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Abstract

This research provides a numerical investigation into the thermal and hydraulic performance of a pin-fin heat sink, considering
the effects of fin radius, fin length, and the arrangement of the arrays. A 3D computational model was developed and solved in
ANSYS Icepak for conjugate heat transfer and fluid flow under forced convection. The fin length was changed from 1 cm to 8
cm, and the fin radius from 1 mm to 6 mm. Inline and staggered configurations were investigated for the two types of
arrangements to assess their effect on performance. The findings underscore an important trade-off between thermal resistance
and pressure drop. As anticipated, the staggered configuration provided a consistent increase in the heat transfer coefficient
because of better flow mixing and disruption of the thermal boundary layers. This improvement, however, came with a
significantly higher pressure drop. From the analysis, it was evident that the best configuration is strongly influenced by the
length of the fins. With shorter fins of 1-3 cm, the staggered array decreased thermal resistance far better than the in-line array.
With longer fins of 6-8 cm, the in-line configuration frequently provided better overall performance because the mass flow rate
was higher due to less pressure drop than the long, staggered path. In addition, the radius of the fin exhibited a nonlinear
relationship with regard to performance. Increasing the radius provided a greater area for heat dissipation, but it also increased
obstruction to the flow. For every specific length and arrangement combination, a thermal performance maximizing radius
existed. This work gives important design rules for the thermal optimization of the heat sink geometry and emphasizes the
importance of the staggered array, for short fin lengths, while revealing the in-line configuration advantage for long fin lengths
when minimizing pressure drop becomes the main concern.
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increased thermal conductivity, albeit at the expense of some
l. INTRODUCTION latent heat storage [4][5]. In the improvement of electronic
device cooling, heat sinks are used to achieve optimal
cooling function in the electronics industry [6]. The
challenge for designers is to effectively dissipate the heat
generated by the component while maintaining the
component temperature at the level necessary to ensure
reliable system operation [7]. Over the past two decades,
researchers have devised a solution to improve heat
dissipation by using different forms of micro-fin heat sinks
[8][9]. The goal is to achieve the most efficient cooling for
the designed system, considering both cost and size. To this
end, various geometries were investigated to evaluate the
influence of heat sink design on cooling. Jalal et al. [10] The

Progress in electronic chip technology has reached a
stage where significantly powerful chips can now be
accommodated in  more compact packages [1].
Consequently, the increased power density of these devices
has made it imperative to implement more efficient thermal
management solutions to prevent them from exceeding the
maximum allowable operating temperature. To mitigate heat
dissipation from components, fins made of highly thermally
conductive materials can be incorporated [2][3].

To improve the system's effective thermal conductivity,
fins made of highly conductive materials, such as aluminum,
were introduced. Consequently, the addition of fins results in

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.
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impact of micro pin fins on thermal performance was
numerically investigated. Several fin configurations,
including in-line and staggered fins, were analyzed. The
results indicated an improvement in cooling performance
from 7.9% to 9.3% with increasing fin count from 902 to
1312, and an improvement from 10.2% to 11.1% with
increasing fin count from 902 to 1640.

Ekpu [11] The influence of fin arrangement on the
thermal performance of microelectronic devices was studied
using ANSYS finite volume design software. The results
clearly demonstrated that the heat sink fin configuration
significantly influences both the thermal resistance and
overall efficiency of the microelectronic device.
Furthermore, the rectangular fin configuration showed
advantages over the other configurations studied. Tanda [12]
An experimental investigation was conducted to explore heat
transfer and pressure drop in a rectangular channel equipped
with diamond-shaped fin arrays. The study investigated both
in-line and staggered fin arrangements. The results
demonstrated that the incorporation of diamond-shaped fins
resulted in improved heat transfer compared to an un-finned
rectangular channel. This improvement reached a maximum
of 4.4 times when maintaining a constant mass flow rate and
1.65 times when maintaining constant pumping power.
Shatikian et al. [13] conducted a numerical investigation
focusing on a design with internal fins with exposed tips,
allowing contact with the surrounding air. In their study, they
varied both the fin thickness and the proportion of the fins
exposed to the surrounding air. The computational results
indicate that the transient phase change process, quantified
by the volumetric melt fraction of the PCM, is influenced by
the thermal and geometric characteristics of the system,
including the thickness and exposed portion of the fins.

Yang and Peng [14] used the SIMPLE computational
fluid dynamics algorithm to solve the Navier-Stokes
equations to study the thermal and hydraulic performance of
composite heat sinks 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. [15] used CFD to compare impinging
and parallel flow according to the thermal output
performance, 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 [16] used a 3D CFD model based on the Reynolds-
averaged Navier-Stokes equations to examine the energy
dissipation and pressure drop of 22 different 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 fin arrangement method on thermal
resistance and pressure drop.

The current research work analyzes the effect of fin
geometry on the heat dissipation generated by heat sinks
using ANSYS-Icepak software. The purpose of this study
was to compare and study their effect on heat transfer rates,
with the aim of determining the best and most effective fin

radius, fin length for use in various circuit boards. The results
obtained included the cooling performance of each heat sink,
maximum temperature and the thermal resistance which
were selected as performance indicators. The importance of
this research lies in its ability to provide -clear
recommendations for choosing the appropriate fin radius and
length for two fin arrangements in-line and staggered array
when designing effective heat sinks.

Il. THE PHYSICAL MODEL

In this research, a heat sink with 25 fins of circular cross-
sections (pin fin) was studied. A schematic diagram of the
heat sink is presented in Fig. 1. The model used is a
rectangular duct containing a heat sink mounted on an
electronic heat source (chip). The heat sink is made of
aluminum 6063- T5 which has properties of k=167 W/mK
and air is used as the cooling fluid. The total power is set to
20W was applied by a heat source located at the bottom of
the heat sink, and the heat sink dimensions are given in Table
I. All the walls of the heat sink are insulated except of two
regions (the entrance, which is air as cooling fluid, with a
known speed and temperature) and (the exit, which is
exposed to atmospheric pressure).

Fig. 1. Schematic diagram of the present study

TABLE I.
GEOMETRIC DIMENSIONS OF THE ENTIRE DOMAIN

Parameter Dimensions (cm)

Rectangular

30x20x8
duct
Source (chip) 12x10x1
Heat Sink 10x8x1cm
Fins Number of fins=5
Base Height,
1,6

overall height

) ) With radius (R) varying
Cross Section Circular
from1to 6 mm
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I11. THE NUMERICAL ANALYSIS

A numerical analysis is conducted using the ANSYS-
Icepak software to assess the cooling of a heat sink, and air
is used as the coolant fluid. The Icepak software relies on the
ANSYS FLUENT solver to provide calculations of the
thermal and fluid flow tasks and to create a diagram, add
boundary conditions, and extract graphics and values for all
studied cases. Heat transfer in the heat sink unit is a
conjugate process, which combines conduction heat transfer
in the solid parts and convection heat transfer through the
fluid.

A. Assumptions

The simulation utilizes the 3D Navier-Stokes and energy
equations, in addition to mass conservation, to model
temperature and flow fields. This involves the application of
simplifying assumptions to the momentum and energy
equations. The assumptions are as follows:

1) 3D, incompressible, laminar, and steady-state flow
condition is assumed.

2) There will be no slip flow close to the walls.

3) The viscous dissipation in the energy equation is
negligible.

4) The radiation is negligible.

5) The effect of gravity is negligible.

6) Constant fluid and solid properties.

After applying this set of assumptions, the 3D equation
system that governs the single-phase model includes the
continuity, momentum, and energy equations, which can be
described as [17]:
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The variables "T" and "P" represent the fluid temperature
and pressure, whereas u, v, W, p, u, Cp and k represent the
fluid velocity components, density, dynamic viscosity,
specific heat capacity and thermal conductivity, respectively.
The equation of the energy equation for the solid walls, is
given by [18]:
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where, ‘s’ refers to the solid region.
The maximum temperature difference can be calculated by
the equation [19]:

ATnax =T —Tin )

Where T, the heat source temperature, T;, is the inlet
temperature

Rth = ATmax /Q (8)

Where R,; the thermal resistance in (°C/W), where Q is the
power supplied, which is equal to 20 W.

B. Boundary Conditions

The boundary conditions (BC) for this problem are stated
as follows. The air is uniformly induced with a constant
temperature and velocity at inlet portion of the rectangular
duct. At the downstream boundary of the computational
domain, which is located at the outlet of the duct in X-
direction, a pressure boundary condition is employed. No
slip conditions with thermal insulation are provided on all the
other confined walls. At the bottom of the heat sink, a
uniform constant heat flux is applied from the source heat.
The adiabatic thermal boundary conditions are utilized at the
outer perimeter of the base of the heat sink except for the
heated area. These boundary conditions (BC) are presented
as follows:

1) BC for the flow field: uniform velocity at the inlet of
channel. No-slip condition is used for all the walls,
ie,u=0,v=0,w=0.

2) Adiabatic boundary conditions are applied to all the
boundaries of the solid region except for the heat sink
bottom wall, where a heat source with constant power
is applied. The power is 20W.

At the inlet, the temperature T = Ty, = 20 °C, v;, = 1%,

AL —kfaT—f at the fluid-solid interface, 2= = 0 at the
dy dy dy
outlet.

C. Verification of Grid Independence

Mesh independence testing (mesh convergence testing)
is a systematic computational process used in numerical
simulations to ensure that calculation results are not affected
by the number of elements or cells in the mesh. This test
demonstrates that a sufficiently optimized mesh gives an
accurate answer, without being so optimized that it requires
too long to complete the test. Grid independent is carried out
to ensure the accuracy of the current numerical results. In this
study, a HEXA-dominant mesh was generated in the
preprocessing module. The grid independence test is first
conducted by using several different numbers of elements
and nodes. The computational mesh of the heat sink model
is shown in Fig. 2. The results obtained from these meshes
are summarized in Table II.
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Fig. 2. The computational mesh of the heat sink model. The left side of Figure shows an overview of the entire domain, whereas
the right side presents a detailed side view of the mesh surrounding the fins.

TABLE II.
THE NUMBER OF NODES, ELEMENTS, AND
MAXIMUM TEMPERATURE.

Test Number of | Number of Maximum
No. Elements Nodes Temperature (°C)
1. 37944 35216 38.8219
2. 45273 41600 38.1847
3. 47616 43840 37.9748
4, 52359 48480 37.9447
5. 84984 80576 37.9447

As can be shown from Table Il that increasing the
number of cells beyond 47616 results in a negligible
temperature variation of less than 0.04%. Beyond this point,
further grid refinement does not appreciably impact the
solution. As a result, the fourth mesh size is selected for
calculations across all fin geometries to maintain maximum
accuracy.

D. Discussion

Validation of the results with previous work of Rosli et
al. [20], the temperature and airflow for circular in-line
arrangement (CIA) of 6 rows and 6 columns of pin fin heat
sink models can be shown in Table 111, where all pin fin is
arranging uniformly with a 0.4 cm distance between the pin
fins for CIA in line arrangement model. From comparing
temperatures for model CIA in line arrangement model with
present results, it can be noticed that the error percentage
between the present results and the ref [20] is 0.898%.

TABLE IlI.
VALIDATION OF THE RESULTS COMPARED WITH
REF [20].
Arrangement Source Source Temp error
Temp [20] | (Current Study) %
In-line (CIA) | 107.43°C 106.474°C 0.898

V. THE SIMULATION RESULTS
A. Temperature Distribution along the heat sink

In thermal management systems, especially in electronic
heat sink, it is crucial to consider the significant
consequences of both high and low temperatures. Higher
temperatures can result in reduced efficiency and the risk of
electronic component failure, whereas lower temperatures
typically indicate efficient heat dissipation. Therefore,
analyzing the temperature distribution within the sink
provides essential information about the effectiveness of the
cooling system in use.

Fig. 3 illustrates the temperature distribution inside a heat
sink, with a clear gradient from the cooler inlet area of the
rectangular duct to the warmer outlet area. This gradient
indicates the gradual heating of the cooled air as it absorbs
heat from the heat source below it.

The temperature increase corresponds to the direction of
air flow, supporting the understanding of convective heat
transfer. The incoming air at the duct entrance is cool and
absorbs heat efficiently. As it moves through the duct, its
temperature increases, making it less efficient at removing
heat.

Starting with the fins, as shown in the figure, a 5 mm
radius drawing shows the side view of the channel with a
plane cut parallel to the x-axis and passing through the center
basin (the fins are cut in two). The temperature distribution
pattern shows a gradual transition from the cooler inlet
region, which registers around 19.9 °C, to higher maximum
temperatures, peaking between 37.8 and 43.8 °C, depending
on the fin radius.

Itis also evident that the highest temperature is at the base
of the fin, gradually decreasing towards the tip due to thermal
conduction from the heat source to the fins. This decline
suggests that while the fin bases effectively conduct heat
away from the source, the tips of the fins may not be as
efficient in dissipating this heat into the surrounding air.
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Fig. 4. Temperature distribution along the duct’s components at different R.
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B. Temperature Distribution of Different Fin Radius (R)

Fig. 4 shows a 3D temperature plot of the heat sink and
fins at different fin radii, with the highest temperature
recorded at approximately 52°C when the fin radius was 1
mm. The lowest temperature was recorded when the fin
radius was 5mm. Note that increasing the radius increases
the surface area in contact with the cooling air, enhancing
efficient convective heat transfer. This is reflected in the
relatively cool temperatures observed throughout the heat
sink.

Fig. 5 represents the relation between maximum
temperature observed at the heat sink draw verse the
different values of fin radii. It can be shown that as R
increases, the T,,,, reduces till it reaches R=5 mm T4, will
be the lowest value. Beyond this value of R, the maximum
temperature increased. This belongs to as R increases the
surface area of fins increase so the heat convention from fins
increases which leads to reduces the T,,,. While as R
increases beyond 5mm the space between fins reduces results
in reduces the heat transfer between the fins and the passing
air, so the T,,,, increases.

70
60
50

40

Maximum temperature C

30

-
N

3 4 5
Fin radius R (mm)

(2]
-

Fig. 5. Maximum temperature along the heat sink at
different R.

C. Thermal Resistance (R;)

The effect of increases of R on the thermal resistance can
be shown in Fig. 6. It can be shown that minimum R, occurs
at R=5mm, while increases R led to reduced surface contact
area with the passing air so R, increase. It can be concluded
that the best value of fin radius (R) is 5mm.

25

15

Thermal Resistance Rth

05

[N
N

3 4 5
Fin radius R (mm)

(2]
-

Fig. 6. Thermal resistance along the heat sink at different R.

D. Effect of Fin arrangement

The distribution of fins whether arranged in a straight line
or arranged in a staggered plays a key role in shaping the
overall thermal performance of the heat sink.

1) In-line arrangement

The fins in this design extend in parallel lines. Under
normal operation the airflow acts like a smooth ribbon of air
gliding through the spaces between the vertical elements. A
laminar boundary layer appears at each fin face: the velocity
climbs from zero at the metal surface and then merges into
free-stream velocity somewhere within the open channel.
Heat must cross this relatively stagnant layer before the air it
touches is carried downstream. As the air warms, its
effectiveness is diluted, and each succeeding row of fins
modulates the thermal load. The stagnant air the downstream
fins face appears less and less capable of efficient heat
removal, and consequently the maximum sink temperature
rises.

2) In-staggered arrangement

Fins in this design are arranged so that each new row is
staggered. This sort of offset denies the airflow a smooth,
straight discovery of the passage: the stream must crumple
against each second-row fin and then twist into a new
channel, a mechanical rapid-weaving of the flow. Such rapid
changes break and thin the boundary layer, never allowing it
to develop a quiet thick cushion of less energetic air. As that
layer crumbles the fin surface is challenged by fresh, high-
velocity moving air. The airflow reorganizes exposure time
across the entire facing perimeter, shortening thermal time
constants and elevating local heat-transfer rates. The fins
cool more uniformly and the overall maximum sink
temperature is lowered.

Temperature distribution along the heat sink is
investigated with fin arrangement (in-line and staggered) at
radius R=5mm and fin length Ly = 6 cm, as shown in Fig. 7.

Temperature (]

L. 397956

- rsn
9455
I - I
208976
200
29405
240
19.99%

@ (b)

Fig. 7. Temperature distribution along the heat sink with fin
arrangement (a) in-line (b) staggered at R=5mm Ly= 6 cm.

E. Effect of Fin length on maximum temperature and
thermal resistance

Fig. 8 and Fig. 9 show the effect of length of fin (L;) on
the maximum temperature (T,,.,) and thermal resistance
(R:y) respectively at two arrangements of fins. It shows that
increasing fin length for a fixed-base heatsink, initially
reduces the maximum  temperature  (improving
performance), but beyond a certain height (6 cm) as shown
in Fig. 8 the benefit becomes negligible at (L,=7 and 8 cm),
which means that beyond that height yields little to no
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benefit. Also, Fig. 9 shows how increasing fin length
decreases thermal resistance. Beyond an optimal length (6
cm), the benefit diminishes drastically, and further increases
in length provide almost no reduction in thermal resistance.
The reason of this behavior the fin increases the surface area
available for heat transfer to the surrounding fluid (usually
air). A taller fin simply has more surface area from its base
to tip. This allows more heat to be convicted away from the
heat sink.

110
100 =f=in line
90 =4-in staggared

80
70
60
50
40

30
0 2 4 6
Fin length (cm)

Maximum Temperature, Tmax

[e=]

10

Fig. 8. Maximum temperature along the heat sink vs. fin
length at different fin arrangement.

75
=f=in line
=4-—in staggared

6.5
5.5
45
3.5
2.5
15

Thermal Resistance, Rth

0.5

0 2 4 6
Fin length (cm)

[e=)

10

Fig. 9. Thermal resistance along the heat sink vs. fin length
at different fin arrangement

F. Effect of Fin arrangement on maximum sink
temperature, thermal resistance and pressure drop

Fig. 8 and Fig. 9 show the effect of fin arrangement on
maximum sink temperature and thermal resistance
distribution along the whole heat sink. It can be noticed from
these Figures that a staggered fin arrangement results in a
lower maximum temperature and lower thermal resistance
than an in-line arrangement for the same airflow and base
area at fin length smaller than 3cm, after this length in —line
fins gave smaller values of T,,,, and R,,. Short staggered
fins have high heat transfer coefficient, which give the lowest
Tmax @nd R;,, While when it became longer it has high
pressure drop which results in low mass flow rate that results
in high values of T, and R, . In case of in-lines

arrangement fins, at high length can become superior
because its lower flow resistance maintains a much higher
mass flow rate, which results in increasing the heat transfer
that gives lower values of T,,,, and R.,. From Figs. 8 and 9,
the value of fin length that gives the same values of T,,,, and
R for the two arrangement of fins is Ly=3 cm.

The effect of Fin arrangement on pressure drop can be
seen in Fig.10, which draws for R=5 cm, L;=3 cm for
different fins arrangements. From this Figure, it is clear that
fin In-Line arrangements have lower pressure drop than in
staggered arrangement. Since in staggered the flow path
increases, the pressure drop accumulates, leading to a very
high total pressure drop, which reducing the mass flow rate
that results in reducing heat transfer and increasing T, and
R,y so the staggered array's advantage can reverse at longer
fins. While in-line array has lower pressure drop due to short
flow path.

Pres 2} Pressure Nin2|
191028
EL 156055
1.21082

188547
q: 150790 ‘ ‘
— 113032 ‘
% ]“ﬂ ” H H B
-0.00240500 il —— 016163

0379880 ; — 186097
i 537826

757555
i: .087556

113513

@ (®)
Fig.10. Pressure distribution along the heat sink at different
fin arrangement (a) in line (b) staggered.

V. CONCLUSIONS

In this study, the effect of fin radius, length and
arrangement on heat sink performance were investigated.
Evaluation of the cooling effectiveness of each heat sink
relied on comprehensive performance indicators, including
maximum temperature reduction and thermal resistance
across the heat sink also pressure drop. The combination of
these parameters allowed us to evaluate the thermal
performance of each design. The key findings of this
research are as follows:

1) Fin shape is a key factor in determining the

temperature and thermal resistance of the heat sink.

2) There is a specific radius where the maximum
temperature and the thermal resistance is at its
lowest possible value. For the size of the heat sink
considered in this study, the optimal radius is 5 mm.

3) For a given size and airflow, switching from an in-
line to a staggered fin distribution will reliably
lower the heat sink's maximum temperature. The
improvement can be substantial, often on the order
of 10-20% or more. However, this comes at the cost
of increased pressure drop, which must be matched
with an appropriate fan.

4) Fin length is a powerful design lever, but its effect
is subject to strong diminishing returns. The goal is
not to increased length, but to find the optimal
length that minimize the maximum temperature and
thermal resistance.
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For the future work, the current heat sink design could be
modified by studying other fin shapes such as longitudinal
and cylindrical, making the fins more randomly distributed,
or changing its design to a cubic heat sink with petrified pin
fins.

NOMENCLATURE
Symbol Meaning Symbol Meaning
X, Y, Z Coordinate U, Vv Dimensionless
n W velocit
components w compone¥1ts
Q Power (W) N VISCOSIty
Rin Thermal S soflid
resistance
Ly Iengt]lgirg)f the f fluid
T Maximum R FIn radius
max Temperature
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