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This study presents the optimum design of the radial heat sink for light-emitting diode (LED)
under natural convection. A radial heat sink with a hollow circular base and a P-shape fin
type incorporated with either slots or both slots and dimples was numerically investigated
using the ANSYS (Fluent) commercial code, with the aim of achieving better cooling
performance at a lower heat sink mass. The average temperature (Tg,4) and mass of the HS

Keywords: for various model designs, namely; Type A (HS with plain fin), Type B (HS with slot) and
Radial heat sink, Type C (HS with both dimples and slot) were compared to select the best configuration. The
P-shape fin, effect of heat flux (700 < ¢ < 1900) on average temperature of radial heat sink was
Slot, investigated. It was found that for all three models, the temperature difference between the
Dimples, HS and the ambient air of the fluid domain linearly increased with heat flux. At g =

Natural convection. 1900W /m?2, when compared to Type A (HS with plain fins), Type C (HS with slot and
dimples) models offered the best cooling performance, followed by Type B where the mass

and average temperature of the heat sink is reduced by 13.7% and 5.1%, 8.3% and 1%,

respectively.

Copyright ©2022 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
BY under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

Cooling through free convection is suitable, especially for
small electronics components such as LEDs because it is relatively
simple, less expensive and eco- friendly. LED is known for its
durability, efficiency, and cost-effectiveness. Thus, LEDs replaced
much extant lighting devices. Studies have revealed that more than
50% of the power required by LEDs is transformed into heat.
Therefore, it is important to sufficiently cool the LED device for
smooth operation and higher efficiency. Cooling of the electronics
component may be active or passive, the most widely used device
for passive cooling is the heat sink. To meet the demands of higher
thermal performance for LED devices, the challenges of
cumbersome heat sinks are always encountered. Therefore,
cutting-edge technology, perhaps in the aspect of heat sink design,
materials selection, mass reduction, and as such, is required to
improve the heat sink's performance.

Il. THEORETICAL REFERENCE

Several studies have been conducted on the cooling
performance of the HS for LED devices. Costa and Lopes [1] used
ANSYS (CFX) commercial codes to conduct a computational
study on a radial HS having protruded fins under free convection.
They revealed that the average temperature of the HS is
insignificantly influenced by the thickness of the fin. Furthermore,
it was pointed out that the heat sinks average temperature initially
declined, and then increased with the number of fins. Jang et al. [2]
numerically performed a parametric study on the arrays of pin fins
at various height configurations. They observed that the HS with
the tallest outermost fin yielded the optimum cooling performance.
Sparrow and Vemuri [3] evaluated the heat transfer characteristics
of a pin-fin heat sink for several orientations of the installation
under the conditions of radiation and natural convection. They
found that the wvertical pin-fin provided the best cooling
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performance. Yildiz and Yuncu [4] demonstrated a study on the
thermal performance (TP) of an annular fin mounted on a cylinder
subjected to natural convection. They indicated that the highest
heat transfer coefficient (HTC) is obtained at an optimum spacing
between the fins. Tijani and Jaffri [5] observed the influence of
perforations on pin-fin HS subjected to force convection. They
concluded that the HTC is improved by 40% in a HS with
perforated fins. Jaffal [6] performed both experimental and
numerical studies on the TP of HS having different fin designs. He
concluded that heat flux strongly influences the heat transfer rate
and, more so, HS with perforated fins performed better than others.
Rath et al. [7] numerically examined the thermal characteristics of
radial HS consisting of longitudinal corrugated fin with three
different number of cycles (one cycle, two cycles, and three
cycles). They revealed that the highest value of fin effectiveness
and Nusselt number was obtained in corrugated fins with three
cycles, followed by two cycles and one cycle. Tehmina et al. [8]
adopted a multiphase Eulerian-Lagrangian model to simulate the
hydrothermal behavior of three different multiwalled carbon
nanotubes (MWCNT) heat sinks with hydrofoil pin-fin, rhombus
pin-fin, and triangular pin-fin, respectively. They concluded that
better performance was achieved in the triangular pin-fin MWCNT
heat sink as compared to others. Rahul et al. [9] numerically
explored the heat transfer enhancement in HS with branched and
interrupted fins. They reported that HS with branched fins yielded
better performance, and they further suggested that higher
performance is obtained in HS with branched fins when the
symmetrically oriented secondary fins of the branched fins are far
from the base of the plate. Ding et al. [10] carried out experimental
and numerical studies on the thermal dissipation behaviors of
vertically oriented finned tubes. They indicated that a Nusselt
number of about 207% was obtained in a heat sink with finned
tubes as compared to that of a convectional heat sink. Furthermore,
they opined that the effects of circular fin pitch and the width of the
fin were insignificant. Hithaish et al. [11] numerically analyzed the
hydrothermal characteristics of heat sink with triangular pin-fin at
different orientations (30 °C to 60 °C), height of the fin (0.25mm-
0.75mm) and arrangements (alternate backward and forward).
They revealed that HS with triangular pin fins in alternate forward
and backward configuration had the highest value of the thermal
performance index. In this study, the P-shape fin designs are
proposed to enhance the thermal dissipation of the radial heat sink
without altering the mass of the HS above the comparable
convectional HS. Cooling performance of three different HSs (the
Type A-HS with plain fin, the Type B-HS with slot, and Type C-
HS with both slot and dimples) are compared.

Il. METHODOLOGY
111.1 GEOMETRY DESCRIPTION

A three-dimensional HS is designed using Design Modeler
of ANSYS (Fluent) software package. Fig. 1(a)-(c) shows three
different designs of radial heat sink, Type A-plain, Type B-slot and
Type C-slot and dimples) respectively. each of the heat sink which
made of aluminum material consists of P-shape fins attached to
vertically projected annular cylinder and then mounted on hollow
circular base. The fins are radially arranged at an equal interval on
a hollow circular base which projected horizontally. The bottom of
the HS is subjected to heat flux varied from 700W /m? to
1900W /m?, ambient temperature of the air is maintained at 300K.
Fig. 2(a)-(b) illustrates the schematic diagram of the fin and
computational domain. A portion of the HS containing one fin is
demonstrated because of the time consumption as a result of large

number of grids in the simulation. The details of the computational
domain and the heat sink parameter are presented in Table 1.
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Figure 1: SS (a) Type A (Radial HS with plain fins or
convectional) (b) Type B (HS with slotted fins) (c) Type C (HS
with slotted and dimpled fins).

Source: Authors, (2022).
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Table 1: Dimensions of the heat sink.

Item Parameter Value
Cor‘r&putayonal Base radius (R) 37.5mm
omain
Height (H) 145mm
Radial Heat sink
Inner radius (r;) 9mm
Circular base Outer radius (1) 22.25mm
Base thickness (t,) imm
Fin thickness (tf) 2mm
Hyq 12mm
Hyy 5mm
Ly, 4mm
Vo0 28mm
Vs 1.5mm
P-shape Fin Fillet rgdius (rf)_ 2.5mm
Sphere/Dimple radius
0.5mm
(rp)
Dimples spacing 2mm
Slot length (Ly) 7.5mm
Slot width (W,) 0.2mm
Slot height (Hy) 16mm
Number of fins (N;) 24

H1 e

Figure: 2(a) Schemtic representation of the fin with dimples.

Source: Authors, (2022).

Computats
domain

Heat sank

T

Figure: 2(b) Schemtic diagram of the computational

domain and HS.
Source: Authors, (2022).

Source: Authors, (2022).

111.2 MESH GENERATION

The grids were generated using ANSYS Mesh. As depicted
in Fig. 3(a)-(b), the Qua/Tri hexahedral method was assigned to the
whole geometry, while the refined mesh of element size of
0.008mm and 0.009 are assigned to the HS and fluid domain
respectively.

Figure: 3(a) hexahedral grids for computation domain.
Source: Authors, (2022).
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Figure: 3(b) hexahedral grids for heat sink.
Source: Authors, (2022).

111.3 PROBLEM FORMULATION

The computational simulation of natural convection is
based on the assumptions stated below.
1. The flow is assumed to be steady, laminal, and three-

2. All the properties of air do not depend on the temperature,
except the density.
3. The density of the air is computed by using an ideal gas law.
4. Radiation and magnetic effects are neglected.
The governing equations are presented below;

Continuity equation

V.(pv) =0 1)
Momentum equation
Dv VP
E=—7+vvzv—gy )
Energy equation
DT DP
Ideal gas law is used to compute density of the air
_ Dbatm
P = ®imT “)

M, denotes the molecular weight of the air, which is taken
as 28.966 kg/kmol.

The material properties of the heat sink and the boundary
conditions adopted for this study are presented in Table 2 and Table
3, respectively.

dimensional.
Table 2: Boundary conditions.
Domain Location Hydrodynamic conditions Thermal conditions
Periodic w (@) = w7 + L) T(R) =T(% + L)
Fluid I
Vp(x;) =1 it Vp*(x:)
Outer Pressure inlet/Pressure Outlet condition Tintet = Toutiet,backfiow="Too
Heat sink base u; =0 k Ty |
Solid s on q
Symmetric face u; =0 Ty
o=
Tr wan=Tswan
Fluid-solid Interface u; =0 oTy ) aTy .
_kf % lwatr + dout = _ks% lwan T Gin

Source: Authors, (2022).

Table 3: Thermo-physical properties of the heat sink and the air.

. C, 7] k p
Materials | gkt | (Pas) | (Wmik) | (kgm?)
. Patm
Air 1005 | 1.834e-05 | 0.0242 | =t
(R/M,)T
Heatsink | _ 871 i 136.8 2719

Source: Authors, (2022).

111.4 NUMERICAL PROCEDURE

The ANSYS (Fluent) software package was used to perform
the numerical simulation, and was used to solve the continuity,
Navier-Stokes equations (momentum and energy equation) taking
into account the boundary conditions and assumptions stated
earlier. The COUPLE Algorithm was assigned for pressure-
velocity coupling, default value of under-relaxation parameter was

used, the Least Square cell based was assigned for the gradient
under spatial discretization and the second-order upwind scheme
was used for density, momentum, and energy, whilst Body Force
Weighted was set for pressure. All solver residuals were set to
convergence criteria of 1 x 1074,

IV. RESULTS AND DISCUSSIONS

To select the best design, we compared the average
temperature of all the cases while maintaining the same conditions.

IV.1 GRID SENSITIVITY STUDY

The grid sensitivity test was carried out by increasing the
number of grids from 80000 to 600000. The parameters of type A
profiles (heat sink with plain fin) at heat flux of 700W /m? are used
as reference. As illustrated in Fig. 4, 328221 grid was selected as a
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reference grid point from the grid independence test, because a
further increase in the number of grid points beyond 328221,
yielded less than 2% in the variation of average temperature of the
heat sink.

316,2
316,0
315,8

=~
X 315,6

av

~ 3154
315,2
315,0

3148 +——F——"+————"—"+—+———+—
0 200000 400000 600000
Grid points
Figure 4: Average temperature of the HS at various grid points.
Source: Authors, (2022).

1IV.2 MODEL VALIDATION

The difference between the average temperature (Tg,, ) of
the HS and the ambient temperature of the air (T,,,;) is presented
to compare the numerical results of this study with the
experimental data of Seung-Hwan et al. [12]. the geometry
parameters used for validation are Ny = 20,Ly = 55mm,t; =
2mm, hg, = 21.3mm, hpy = 21.3mm,r; = 10mm, 1, = 75mm,
t, = 1.5mm and 200 < ¢ < 850. Fig. 5 presents the comparison
of the temperature difference against the heat flux for the numerical
results of this work and the experimental data provided by Seung-
Hwan et al. [12]. A good agreement is established between the
present work and the experimental data of Seung-Hwan et al. [12].

40

Present work

35
Seung et al. (2010)

o+ttt
100 300 500 700 900
q (W/m?)
Figure 5: Comparison of temperature difference between the

numerical results and experimental result.
Source: Authors, (2022).

IV.3 RESIDUALS PLOT

The residuals plot in Fig. 6 below depicts the convergence
of the continuity, momentum (velocity) and energy curve for Type
A heat sink model at a constant heat flux of 700W /m?2.
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Figure 6: Residuals plot.
Source: Authors, (2022).

IV.3 EFFECT OF HEAT FLUX (g)

Fig. 7 depicts the influence of heat flux applied to the base
of a HS on the thermal performance of various model designs. As
shown in Fig. 7, the difference between the T,,, of the HS and
ambient air (T, ) increases linearly with heat flux. At 700 < g <
1900, Type C (HS with slot and dimples) has lowest temperature
difference, followed by Type B (HS with only slot) and Type A
(plain). At ¢ =700 W/m?, temperature difference of 16.05K,
15.12K and 9.83K is reported in Type A (plain), Type B (HS with
slot) and Type C (HS with slot and dimples) as follows. However,
at ¢ =1900 W /m?, Type A, Type B and Type C has a temperature
difference of 44.48K, 41.7K and 27.05K as followed.

50
Type A
45 Type B
40 —A—Type C
— 35
3
~ 30
£2s
'w20
©
=15
10
5
ot
500 1000 1500 2000
Heat flux (W/m?)

Figure 8: Comparison of temperature difference against heat flux
at different model designs.
Source: Authors, (2022).

IV.4 COMPARISON OF THE TYPE A (PLAIN), TYPE B
(HSWITH) AND TYPE C (HS WITH SLOT AND
DIMPLES) MODEL

Table 4 compares the average temperature and mass of each
of the HS designs at a constant heat flux of 1900 W /m?. In respect
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to Type-A (Plain) HS design, which has the highest average
temperature of 344.48K and a mass of 0.00168kg, it is observed
that by incorporating a slot in the fin as we have in Type-B HS
model, the average heat sink temperature and the mass are reduced
by 2.78K and 8.33%, whereas total surface area increases by
29.58%. This simply means that the Type B model has a better
thermal performance than the Type A model with just a plain fin,
because the slot in Type B creates an additional passage or spacing
in the fin which increases the cooling region or heat transfer area
of the fin. However, upon the incorporation of both slots and

dimples to the plain fin, as it is shown in Type C model, the T,
and the mass of the HS are decreased by 17.43K and 13.69%.
Among all the model designs, Type C (slot and dimples) has been
seen to have the best cooling performance and lowest mass. The
reason for this is that the incorporation of both slot and dimples has
a greater influence on thermal performance by increasing the heat
transfer area as compared to the Type B model (HS with slot) and
the Type A model with a plain fin.

Table 4: Average Temperature and mass for various heat sink designs at ¢ =1900 W /m?2.

Model | Total Area | Frontal Area (mm?) | Volume (mm?) | Mass (kg) | Temp
(mm?) (K)
Type A 852.87 287.56 618.31 0.00168 | 344.48
Type B 1105.2 287.56 566.90 0.00154 | 341.70
Type C 1201.1 269.5 534.96 0.00145 | 327.05

Source: Authors, (2022).

IV.4 TEMPERARURE CONTOUR

Fig. 9 through Fig. 11 visualizes the heat flow between the
heat sink and fluid domain in the z-x plane and the x-y plane. Heat
flows in two directions, which are horizontal direction and upward
direction. Heat flows in a horizontal direction when the cooled air
from the fluid domain horizontally approaches the outer part of the
heat sink where it becomes warmer (the temperature of the cooled
air from the fluid domain gradually increases while approaching
the outer part of the heat sink). It is also observed that the
temperature of the air in the outer part of the HS is comparatively
lower than the temperature in the inner part. Furthermore, the

warmed air from the outer part of the HS enters the spaces between
the fins and becomes warmer and lighter as compared to its
previous state in the outer part. Due to the fact that the surrounding
air in the outer part of the HS is heavier than the warmed air
between the fins (which has a higher temperature), density
therefore plays a greater role here by displacing the warmed air
between the fins upward in a vertical direction from the inner part
of the HS. However, the temperature of the HS decreases as the
cooling air flows from the base to the tip of the HS (the HS which
is maintained at a relatively higher temperature, is cooled by the
cooling air).

(2)

Temperature (K]
Contour 3

34536
Maer
340.58
33820
335.81
33342
I 331.04
- 328.65
L]
323,87
F 32149
I 319.10
316,71
31432
r 311.54
I 308.55

30716
l 30T
302,39
300,00

Type A (Tyyy = 344-.455:’}

(®) (c)

Figure 9: Temperature contour plot of the Type A radial HS at ¢ =1900 W /m? for (a) 3D view of Type A (b) Side view of Type A (c)
Frontal view of Type A.
Source: Authors, (2022).
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Temperature (K]
Contour 3

342 610
340.368
338125
335882
333.640
331.397
r 329154
- 326.912
- 324669
- 322.426
- 320184
. 317.941

315.688
- 313.456
- 311,213
- 308.970
306728
304 485
302242
300,000

-

Type B (Tpy, = 341.7K)

(k) ()

Figure 10: Temperature contour plot of the Type B radial HS at ¢ =1900 W /m? for (a) 3D view of Type B (b) Side view of Type B (c)
Frontal view of Type B.
Source: Authors, (2022).
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32526
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J22.29
320.80
r3Men
T8
31634
I 314.86
r3aar
-: 311,80
D40
30881
30743
M 30594

304 46
30 ar
301,44
300.00

Type C (Tyuy = 327.05K)

(®) ()

Figure 11: Temperature contour plot of the Type C radial HS at ¢ =1900 W /m? for (a) 3D view of Type C (b) Side view of Type C (c)
Frontal view of Type C.
Source: Authors, (2022).

V. CONCLUSIONS

Thermal analyses were conducted to maximize the
performance of a P-shape finned radial HS under natural
convection by using ANSYS (Fluent) software. Validation was
carried out by comparing the numerical results with the available
experimental data, and the agreement was satisfactory. To

determine the best design for the P-shape finned heat sink, three
different designs of heat sink, namely Type A (HS with plain fin),
Type B (HS with slot) and Type C (HS with slot and dimples) were
compared based on the Tg,,, and mass of the HS. Among all these
models, Type C is the most economical and provides the best
cooling performance because of its lowest average temperature and
heat sink mass.
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