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ARTICLE INFO ABSTRACT
Keywords: The efficient thermal management of microelectronic devices is crucial for their reliability and performance.
ANSYS-Icepak, Fin arrangements Heat sinks, particularly those with inline and staggered fin arrangements, are vital in achieving this goal. This

Efficient heat dissipation

b d study leverages the advancements in computational fluid dynamics (CFD) software to explore the optimal heat
ressure drop

sink design for microelectronic devices. While prior research has extensively investigated heat sink design, this
work offers novelty by employing ANSYS Icepak software for simulations. This approach enables a compre-
hensive thermal performance and pressure drop analysis for two distinct fin cross-sections. The study investigates
heat sink assemblies housed within a confined space, simulating a realistic operating environment for micro-
electronic devices. The heat sink is designed to cool a single heat source (chip) mounted on a substrate board. In
this paper, two types of fin sections, circular and conical, are studied for two types of fin configurations, inline
(IA) and staggered (SA), which are analysed with 36 fins in each case. Each fin is constructed from aluminium
and has specified dimensions. Air serves as the cooling fluid within the cabinet, dissipating heat generated by the
chip. When comparing the performance of circular pin and cone fins at the same power and mass flow rate, the
results indicated that the maximum temperature for circular pin fins is 0.46% of the maximum temperature for
cone fins, and they have a higher pressure drop, especially for staggered arrangements. Moreover, the maximum
temperature for staggered arrangements is lower than that for inline configurations by a factor of up to 1.17%
and 2.035% for circular fins and cone pin fins, respectively. This article focuses on a deep understanding of the
design of microelectronic cooling systems. It aims to continuously improve pressure and thermal efficiency by
maintaining the minimum limits of pressure drop within the confined space and obtaining the optimal config-
uration for efficient heat dissipation.

development could be of promising importance in the use of micro-
electronic cooling in the near future [3,4]. The heat sink is characterized
by the presence of micro-pin fins that increase the surface area for
thermal dissipation, thus increasing its effectiveness and improving its
performance. The optimal design of micro-pin fins has become the focus
of many studies[5]. Many types of fins, such as square, cone, diamond,
cylindrical, triangular, and hexagonal, have been used to discover
optimal heat dissipation performance. Recently, other unusual config-
urations have emerged, such as hydrofoil, trapezoidal, pentagonal, and
s-shaped[6]. It has provided valuable results that have contributed to
the noticeable development in the efficiency of heat sinks. The fins’
design modifications can include the microchannel design parameters
(channel cross-section, width, vortex generator, multilayer, bifurcation,

1. Introduction

Microelectronic devices have played a significant role in technolog-
ical development and have become integral to all civil and military
equipment. Since the noticeable increases in their annual use between
1959 and 1983, their growth rate has risen sharply [1]. In the last two
decades, reducing the size of microelectronic devices has become a
prevalent feature and a measure of product quality and development.
This has accompanied a reduction in the spaces available for heat
dissipation systems[2]. The development of microelectronic devices has
been accompanied by a major development in the heat sink, which are
structures that work very effectively to disperse heat, and their
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Nomenclature

List of Abbreviation

CFD Computational Fluid Dynamics

SA Staggered Arrangement

3D Three Dimensional

1A Inline Arrangement

LIST OF SYMBOLS

ST The distance between adjacent fins in y direction
Tb The base height of the heat sink (cm)
W heat sink width (cm)

Rs The radius of the base cone

X,Y,Z Cartesian coordinates

u Dynamic viscosity (kg/m.s)

p Density (kg/m>)

q” Heat flux (W/m?)

p Pressure (N/m?)

R, Thermal resistance ( °C/W)

SL The distance between adjacent fins in x direction
D fin diameter (cm)

H fin height (cm)

Ry radius of the upper cone

u, v, w Cartesian velocity components (m/s)

k Thermal conductivity of the material (W/mK)

A Area of the surface (m?)

Cp Specific heat of air at constant pressure (J/kg.K)
T temperature ( °C)

Q Power (W)

g Gravitational acceleration (m/s%)

Sub terms

in inlet

max maximum

S Solid

and porous substrate) and pin fin configurations (density, arrangement,
shape, and dimensions)[7]. So, it was found that the way the fins are
arranged in the heat sink is of great importance, no less than the number
of fins used [8]. The inline arrangement is simple to manufacture, but
the pressure loss is increased due to the increased airflow resistance. On
the other hand, a staggered arrangement offers a significant benefit by
counterbalancing the micro-pin fins [9]. This configuration encourages
better airflow and convective heat transfer because it has fewer flow
obstructions and improved heat dissipation capabilities. However, the
staggered configuration may require more complex manufacturing
processes. Positioning the fins within the heat sink is crucial to its overall
performance [10,11].

Sparrow et al. [12]studied the heat transfer phases of stepped and
inline arrangements and concluded that the inline configuration results
in lower heat transfer efficiency and friction factor. Similar results were
obtained by Siw et al. [13]. Jalil et al. [14] studied the 3D heat transfer
performance of micro-pin fins for inline and staggered arrangements
was analysed numerically. They found that the thermal performance of
inline micro spindle fins can be improved by 9.3%, compared to 7.9% for
stepped configurations. The offset configuration provides slightly better
heat transfer performance for the same number of micro-pin fins [15,
16]. By comparing the effect of fin thickness and number when fin
height is constant on the thermal performance rate obtained from the
central processing unit (CPU), Hosseinpour et al. [17] concluded that
the Fin thickness has the most significant effect. Compared to the effect
of the number of fins. Tanda et al. [18] presented a study with significant
content involving the use of hexagonal fins to study pressure losses and
heat transfer for fin exchangers. They used a rectangular channel with
rows of diamond-shaped fins, where heat transfer improved by 4.4 times
when using equal mass flow rates [19]. They concluded that using
hexagonal winglets effectively improved the performance of fin heat
exchangers. Ozbalci et al.[20] focused on the power move portions of
unendingly staggered finned strategies and affirmed that the inline
screw balance strategy makes for a less intense grinding variable and
force move limit, Dewan et al. [21]concluded that the intensity move
rate is contrarily corresponding to the balance dividing of the round
pin-blades. Additionally, heat execution is impacted by warm conduc-
tivity and Reynolds number, which should be controlled in the scope of
550-685 for best execution.

In recent years, many solutions have been increasingly used using
commercial software such as ANSYS to explore the rate change of
thermal performance depending on the arrangement of fins in micro-
electronic devices [22]where the flow will be partially developed, and
the numerical models will be more efficient [23]. Rosli et al. [24]used

COMSOL software to simulate the thermal layout of heat sinks equipped
with pin fins and found that staggered fins performed better than inline
fins, reaching 4.1% in the circular type. Saravanan et al. [25] used
FLUENT 16.2 software for 3D numerical analysis to investigate the
thermal and fluid flow aspects of a heat sink with triangular pin-fins
using different cooling fluids with nanoparticles. They concluded that
the heat dissipation rate of the finned heat sink was maximised by
20.31% for ethylene glycol-based nanofluids. Yang and Peng [26] used
the SIMPLE computational fluid dynamics algorithm to solve the
Navier-Stokes equations to study composite heat sinks’ thermal and
hydraulic performance and compare them with plate-fin heat sinks.
They found that the thermal resistance of pure plate-and-fin heat sinks
was higher than that of composite, which included plate fins with some
pins between the plates. Abdelmohimen et al. [27]used CFD to compare
impinging and parallel flow according to the thermal output perfor-
mance, pressure drop, and efficiency. They prepared the slides, cutting
fins off plate heat sinks to produce configurations of one, two, three, and
four slides. They indicated that the impinging flow gives better thermal
resistance than parallel flow for all configurations. Zhou and Catton [28]
used a 3D CFD model based on the Reynolds-averaged Navier-Stokes
equations to examine the energy dissipation and pressure drop of 22
finned plate heat sinks. They found through numerical analysis that the
elliptical fin heat sink outperforms all other varieties of pin fin heat
sinks. Additionally, statistical approaches were used to study the effect
of the fin arrangement method on thermal resistance and pressure drop.
Yakut et al. [29]used the Taguchi method to analyse the performance of
the hexagonal fins. They concluded that the optimum impacts were seen
for the fins at 150 mm height, 14 mm wide and 20 mm height for a flow
speed of 4 m/s.

Nahum Y. Godi [30] numerically studied a complex microchannel
with innovative fin designs to reduce resistance in a heat sink using
complex fin structures. He used three different designs: first, solid cy-
lindrical fins; Second, the solid fins were drilled halfway (50%); the
third; The solid fins are 87.5% drilled and mounted on the heatsink. In
the simulation configuration, the heat sink has a heat load of 250 W
imposed on the bottom wall and a single-phase Reynolds water between
400 and 500 flows in a laminar state by forced convection to remove
heat at the bottom and within the surface. fin wall area, while a Rey-
nolds number between 3 and 6 flows convectly through the cylindrical
fins to dissipate excess heat outside. The results show that in parallel
flow, the heat sink combined with semi-hollow fins outperforms with
27.2% lower resistance, while in counterflow the hollow fins outperform
with 19% lower resistance. This work builds upon extensive research on
heat sink design, particularly focusing on inline and staggered fin
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Table 1
Pin fin Heatsink Geometric Specifications.

Parameter Dimensions (cm)
Cabinet 6x5x2

Source 2.2x22x0.1
Heat sink 4x4x1.7

Fins Number of fins=36
Base height (t;,) 0.2

Cross section Circular (D = 0.2); Cone (R;=0.2, R¢=0.05)

arrangements. However, the ever-evolving landscape of computational
tools offers new opportunities for investigation. This study’s novelty lies
in exploring the optimal heat sink design for microelectronic devices. By
leveraging computational simulations, the research aims to identify the
best thermal performance configuration for two distinct fin
cross-sections while simultaneously controlling pressure drops. This
focus on thermal efficiency and pressure optimisation sets this work
apart from previous studies that might have prioritised only one aspect.

Anas Al-Khazaleh et al. [4] analysed a MEMS heat sink containing
small, corrugated channels integrating circular fins to cool microelec-
tronic chips. The thermal resistance of the proposed MEMS heat sink is
only 0.72 and 0.43 of that of the MEMS heat sink containing straight
microchannels at Reynolds numbers of 250 and 1250, respectively. This
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work also analyses the contribution of geometric properties to the
behaviour of the proposed MEMS heat sink in terms of the maximum
temperature of the microelectronic chip, thermal resistance and pump-
ing capacity as well as those of the microchannel used in the proposed
MEMS heat sink in terms of Poiseuille and Nusselt numbers. The
maximum microchip temperature and thermal resistance decrease with
increasing pumping power, with increasing capacitance, pin fin diam-
eter and hydraulic diameter of microchannel as well as with decreasing
wavelength. The Poiseuille and Nusselt numbers increase with
increasing amplitude, fin diameter and hydraulic diameter as well as
decreasing wavelength.

Mohamed Daadoua et al. [31] experimentally studied the pressure
drop and heat transfer characteristics in a small channel heat exchanger.

Table 2

CFD model parameters settings.
parameter description
Dimension 3D
Near-wall Stander wall functions

Co-flow-inlet Velocity inlet

outlet Pressure outlet

Viscous model Realisable k-e Pressure-based
Solver type Steady, Axisymmetric, Implicit

y

Fig. 1. Schematic diagrams of the heat sink with circular and conical fins: (a) represent the configuration of IA, (b) represent the configuration of SA, (c) and (d)

represent the boundary conditions and dimensions.
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Fig. 2. Flow chart of the numerical solution by ANSYS-Icepak.

Table 3

CFD boundary conditions (input parameters).
parameter Value
Vin 0.1 m/s
Tin 298 K
Power 8w

All the cabinet surfaces are isolated except the inlet and outlet surfaces.

Table 4
The mesh parameters.

Circular fins Number of nodes 285,155
Number of cells 265,075
Cone fins Number of nodes 399,188
Number of cells 414,765

Experimental tests were carried out on a small channel with smooth and
compact circular fins. The experimental study of pressure drop includes
a Reynolds number ranging from 100 to 1900 for hot water and a
Reynolds number ranging from 500 to 10,000 for hot air. Hot fluid flows
through a channel arranged in line with a 1750-pin fin, while cold fluid
flows through a smooth channel. The increase in flow rates led to an
increase in pressure losses and heat transfer coefficients. When using a
finned surface instead of a smooth surface, the overall heat transfer
coefficient (U) increased by 190% when using water as the heat transfer
fluid (HTF), and the same coefficient increased by 42% when using air as
a heat transfer fluid. fluid. Coolant.

This study is based on extensive research in heat sink design,
particularly inline and staggered fin configurations. This research is
distinguished from previous ones by focusing on improving the effi-
ciency of heat dissipation and controlling pressure drop by using
computational simulations of two distinct cross-sections of the fin.
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Fig. 3. 3D computational quadratic mesh of the domain.
2. Methodology
2.1. Model description
This study uses computational analysis to investigate the thermal

performance of a heat sink assembly housed within a cabinet. The heat
sink is designed to cool a single heat source (chip) mounted on a
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substrate board. The heat sink incorporates 36 fins arranged in two
configurations: inline (IA), where the fins are arranged at equal dis-
tances from each other, and staggered (SA) arrangements, where the fins
on the even number zones are shifted by one-half of the fin spacing.
ANSYS-Icepak software serves as the primary tool for the numerical
analysis of the heat sink cooling system [32,33]. This software utilises
the FLUENT solver, a robust computational fluid dynamics (CFD)
package, to perform coupled thermal and fluid flow simulations. As
detailed in Table 1, each model within the study consists of the following
components:

e Heat Source (Chip): The chip, representing the heat source, has di-
mensions of 2.2 cm x 2.2 cm x 0.1 cm.

Heat Sink: The heat sink base, constructed from aluminium, mea-
sures 3 cm x 3.5 cm x 2 cm and houses the chip on the substrate
board.

Cabinet: The rectangular cabinet, designed to enclose the heat sink
assembly, has dimensions of 6 cm x 5 cm x 2 cm.

Heat Sink Fins: Each fin within the heat sink is 1.5 cm in height and
has a radius of 0.16 cm.

A visual representation of the designed cabinet and heat sink ge-
ometry can be found in Fig. 1. Air is employed as the cooling fluid within
the cabinet, facilitating heat transfer from the heat sink to the sur-
rounding environment. The chip generates a constant heat load of 8.0 W,
simulating realistic operating conditions. By analysing the thermal
performance of the heat sink configurations under these defined con-
ditions, the study aims to identify the optimal arrangement (inline vs.
staggered) for efficient heat dissipation from the chip within the
confined space of the cabinet.

The Realistic k—e turbulence model was chosen for its improved
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Fig. 6. Comparison of the present numerical study with experimental results of Adhikari et al. [37].

Table 5
Validate the results of this method and Rosli et al. [24].

Arrangement Source Temperature Source Temperature (Current error
[24] Study) %
Inline (IA) 107.43°C 106.474 °C 0.898
Staggered 101.85°C 101.662 °C 0.180
(SA)

accuracy, robustness, and physical realism in predicting turbulent flows,
especially in complex scenarios and near walls. Its versatility, extensive
validation, industry acceptance, and computational efficiency made it a
suitable and reliable choice for accurately capturing turbulent flow
phenomena in the study (Table 2).

This study explores the complex airflow dynamics within a cabinet
that contains a heat sink. The complexity emerges due to the simulta-
neous occurrence of many heat transport pathways. Heat transfer occurs
in the limited area through a combination of convection and conduction,
resulting in a complex process with multiple layers. Convection heat
transfer involves the movement of heat through the fluid surrounding
the heat sink and cabinet, while conduction refers to heat transfer
through the solid components.

In this study, energy equations were used to simulate the movement
of heat throughout the system. In contrast, Navier-Stokes equations were
the basis for a 3D numerical solution to describe the intricate flow
patterns inside the cabinet. The equations thoroughly examine heat
transfer phenomena in conjunction with the carefully crafted finite-
difference framework. The continuity equation forms the foundational
basis for the simulations, providing a detailed representation of the
system’s thermal and turbulent flow characteristics. Moreover, the so-
lution included assumptions to simplify the solution of energy and
momentum equations shown in Fig. 2, which included:

e The flow within the cabinet is assumed to be three-dimensional,
considering the potential fluctuations in all three spatial directions
(x, y, and z).

e Incompressible flow refers to a situation in which the fluid’s density
remains constant during the simulation, disregarding any effects that
pressure changes may have on it.

e Steady-state flow presumes that the flow patterns and thermal con-
ditions within the cabinet remain unchanged over time.

e Laminar flow refers to fluid motion characterised by smooth and
distinct layers, with little mixing between neighbouring levels.

e The no-slip requirement is enforced along the cabinet and heat sink
walls, meaning the fluid velocity at the wall is zero.

e The properties of the liquid coolant and the solid components do not
change with any temperature change.

e The impacts of radiation heat transmission, energy dissipation within
the fluid, and the influence of gravity are deemed insignificant for
this particular analysis.

After containing the specified hypotheses, the 3D governing equa-
tions enclose the continuity, momentum, and energy equations. These
equations can be described below [34]:

6u6vdw

6x 0y 0z =0 M

Momentum in x, y and z directions, respectively, are:

GO o 0P (Pu Pu Fu @
ox dy 0z pox pl\ox® oy2 oz

u@+ av+ » —1@ £ v &+@ 3)
ox  dy oz p 6y p ox? 6y2 022

u W, LOP 'u azw+()2—w+azw )
ox ay 0z p 0z ox?  dy? 0z

Energy equation:

ox ay Yoz pCp ox?  dy?  0z%

"T"and "P" are the fluid’s temperature and pressure, respectively. The
u, v, w, p, 4, C, and k are the fluid’s velocity, density, viscosity, Specific
heat at constant pressure and thermal conductivity, respectively. For the
solid walls, the energy equation is given by [35]:

*T, T, T,

oz oy? o2 0 ©®

where ’s’ refers to the solid region.
The heat sink’s thermal resistance can be calculated from [35,36]:

Ry = ATnax/Q ('C/W) )

ATax = Ts — Tin ®

Where ATpy is the temperature difference between the maximum
temperature on the fin base and the ambient air temperature, Q is the
power supplied.
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- 734824
60.1118
46.7411
333704
19.9998

(2)

59.5628
46.3752
33.1875
19.9999

()

2.2. Boundary conditions

This computational analysis uses CFD software to investigate the
thermal performance of a heat sink equipped with circular pin fins. The
simulation domain encompasses the heat sink and surrounding space.
Airflow enters the domain through an upstream boundary positioned
sufficiently ahead of the heat sink inlet. This boundary enforces a uni-
form air temperature (Tj, = 298 K) and a constant inlet velocity (vi, =
0.1 m/s) (Table 3). A pressure boundary condition is applied down-
stream in the main flow direction (X-direction) at a distance equal to the
fin length from the trailing edge. This allows pressure variations at the
outlet while maintaining the overall flow rate. All other enclosed sur-
faces, including the outer boundaries of the heat sink, are designated as
no-slip walls with thermal insulation, preventing heat transfer across
them. The bottom wall of the heat sink acts as a constant heat source,
simulating heat generation within the heat sink itself with a power input
of 8 W. An intensity heat flux condition is applied at the interface be-
tween the solid heat sink and a presumed coolant flowing within the
fins. So, at the connection point, the intensity of the heat flux condition
is associated with the temperature gradients in both phases. In contrast,
the temperature gradient between the liquid and solid phases is related
to the intensity move condition (ks 0Ts/dy = - kf dTf/dy). At the outlet
boundary, the temperature gradient is set to zero (dT/dy = 0), which
means constant temperature conditions. Adopting specific conditions
can provide an ideal computational environment for analysing the heat
transfer performance of a pin-fin heat sink.

International Journal of Thermofluids 23 (2024) 100759
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Fig. 7. Temperature contours of (a) IA circular fins (b) IA conical fins (c) SA circular fins, (d) SA conical fins.

2.3. Grid independence test

In thermal simulations for both inline solid circular pin fins, the mesh
size choice plays a crucial role in the accuracy of the results. A hex-
ahedral mesh was generated using (ANSYS-Icepak based on FLUENT) in
this study, as shown in Fig. 3. The impact of mesh refinement on the
computational results is examined. A key consideration is the total
number of mesh cells, as increasing cell count leads to enhanced accu-
racy but also demands greater computational time and memory re-
sources. Therefore, a mesh dependency study is conducted using meshes
of varying sizes (Fig. 4). The influence of mesh refinement on the nu-
merical solutions is evaluated for a case involving 36 inline circular pin
fins. The results obtained from these meshes demonstrate that increasing
the number of nodes beyond case four does not result in any significant
change in the predicted maximum temperature. This suggests that mesh
case four represents an optimal balance between accuracy and compu-
tational efficiency. It offers a good level of accuracy while maintaining a
reasonable calculation time.

In Icepak software, mesh quality is mainly determined by "face
alignment", "volume", and " skewness ". A “face alignment” and “asym-
metry” closer to 1 mean better mesh quality. The principle of “volume”
is a minimum unit volume greater than 1 x 1072 m>. The total number
of volume cells in the digital mesh of the model, as shown in Fig. 5, "face
alignment" and "skewness" are close to 1, and the range of "volume" is 3,
33,333 x 10°%7. In summary, the mesh quality in the present study is
good. It is worth noting that the maximum number of iterations is 200
with the convergence criteria of 0.001 and 107 for the flow and energy,
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(e) 0]

Fig. 8. Temperature contours of (a) circular fins (b) IA &(c) SA, (d) conical fins
(e) IA &(f) SA in different planes.

respectively.

2.4. Validation of the numerical method

To validate our numerical work, the results of the present study are
compared with the experiment results of Adhikari et al. [37]. Fig. 6 plots
the maximum temperature of the heat sink at different inlet velocities.
When comparing the results of the present numerical work with Adhi-
kari et al. [37], it can be shown that a good agreement can be obtained
with a deviation of less than 3.68%.

Another comparison was also made between the results of our cur-
rent study and those of another numerical study; both designs had a six-
row, six-column structure with a gap of 0.4 cm between pin fins. In the
IA model, the heat source’s maximum temperatures for the two cases
were compared, as shown in Table 5. It is noted that there is great
agreement between the two cases. The SA arrangement strongly
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correlated with the reference data, with only a 0.18% error. However,
the IA model indicated a somewhat higher departure, with a 0.898%
inaccuracy. The disparity in the IA findings may stem from variances in
production, variations in airflow, or difficulties in measurement. The
reduced inaccuracy in the SA configuration indicates that it facilitates
more effective heat transmission, potentially resulting from improved
flow mixing and expanded heat transfer surface area.

3. Results and discussion

As previously mentioned, this study deals with two types of fins,
conical and circular, using staggered (SA) and inline (IA) configurations
as shown in Fig. 7. This section reviews the potential effects on thermal
efficiency of changing the shape and composition of the fins. The study
includes fin geometry’s effects on temperature, fin geometry’s impact on
pressure drop, fin geometry’s impact on velocity, and fin geometry’s
impact on thermal resistance.

3.1. Effect of fin geometry on temperature

Possible effects of fin geometry on temperature can be identified by
reviewing the maximum temperatures for both circle and conical fins
and for both staggered (SA) and inline (IA) installations. The tempera-
ture contours indicate that the maximum temperature was lower in the
circular fins than in the conical fins for both arrangements. This can be
explained by the difference in surface area in both arrangements, as
circular fins are characterized by having a larger surface area, which
gives them a higher ability to dissipate heat, and thus their maximum
temperature is lower. This result provides a clear impression that heat
transfer is directly affected by the shape of the fin and the way it is ar-
ranged. In addition, the results also indicate that the stepped design has
a lower maximum temperature than the inline arrangement for both
types of fins. This phenomenon can be explained by the fact that the
overlapping fins significantly obstruct the movement of the fluid passing
through them. Thus, the fluid needs a greater distance before reaching
the exit (Fig. 7). The extended path travelled by the fluid enhances the
overall surface area for heat transfer, leading to better heat dissipation
and a lower maximum temperature. This discovery emphasises the
significance of including flow route optimisation in the design of heat
exchangers in order to maximise heat transfer efficiency.

The effect of circular and conical fin distribution can be shown by
plotting the temperature distribution on the fins and heat sink through
different planes. Fig. 8 shows a drawing of the temperature distribution
for both types of fins (cylindrical and conical), for both types of fins
distribution, one time through a plane parallel to the y-axis, another
parallel to two contours, and the third through a plane that passes
through the centre of the cabinet.

Fig. 9 represents the temperature distribution through a line passing
through the centre of the cabinet from the inlet area to the exit, passing
through the heat sink. We notice from the figure that the temperature
from the entry inlet to approximately 0.01 cm is 295 K and it is the same
for both types of fins and for both distributions IA and SA. This is
because this region is located before the heat sink, that is, before the
fluid reaches the area where the heat source is located. Then the tem-
peratures begin to increase and the effect of the type of fin and the
arrangement of the fins appears on the curve behaviour. It can be shown
that the fins with circular cross-section and staggered arrangement have
the lower temperature value.

3.2. Impact of fin geometry on pressure drop

Fig. 10 illustrates the pressure contours for fin shapes and combi-
nations in their respective dimensions. According to the research find-
ings, conical fins have a lower pressure drop when compared to circular
fins. The variance in flow resistance associated with the various fin
designs in question is the source of the discrepancy. Improving the
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overall performance of the cooling system of the microelectronic heat
sink depends mainly on regulating the pressure drop. Therefore, the
shape of the fin and the way it is arranged can accomplish this task
perfectly. In comparison, for microelectronic heat sink applications,
circular fins can be relied upon because they work to hinder the cooling
fluid more and thus have a more significant pressure drop when
compared to conical fins that flow through the cooling fluid easily.

3.3. Impact of fin geometry on velocity

Fig. 11 illustrates the velocity contours for fin geometries and con-
figurations in their respective configurations. According to the research
findings, conical fins have a lower velocity when compared to circular

0.0035759
-0.0134411

0.0128761
-7.37500e-0(
-0.0128776

-0°0501311
-0°00232831

(d)

Fig. 10. Pressure contours of (a) IA circular fins, (b) IA conical fins, (c¢) SA circular fins, (d) SA conical fins.

fins. The variance in flow resistance associated with the various fin
designs in question is the source of the discrepancy. It has been observed
that the shape of fins may be strategically utilised to regulate the ve-
locity in a cooling system, potentially improving its overall performance.
This is something that can be seen.

3.4. Impact of fin geometry on thermal resistance

The effect of fin geometries and configurations on the thermal
resistance of a heat sink (Resistance to heat transfer) can be shown in
Fig. 12 for both fin geometries and configurations. It can be seen that
conical fins have a higher thermal resistance value than circular fins in
two cases of IA and SA arrangement. The circular fins have a higher
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Fig. 11. Velocity contours of (a) circular IA fins (b) conical IA fins (c) circular SA fins (d) conical SA fins and (e) shows different views on streamlining the flow.
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Fig. 12. The effect of fin cross-section and arrangement on the thermal resistance of a heat sink.
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Table 6
The results for sources temperature for cone and circular in cases of IA and SA.

Arrangement Source Temp (Circular) Source Temp (Conical)
Inline (IA) 126.97 °C 128.65 °C
Staggered (SA) 125.50 °C 126.08 °C

Table 7
Summarises the pressure drop results for the cone and circular cases of IA and
SA.

Arrangement Pressure Drop (Circular) Pressure Drop (Conical)
Inline (IA) 0.12 0.090
Staggered (SA) 0.16 0.10

surface area than conical fins for the same dimensions; the thermal
resistance of a heat sink decreases with increasing area provided by
finned metal devices, so the circular fins give low thermal resistance.

This study reveals a captivating relationship between the shape and
layout of fins, which affects both heat transfer efficiency and pressure
drop. The analysis is based on temperature and pressure data from Ta-
bles 4 and 6. When comparing cone fins to circular fins, it was consis-
tently observed that circular fins had lower peak temperatures (up to
0.46% lower for staggered fins). This insight is directly relevant to the
concept of surface area. The greater, uninterrupted surface area of round
fins enables more efficient heat dispersion from the source to the sur-
rounding fluid [23]. On the other hand, conical fins have a limited
ability to transfer heat, resulting in elevated maximum temperatures due
to their naturally smaller and more focused surface area.

Moreover, the staggered design is the most effective in reducing peak
temperatures for both fins. Compared to the inline arrangement, the
staggered configuration achieves reductions of up to 1.17% and 2.04%
for circular and conical fins. This benefit stems from the disruptive
impact of staggered fins on airflow. The fins, arranged in a staggered
manner, function as barriers that compel the fluid to follow a longer and
more convoluted route before reaching the outlet. This elongated flow
channel substantially augments the overall surface area for heat transfer
in contact with the fluid. By extending the duration of exposure, the heat
dissipation from the fins becomes more effective, reducing the
maximum temperature reached. This discovery emphasises the signifi-
cance of including flow route optimisation into the heat exchanger
design to enhance heat transfer efficiency.

Nevertheless, the advantages of the staggered layout are accompa-
nied by the price. Table 7 demonstrates a persistent pattern of increased
pressure drop for circular fins compared to conical fins, regardless of
whether they are arranged inline or staggered. This difference arises
from the underlying principles of fluid dynamics. The circular design
creates a greater impediment to the flow, leading to increased resistance
and a subsequent rise in pressure drop. In contrast, the sleek shape of the
conical fins results in reduced flow resistance, which in turn leads to a
decrease in pressure drop. The balance between heat transfer efficiency,
which is improved by increasing the surface area, and the reduction of
pressure drop, achieved by using streamlined designs, requires careful
attention when designing fins. The selection of the most suitable fin
geometry and arrangement is contingent upon the specific goals of the
given application. In cases where it is crucial to maximise heat dissi-
pation, circular fins or a staggered configuration may be favoured
despite the resulting decrease in pressure. On the other hand, applica-
tions that are important in reducing flow resistance may prefer conical
fins or a configuration where the fins are placed in a straight line.

4. Conclusion

This study investigates the effects of the shape of the fins and the way
they are arranged on the performance of the microelectronic heat sink,
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as it used two types of arrangements: circular and conical fins arranged
inline and staggered. ANSYS ICEPAK was used for numerical analysis,
examining each case’s temperature distribution and pressure drop. The
study also seeks to offer a deeper understanding of the flow and heat
transfer mechanisms within the fins. The most essential items extracted
from this study are:

e The staggered arrangement significantly reduces peak temperatures
(up to 2.04% for cone fins) compared to the inline arrangement,
where the fluid travels a longer path and maximizes heat removal in
a staggered arrangement.

Circular fins outperform conical fins in heat dissipation due to their
larger surface area, achieving up to 0.46% lower peak temperatures
(especially in staggered arrangements).

e The type of application in which the fins are to be used may be the
deciding factor in determining the type and shape of the arrange-
ment. Although the staggered arrangement is preferred over the
inline arrangement in a microelectronic heat sink, this may differ in
other applications where it is superior in heat transfer; it comes at the
cost of increased pressure drop. Circular fins, in particular, face a
higher pressure drop penalty due to their shape, creating more flow
resistance.

The results of this study can give engineers light for designing fins
that optimize performance based on specific application
requirements.
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