot surface through forced convection and changing its geometric
configuration [27].

Heat transfer characteristics in pin-fin systems are important factors pertaining to the advancement of cooling
system performance in various engineering applications [28]. This work examines the heat transfer
characteristics of several pin fin geometries with a staggered arrangement. The goal is to gain an understanding
of how different pin geometries perform in evacuating heat, identify which geometry outperforms the others, and
recognize any tradeoffs that may accompany the performance profile. In this study, the heat sink specimens are
varied in terms of pins’ shape or geometry while keeping the hydraulic diameter equal for all of them. Geometries
chosen for this project are those commonly manufactured and marketed, i.e., square, hexagonal and circular.

As a unique feature of this work, the pin-fin heat sink specimen is assembled modularly, enabling changes of
pins or their arrangements as necessary. In this investigation, pins are configured in a staggered configuration on
the heat sink plate, which applies to the specimens. Furthermore, tests were also carried out at varying air speeds
and heating power. The result of this investigation will become a basis for further research involving an intricate
structure of pin-fins to optimize heat dissipation.

2. Experiment and Analytical Approach

2.1 Experimental Setup

The experiment was conducted by mounting a heat sink specimen in a forced convection apparatus, TecQuipment
TD1005. The apparatus features a vertical duct with a rectangular cross-section of 128 mm x 75 mm and a length
of 850 mm. The duct’s walls were of steel plate except for the front side, which was a transparent acrylic plate to
allow visual inspection. The pin-fin heat sink specimen was located at a distance of 500 mm from the inlet opening.
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Airflow was controlled by a variable-speed fan at the top of the duct that created negative pressure in the
downstream region.

To measure air velocity, an anemometer was positioned at 350 mm from the inlet opening, hence reading the
upstream flow. A K-type thermocouple was installed on the upstream (TC1) and downstream (TCs) regions as well
as on the pin-fin heat sink base plate (TCz). The heat sink specimen was fitted with a heater at the base plate and
power lines were connected to the regulator, voltmeter, and amperemeter to adjust and measure the heater’s
input electrical power. The schematic and picture of the overall experimental setup are depicted in Figure 1.

Thermocouple (T,,)
| :.
(Theater)

Anemometer

Thermocouple
TC2 R

Air inflow—. 4

PC (data acquisition & fan control)

(@)

Fig. 1 Experimental setup (a) Schematics of instrumentation; (b) Forced convection apparatus (TecQuipment
TD100) as employed in the laboratory

A heater and a thermocouple were attached to the back plate to provide a heating effect and measure its
temperature. Subsequently, this sub-assembly was stacked together with other components to form the complete
heat sink specimen assembly, as seen in Figure 2. A cover at the heater end protected the inner components and
wiring and provided insulation to minimize heat loss.

(@) (b)

Fig. 2 Heat sink design (a) Heat sink assembly 3D model; (b) The measurements of pins arrangement Calculations
of parameters for performance analysis

The temperature readings were logged automatically, facilitated by the built-in feature of the TecQuipment
TD1005 apparatus called Versatile Data Acquisition System (VDAS). It allowed data acquisition at a certain
interval set by the operator upon starting the measurement. In addition, the readings of all three thermocouples
are displayed in real-time, therefore the authors were also able to manually record them. This redundancy
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(automated data logging and manual recording) provided backup data and at the same time served as a
monitoring procedure for the operator to intervene should any anomaly occurred in the process.

Inherently, the heat transfer in this bolted design is not perfect due to the presence of discontinuity on the
connections. Among the methods to alleviate this deficiency are applying the thermal paste on interfaces of mating
components and ensuring the tightness of bolts. Another consequence of this design is the unused bolt holes,
which are exposed to airflow. Nevertheless, as the experiments in this work were made with identical base plates,
a number of pins, pin configurations, and assembly techniques, the occurring conditions would also be similar
across all experiments. In other words, the authors isolated the variation only to the geometry of pins, keeping the
rest of the experimental conditions uniform. Hence results from experiments with different pin geometries can be
unambiguously compared.

Fig. 3 Heat sink assembly with different cross-section profile geometry (a) Circular; (b) Hexagonal; and (c) Square

Three different cross-section geometries of pins, as presented in Figure 3, were used in this research, as
mentioned before circular, hexagonal, and square. Those geometries used are among the market's most readily
available extruded profiles, hence beneficial from the material sourcing and manufacturing point of view. Cross-
sectional sizing of each pin type was based on hydraulic diameter, based on which the Reynolds number
calculations were made. The hydraulic diameter was computed using the specimen's dimensional parameters
using Equation 1.

_

th

(1)

A and P denote the area and perimeter, respectively, of the cross-section. There are 13 pins installed in the
heat sink specimen. The dimensional specifications of pins examined in this work are tabulated in Table 1. All pins
in the specimen were of aluminum Al-2024. Aluminum is a common heat sink material since it has good thermal
conductivity yet is inexpensive as compared to copper, stainless steel, or other higher thermal performance
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materials. A heater and a thermocouple probe were attached on the back side of the main heat sink assembly. A
back cover was also installed to minimize undesired heat loss and protect the components.

Table 1 Dimensional specifications of pins

) Hyd. Dia. Pin Surf. Area ) 3
Cross-Sec. Profile (mm) Sx/dn Sy/dn (mm?) Pin Vol. (mm3)
.’/{‘-_ \\\
[ ) 10 4.0 2.0 2199 5498
Y310
Ilo 10 4.0 2.0 2800 7000
/ ﬁ\
\g{,’fs 10.4 3.8 1.9 2520 6547

2.2 Calculations of Parameters for Performance Analysis

The heat transfer modes occurring in the investigated system are conduction, convection, and radiation through
the air and aluminum. The heat transfer of each mode depends on the temperature of the base plate, assembly
material, and the cross-section area of the pin fin. Thus, the heat balance equation for the whole system can be
expressed as in Equation 2.

Qtotal = Qconv + Qrad + Qloss (2)

In similar studies [29-31], it was reported that the total radiative heat losses from a similar test surface would
be about 0.5% of the total electrical heat input. Therefore, the radiative heat loss can be neglected in our case. In
this experiment, the heating area was insulated, leading to the assumption of negligible heat loss via conduction.
Thus, one can assume that the last two terms of Equation 2 can be zeroed out, resulting in Equation 3.

Qzatal = Qconv (3)

The convective thermal resistance of the system can express the ability to release heat from the surface to the
environment. This quantity is given by Equation 4 and employed as one of the performance indicators of heat sink
geometries investigated in this work. Here, the surrounding temperature is taken by averaging the readings in the
inlet and outlet thermocouple ports. Qconv, as discussed in the previous paragraph, is assumed to be equal to the
heat supplied by the electric heater.

(T, +T,)/D =T,

conv = (4)
QCG}'!V
The steady-state heat transfer from the test section by convection is provided by Equation 5.
Qconv = hAT []-;’l - ((]:)ut + T;n )/2)] (5)
Convective heat transfer coefficient, }7, is given by the formula in Equation 6 [32]:
7 QL’UﬂV
h= (6)

4T, -(T,, +T,)/2)]

The convective heat transfer rate, Qconv, is obtained from the electrical input power. Recall that only convective
heat transfer is considered since heat transfer associated with radiation and conduction are negligible. Th, Tout,
and Tin are temperatures of heat sink, outlet air and inlet air, respectively. The overall surface area, Aris the whole
surface of the heat sink in contact with the flowing air, calculated with the formula in Equation 7.
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A =4

base + Nf (PX L) (7)

Parameter P is the circumferential length of the pin cross-section, and L is the length of each pin, whose
product yields the lateral surface area of one pin. That area of the single pin is multiplied by the number of pins,
Nr. For each geometry type, experiments were conducted at a heater input power of 15 W and 20 W. The
experiments were done at varied air velocities of 1 m/s, 1.5 m/s, 2 m/s, and 2.5 m/s, measured at the upstream
section. Those velocity values were then translated into Reynolds numbers via Equation 8.

— Upin dh

\%

air

Re, (8)

In calculating the Reynolds number, vair denotes the kinematic viscosity of air, while dh is obtained from
Equation 1. This Reynolds number is based on the flow condition around pins. Thus, the characteristic length
taken here is the pin hydraulic diameter. Likewise, the velocity used occurs in the vicinity of the pins instead of
that in the free stream region as measured by the anemometer. Thus, to obtain the velocity of air in the vicinity of
the pins, continuity relation is applied to give Equation 9.

A
U, _
pin A—A

front

U (9)

There, A is the cross-sectional duct area away from the test section, 9600 mm2, according to the specification
as mentioned before. The front is the frontal area of first-row pins that protrude into the airflow column. Heat
transfer characteristics can also be described by the Nusselt number. It describes the ratio of heat transfer by
conduction and convection, given by Equation 10. The thermal conductivity of air, k, varies with temperature
based on the table in a book by Incropera-DeWitt [33]. However, since the value of k only experiences minute
change within our experimental temperature range, then Nu directly follows the h.

_hd,
k

Nu (10)

3. Results from Experiments and Analytical Approach

3.1 Heatsink Temperature

The temperature at the base of the heat sink represents that of the heat source. In the case of electronic
applications, it can be any heat-producing components such as resistors, processors, etc. In Figure 4, the heat sink
temperature is plotted against the inlet air velocity for each pin geometry. All the data points were obtained from
the apparatus’ automatic data logger, which values were identical with those recorded manually, hence verifying
the accuracy. The data was cleaned and processed in a spreadsheet (Microsoft Excel), then the graphs/plots were
generated in a separate graphing software (Origin).

Heatsink Temperature at 15W Heater Input Power Heatsink Temperature at 20W Heater Input Power Heatsink Temperature at 25W Heater Input Power
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Fig. 4 Heat sink surface temperature under different inlet airflow velocities at 3 variations of heater input power
(a) 15W; (b) 20 W; and (c) 25 W
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13
[ Circular- Square [ | 114 [ Circular Square | 104 [ Circular Square Hexagonal|
124
1.04 —

§ 14 g g 0o
= 0.9 n
$1.04 ] o
2 2 £ 08
° 208 L]
208 @ = o
3 g ¢
@ g7 @ 0.7
=08 T T
£ E E
So7 208+ 206
L = =

06 05

05
05 T T T T T T T y T 04 T T T T T T T T T T T T T T T T T
800 1000 1200 1400 1600 1800 2000 2200 2400 800 1000 1200 1400 1600 1800 2000 2200 2400 800 1000 1200 1400 1600 180D 2000 2200 2400
Re Re Re
(@) (b) (©)

Fig. 5 Thermal resistance decreases with the Reynolds number that reflects the airflow velocity (a) 15 W; (b) 20 W;
and (c) 25 W

With our setup, consistent results have been obtained in heat sink base temperature, where the square fin
demonstrates excellent performance for the same hydraulic diameter compared to the other tested geometries in
maintaining a low heat sink temperature. However, this excellence is achieved at the expense of the material
volume, as in Table 1, where a square pin has the largest volume for a given hydraulic diameter, followed by
hexagonal and circular shapes.

In addition to observing surface temperature, the thermal resistance of each geometry is also assessed.
Thermal resistance is a function of the temperature gradient between the heat sink surface and ambient
temperature. This parameter is important because the temperature of the heat sink itself depends on the ambient
temperature, which may fluctuate during experiments. In our experiments, inlet temperature was maintained at
29°C +/- 0.7°C. It turns out that the presence of temperature fluctuation in our experiments, as seen in Figure 5,
does not significantly change the order of performance, except that in 25 W input power, the hexagonal and
circular pin graphs coincide. Overall, the thermal resistance drops at higher Reynolds numbers. The order of the
cooling performance as observed in the graphs in Figures 4 and 5 can also be related to the surface area of pin
geometries. Nonetheless, the relation between the resulting temperature difference and fin surface area is not
trivial. For instance, the surface area of the hexagonal pin is 15% larger than the circular one, and it yields a 14%
lower temperature gradient in the experiment using 15 W heater input power.

On the other hand, a square pin with 27% larger surface area than a circular pin creates 42% lower
temperature gradient. A more prominent phenomenon is shown in the 25 W heater power, where the difference
between hexagonal and circular geometries becomes negligible. Meanwhile, the square shape can produce 38%
lower temperature gradient than the others.

3.2 Heat Transfer

The performance of each pin geometry in terms of heat transfer is described in the below graphs of the convective
heat transfer coefficient. As one can infer from the previous temperature-related discussions, the heat transfer
parameters calculations show that square geometry yields the highest coefficients compared to the other tested
geometries. The explanation for this finding is that the square cross-section creates a turbulent field that
intensifies interactions between fluid flow wake and the adjacent surfaces, hence increasing heat transfer [34].
Circular and hexagonal pins show heat transfer performances that are close to each other. Still, despite having a
narrow difference in heat transfer coefficients, the hexagonal pin-fin is capable of maintaining a lower heat sink
temperature than the circular counterpart (see Figure 6) due to its larger surface area.

The obtained results are in a good agreement with the previous works of other investigators that demonstrate
the superiority of square pin geometry over the circular one in terms of heat transfer characteristics [35]. As for
the hexagonal geometry, published works show contradicting conclusions on its heat transfer performance
compared to other shapes, where some investigations show higher coefficients and others demonstrate the
opposite [36]. Another observation from the experiment is that the heat transfer coefficient tends to increase with
surface temperature at a given air inlet velocity. In Figure 7, the trendline is obtained by linear regression of 3
data points for each geometry, where each point is a result of averaging 3 data from experiments at different input
powers: 15 W, 20 W, 25 W. This characteristic was also encountered by former investigator [37] who observed
the increase of heat transfer coefficient as surface temperature goes up in a jet impinging experiment with
variation in surface temperature.
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Figure 6 shows the variation of the heat transfer coefficient with heat sink base temperature at 4 different
inlet velocity cases (1, 1.5, 2, and 2.5 m/s). By looking at the linear fitting line for each geometry at each inlet
velocity case, one can infer that the heat transfer coefficient of a heat sink gets higher as its temperature rises. This
result can be further refined and verified by acquiring a larger amount of data points using more variations of

heater input power settings.
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Fig. 6 All test conditions share similar characteristics: coefficient of convective heat transfer raises with Reynolds
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Fig. 7 Linear regression lines show that the heat transfer coefficient increases with surface temperature

4. Conclusion

Through this work, authors have demonstrated the use of a modular pin-fin heat sink specimen for investigating
the characteristics of different pin geometries. Experimental results obtained with this device have shown a good
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agreement with those shown in various published works, therefore implying their validity. The data from
experiments with all pin shapes confirm the a priori knowledge that heat transfer increases with the velocity of
the fluid, causing lower heat sink surface temperature. Heat sink with square pins shows superiority over circular
and hexagonal counterparts in its ability to dissipate heat. The ease of manufacturing processes goes alongside
heat transfer performance to justify the advantage of using square pins.

An important remark for this work is that the results of this work are obtained with uniform hydraulic
diameters for all pin shapes. It is intended to acieve the same Reynolds regime when they are blown by air at the
same flow velocity. Nevertheless, the downside is that the same hydraulic diameter leads to a different surface
area which intuitively affects the heat transfer rate. Future works will cover this issue to verify the findings
reported in this paper. The planned experiments are to compare pins of the same surface area instead of hydraulic
diameters. Thus, adjusting flow velocities settings for each shape is required to keep the flow in the same Reynolds
regime for all cases. Additionally, a comparison with a commercial heatsink of similar dimension at the same heat
emission is an important part of the upcoming works, since it will link this research outcomes with the real
industrial practices. That comparison remains valuable despite the common commercial use of square or
rectangular pin geometry due to the manufacturing feasibility, which geometry has also been shown in this report
for exhibiting superior performance as compared to circular and hexagonal ones.
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