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ARTICLE INFO ABSTRACT
Article history: Many electronic gadgets now require more power as a result of technological
Received 29 October 2023 advancements, and to prolong their lifespan, they must all be kept thermally stable. To

Received in revised form 22 January 2024 prevent electronic equipment from operating above their safe operating temperature,
Accepted 3 February 2024 numerous techniques are used. Due to its low cost and dependable manner of cooling,
Available online 29 February 2024 the naturally cooled heat sink is the most used technology. The goal of the current
research is to improve the thermal efficiency of less dense heat sinks by modifying their
design and orientation. The aluminium heat sink utilized for the experimental and
numerical investigation has the following dimensions: length 120 mm, width 100 mm,
thickness 2 mm, height 40 mm, and channel width 12 mm. The cartridge-type heater
received heat input ranging from 25 W, 50 W, 75 W, and 100 w. Under natural convection,
the orientation was changed to 0°, 15°, 30°, 45°, 60°, and 90°. By increasing the
orientation angle of the heat sink from 00 (horizontal position) for all the heat input, the
Nusselt number and rate of heat transfer increases. Due to changes in the flow pattern,

Keywords: the vertical orientation of the heat sink was found to be transferring heat more quickly
Heat sink; natural convection; than other orientations. According to the study, plate-fin heat sinks with circular in-line
orientation; notch notches perform thermally better than those without any notches.

1. Introduction

The ever-increasing demand for electronic devices with enhanced performance has led to a
constant rise in power densities and heat generation within the systems. Efficient thermal
management is imperative to ensure the reliability and longevity of these devices. Naturally cooled
heat sink most commonly used technique due to its low cost and high reliability. The different types
of heat sinks are used in many industries for cooling applications such as automotive radiators, air
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conditioning, LED lights, power electronics, servers, power amplifiers, and telecommunication [1-4].
The geometric optimization of the heat sink by varying the various important parameters such as fin
thickness (t), fin height (h), and channel width (w) was performed by Yu et al., [5]. Kim et al., [6]
conducted the analytical, numerical, and experimental analysis to find out closed-form correlation
for thermal optimization of plate-fin heat sink under the natural convection. It was discovered that
the optimal fin thickness depends on height, solid conductivity, and fluid conductivity. Kim and Kim
[7] carried out an experimental study to understand the effect of cross-cuts on the thermal
performance of heat sinks under the parallel flow condition. The following parameters were varied
during the tests: length of cross cuts, number of cross cuts, and position of cross cuts. The
experimental results showed that among all the parameters investigated the cross-cut length had
more influence on thermal performance of heat sinks. Kim et al., [8] carried out an optimization study
for the optimization of the plate-fin heat sink by varying fin thickness in the direction of normal to
fluid flow based on volume averaging theory. The thermal resistance of the variable thickness fins
with water-cooled arrangement was reduced by 15% compared to the uniform thickness fin [8,9].
Sable et al., [10] conducted the experimental investigation of the vertically heated plate by multiple
V-fin arrays to enhance thermal performance under natural convection. The result revealed that the
V-type fin array gave better heat transfer performance than the vertical fin array and ‘V’ fin with
bottom spacing type array. Various studies related to the heat sink are found in the literature to
enhance heat transfer coefficient [11-20].

Very few research papers emphasized understanding the heat transfer performance at the
different orientations of the fin heat sinks. This research paper focuses mainly on studying the effect
of the orientation of a less-dense fin heat sink and the circular inline notch on its thermal
performance. The effect of a circular inline notch is also compared with solid fins. This study aims to
examine experimentally and numerically the influence of orientation on the thermal performance of
the heat sink. For the sake of the thermal performance comparison at different orientations, there is
a need to use a fixed fin volume heat sink. It should be noted that the failure rate of electronic
components increases exponentially with temperature and any system capable of removing more
heat will increase reliability and the life of the components.

2. Experimental Setup

The experimental setup includes the following arrangements: heater, thermocouples,
temperature indicators, wattmeters, fins, spacers, and Bakelite covering plates. The layout of the
experimental setup is shown in the Figure 1 and Figure 2. The tests were performed on aluminium
fins with spacing = 12 mm, thickness = 2 mm, fin height = 40 mm, and the number of fins = 8. The
proposed array of fins was tested for different heat inputs which are as follows: 25W, 50W, 75W, and
100W. The heat input of different watts (25 W, 50 W, 75 W, and 100 W) was generated by using the
two-cartridge type of rod heaters (10 mm in diameter). The heaters were placed at the center of the
bottom plate of the fin heat sink array. The testing was conducted in an open environment (i.e.
natural convection). The fin heat sink array was supported by the spores block at the bottom and its
side to minimize the conduction and radiation losses. The K-type thermocouples were placed at
various locations of the fin arrays (Figure 1) to collect the data on the temperatures.
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Fig. 2. Pictorial view of experimental setup

3. Calculations

The heat transfer analysis of the Solid and perforated rectangular fins was based on the following
assumptions a) Steady heat conduction in the fins b) No heat generation in the fin body c) Uniform
ambient temperature d) Uniform heat transfer coefficient all over the fin surface.
The rate of heat supplied to the heat sink is calculated by Eq. (1):
Q=V.I (1)
But, Q:is also calculated by Eq. (2):
Q:=Qc) + Qi+ Qc (2)

Conduction heat loss through the fin array is calculated by Eq. (3):

Qcd = k Acq [(dt/dx) bottom + (dt/dx) side] / 2 (3)
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Radiation heat loss through the fin array is calculated by Eq. (4):

Qi =[e x 0 x As x (TS4 - Teo4)] (4)
Convection heat Transfer is calculated by Eq. (5):

Qc=Qt- Qudt Qif (5)
The average heat transfer coefficient is calculated by Eq. (6):

ha=[Q./Ae x (TS - Teo)] (6)
The average Nusselt Number is calculated by Eq. (7):

Nua=hal /k (7)
4. Computational Modelling

The current investigation employs Computational Fluid Dynamics (CFD) software, specifically
Star-CCM+, to explore the thermal performance of a fin heat sink array under natural convection.
The CFD analysis was used in various applications and found good agreement with the experimental
results [21-48]. The primary focus lies in observing convection currents and temperature distribution
across the surface of the fins. The details of the numerical setup include the creation of geometry
and meshing within Star-CCM+, as depicted in Figure 3. Prism layer meshing was generated using the
software. The grid independence study was conducted to test the output of the case as the average
surface temperature at the center of the middle fin. It was observed that when the base size of the
heater and heat sink domain was equal to 0.01, and for the air domain it was equal to 0.05 the
temperature noticed was equal to 95.8 deg C at heater input equal to 50 W and zero degree
orientation of the fins. When the grid base size was changed to 0.005 for the heater and heat sink
domain and 0.025 for the air domain, the temperature was observed to be equal to 95.9 degrees
Celcius, which was almost the same and did not change, and hence that was selected as the
appropriate grid for simulation (Table 1).

Table 1

Grid Independence study

Parameter Parts No. of Cell Nodes Temperature at

(Base number) Center of Middle fin at
50 Watt O degree

0.02 Heat Sink 52283 66098 90

0.02 Heater 3068 8840

0.1 Air 83958 102224

0.01 Heat sink 354306 494039 95.8

0.01 Heater 23301 36988

0.05 Air 322993 565617

0.005 Heat sink 1386687 1671480 95.9

0.005 Heater 43001 48510

0.025 Air 1253921 1600333
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Various numerical models were utilized, including (a) Air models with coupled flow, gas-air
interaction, gradient, ideal gas, laminar flow, steady-state conditions, and a 3D model; (b) Fin models
featuring constant density, coupled solid energy, gradient, solid, steady, and a 3D model; and (c)
Heater models with constant density, coupled solid energy, gradient, solid, steady, and a 3D model.

12 mm

Heaters

(a) Inline Plain Fin heat sink array (b) In-line Circular Notch Heat sink array

Heater -air interface

' ‘eater-ﬁn interface

(c) Positions of the heater in the base plate (d) Meshing scene
Fig. 3. Details of the CFD models

5. Results and Discussion

The results and discussion section primarily showcases the experimental and numerical data,
along with a comparison between the two sets of results.

5.1 Effect of Plate Fin Heat Sink Orientation

Plate fin heat sinks (without notches) underwent testing at various orientations to assess their
thermal performance, with the corresponding results mentioned in Figure 4. The temperature
contours and airflow patterns for different orientations (e.g., 0°, 15°, 30°, 45°, 60°, and 90°) with a
50-watt heater input are presented in Figure 4. The findings revealed that an increasing orientation
angle of the fin heat sink led to improved airflow patterns, resulting in lower temperatures for the
fin heat sinks. The average temperature was observed to be 372 at 0° and 363 K at 90°, indicating
enhanced thermal performance at the latter orientation.
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The heat transfer coefficient variation for different orientations of the fin heat sinks (at 50 W) is
shown in Figure 5. The experimental results showed that, as the orientation of the fin heat sink was
changed from horizontal 0°, 15°, 30°, 459, 60° to vertical 90° the heat transfer coefficient was found
to be increasing in the ascending order of 5.42, 5.6, 5.87, 5.87, 6.16, 6.49, and 6.73 respectively. The
vertical orientation of the heat sink showed the best thermal performance.
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Figure 5 shows the variation of the average heat transfer coefficient with different orientations
of the heat sink. The orientation angles were chosen from the horizontal to vertical position of the
heat sink, where angles varied between 0 degrees to 90 degrees in a stepwise manner (a constant
angle of 15 degrees was maintained during all the tests conducted). The average heat transfer
coefficient was higher for higher heater inputs for all the heat sink orientations. The rate of variation
of the average heat transfer coefficient was lowered as the heat input changed from 25 W to 100 W
at the same orientation. The heat transfer coefficient was maximum at 90 degrees for a heater input
of 100 W and its value was found to be equal to 7.2 W/m? K. The minimum value of the heat transfer
coefficient was found to be equal to 4.2 W/m? K at 0-degree orientation of the heat sink and for
heater input equal to 25 W (Figure 6).
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Fig. 5. The heat transfer coefficient variation for
different orientations of the fin heat sinks (at 50 W)
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Fig. 6. Average heat transfer coefficient variation at different
heater Inputs and Orientation

Experimental tests conducted were used to calculate the Nusselt numbers for different
conditions of heater inputs and orientation angles. The maximum Nusselt Number (Nua) was found
to be equal to 10.3 for 100 W heater input and 90-degree orientation of the heat sink. The minimum
Nusselt Number (Nua) was found to be equal to 6.9 for 25 W and 0 degrees (Figure 7). The Nusselt
Number was found to be increasing in ascending order as we increased the orientation angle from 0
degrees to 90 degrees at each heater inputi.e., 25 w, 50 w, 75 w, 100 watts (Figure 7).
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Variation of Nusselt Number (Nu) with Orientation
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Fig. 7. Nusselt Number (Nu) variation for different orientations of the heat sinks at
different heater Input

The higher thermal performance was observed at the 90-degree orientation of the heat sink for
all the heater inputs. The results of the circular inline notch type of heat sink array were found to be
superior compared to the results of solid/plain heat sink array for both 0-degree and 90-degree
orientation (Figure 7). The heat transfer coefficient of the notch heat sink was observed to be equal
to 7.8 W/m? K at 90-degree orientation which was more (i.e. 6.7 W/m? K) compared to the heat sink
without notch (Figure 8).
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Fig. 8. The heat transfer coefficient of plain and notch type of heat
sink array compared at 0 and 90 degrees

The Computational Fluid Dynamics results showed that the variation of the air velocity because
of the circular inline notch fin array was higher than the plain fin array. The area of the Circular notch
fin array was 15% smaller compared to the plain fin array. The notches on the fin array changed the
flow pattern which resulted in increased thermal performance of the heat sink (Figure 9).
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5.2 Flow Pattern

The experimental flow pattern was compared with numerical results and a single chimney flow
pattern developed at the Horizontal Position of the Heat sink. The experimental results for flow
visualization by smoke technique at the horizontal position and CFD analysis results show a similar
flow pattern. Figure 10 shows the experimental and CFD analysis results.
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(a) Flow visualization by smoke technique at a (b) Flow visualization using CFD technique at horizontal
horizontal position (experimental approach) position (numerical approach)
Fig. 10. Flow Pattern Developed at Horizontal Position

6. Conclusion

The use of plate-fin heat sinks in cooling applications plays a significant role. It helps to maintain
better thermal stability and reliability of electronic devices. The experimental and numerical results
highlighted the following important outcomes

i.  The heat transfer coefficient was found to be increasing with increasing orientation of heat
sinks from 0 degrees to 90 degrees (for all the heater inputs).

ii.  The heat transfer coefficient was found to be maximum at 90 degrees i.e. vertical position of
the heat sink array, this happened due to changes in the flow pattern over the fin arrays.
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The Nusselt Number was maximum for the plain fin heat sink at the 90-degree orientation of
the heat sink array and this was observed for heater input which was equal to 100 W.

iv. ~ The minimum Nusselt number was observed at the horizontal orientation of the heat ink
array( at 25 W heater input).
v.  The chimney type of flow pattern was observed for the horizontal orientation of the fin array
and the flow pattern changed for different orientations of the fin array.
vi.  The circular inline notch type of heat sink array was found to be the best option in terms of
getting the showed better performance at lower and higher orientation angles.
vii.  The Chimney Flow Pattern gets developed at the horizontal position of the Heat sink
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