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for plate-fin heat sinks with half-round pins attached to the fin were developed in this
study. Numerical analysis was performed using ANSYS FLUENT R21 to evaluate the
thermal performance of the proposed designs. For the element optimization, the grid
independency test analysis was performed to obtain the optimal number of elements.
A constant heat flux of 18750 W/m2 was applied at the bottom plate of heat sinks as
the input parameter and two different flow directions e.g., impinging flow and parallel
flow at various mass flow rate was also applied to study the base temperature, thermal
resistance and Nusselt number of these designs. The study has shown that plate-fin
heat sinks with fillet profile and corrugated half-round pins (PFHS 4) subject to parallel
flow and plate-fin heat sinks with fillet profile and symmetrical half-round pins (PFHS

Keywords: 3) subject to impinging flow exhibit better thermal performance over other
Plate-fin heat sinks; thermal configurations. Hence, these design configurations have a potential to be applied in
performance; CFD the future.

1. Introduction

Due to recent advancements in semiconductor technology, power density in electronic and
microelectronic equipment is increasing rapidly. The miniaturization of electronic devices has posed
a difficulty for thermal management of such devices since overheating can lead to reduce in device
performance. As a result, in a strong competitive electronic equipment business, increasing the heat
transfer rate of such devices is crucial for long-term reliability. A heat sink is a component that allows
more heat to be transferred away from a hot device. It achieves this by expanding the device's
operating surface area and the amount of low-temperature fluid that flows through it [1]. Many
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industrial devices such as computer processors and air conditioning systems utilize heat sinks. Copper
and aluminium are two typical metals used to manufacture heat sinks. To enhance the heat
dissipation area, most heat sinks are built with fins that are attached to the heat sink base. Heat
transfer improvement can be done in two ways: active and passive [2,3].

Natural convection cooling of electronic devices with finned heat sinks is a commonly practice in
industry for various reasons including ease of manufacture, powerless operation, and high
dependability. Heat sinks along with peripherals like jets and fans are always improving to fulfil the
demand for more heat dissipation [4]. The parallel arrangement of rectangular cross section plate
fins or pin fins on a flat base are two popular heat sink configurations. Plate-fin heat sinks are one
type whereas pin-fin heat sinks are another.

Several studies show that comparisons of the efficiency of these configurations have been
attempted. As example, F. Forghan et al.,, [5] found that for low air velocities, the thermal
performance of pin-fin heat sinks is significantly worse than plate-fin heat sinks. Contrary to popular
belief, research has shown that the thermal performance of a pin-fin heat sink is better to that of a
plate-fin heat sink under certain situations [6-8]. Kim et al., [9] compared the thermal performance
of plate-fin and pin-fin heat sinks subjected to impinging flow by performing experimental and
analytical investigation. The pressure drop and thermal resistance of both configurations were
predicted using a model based on the volume averaging approach. They discovered that when the
heat sink's dimensionless length is high and the dimensionless pumping power is low, the optimized
pin-fin heat sinks exhibit lower thermal resistance than the optimized plate heat sinks. Plate-fin heat
sinks, on the other hand, have the least thermal resistance when the dimensionless pumping power
is high and the dimensionless length of the heat sink is small.

A significant amount of research has also been focused on fully realizing the thermal performance
enhancement that finned heat sinks offer by introducing new types of fin configurations which is not
restricted to the typical types of heat sinks. For example, Hosseinirad et al., [10] investigated the
effect of two types of splitter shape namely wavy splitter and arched splitter on the cooling efficiency
of thermal-hydraulic plate-fin heat sinks in both forward and backward arrangements were
investigated. From the investigation, they found that arched splitter in a forwarding arrangement
provide the lowest base temperature which resulting in a greater thermal performance. Other
studies also included flared fins [5], oblique planar fins [11], rectangular perforation fins [12,13],
square and circular perforation fins [14], square perforation fins [15-17], triangular perforations [18],
radial heat sinks [19] and plate-fins with fillet profile [20].

Other than that, researchers have also been focused on the geometry of the heat sink’s fin. For
example, for popular plate-fin heat sinks, the effect of fin number and thickness of fin have been
investigated analytically [21], the influence of the high and width of fin have been studied both
numerically and experimentally [22], and the impact of fin number as well as both width and height
of fin on the thermal performance of heat sinks have been explored experimentally [23] in previous
works.

Furthermore, by establishing an effective flow direction can also improve the thermal
performance of plate-fin heat sink. The effect of flow direction such as impinging flow and parallel
flow on the enhancement of thermal performance and cooling efficiency of plate fin heat sinks has
also been research by various researchers for instance in research paper in Ref. [24-30]. The former
has been studied based on the Nusselt number [25], optimization of entropy generation [26] and a
pressure drop model [27]. In case of plate-fin heat sinks by applying impinging flow, Biber [28]
developed numerically obtained correlations for pressure loss coefficient and total heat transfer in a
variable-length channel that covers a wide range of practical plate-fin heat sinks. Later on, Saini and
Webb [29] validated Biber model [28] by experiments and made some modifications and
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improvements. In another work, Duan and Muzychka [30] developed a simple semi-empirical model
for predicting the pressure drop and the heat transfer coefficient of air-cooled plate-fin heat sinks.

To show the practicality of further enhancing the cooling effectiveness of plate-fin heat sinks with
fillet profiles, more efficient designs must be developed. This paper intends to close this gap by
evaluating the thermal performance of a new proposed design under both parallel and impinging
flow conditions. As a result, this study provides a foundation for enhancing the thermal efficiency of
plate-fin heat sinks with fillet profiles by proposing new basic designs that are easy to fabricate and
implement than the novel designs previously stated. It would be possible to improve the cooling
efficiency of plate-fin heat sinks in various flow directions using the proposed designs, which is
important in many engineering applications. Therefore, this study aims to investigate the effect of
fillet profile on heat transfer characteristics and evaluate the thermal performance of different design
plate-fin heat sinks subjected to parallel and impinging flow.

2. Methodology
2.1 Geometrical Modelling

The model of the plate-fin heat sinks was created using CATIA V5 software. Later, the model will
be transferred to the ANSYS FLUENT R21 for the simulation process. The parallel rectangular
arrangement of fins on a flat base was used to model the plate-fin heat sinks. Figure 1(a) shows the
dimensions of a plate-fin heat sink without a fillet profile. The base dimension is 40 mm x 39.7 mm
in size, with a thickness of 5 mm. The channel width and fin thickness are assumed to remain constant
over the length of the base and measure 3.3 mm and 1 mm respectively. An optimum fillet radius of
1.5 mm is used for the plate-fin heat sink with fillet profile shown in Figure 1 (b) as discussed in Ref.
[20]. Besides that, the fin heights in Figure 1(a) and (b) varied by 25 mm and 28.6 mm respectively.
This is due to the removed solid material from the fin base to create fillet was added to the fin height
hence make the fin height for plate-fin heat sinks with fillet profile greater [20, 21]. In contrast to the
previous study e.g. [20,21], the removed material from the fin base is attached to the plate-fins using
half-round pins in the proposed designs as detailed in Ref. [31]. Table 1 provides the geometries
dimension and arrangement in details.

Table 1

Geometry dimension and arrangement of different design of plate-fin heat sinks
Geometry Parameters PFHS 1 PFHS 2 PFHS 3 PFHS 4
Length, L (mm) 39.7 39.7 39.7 39.7
Width, W (mm) 40.0 40.0 40.0 40.0
Height, H (mm) 25.0 28.6 25.0 25.0
Base Thickness, B (mm) 5.0 5.0 5.0 5.0
Number of Fins 10 10 10 10

Fin Thickness, F (mm) 1.0 1.27 1.27 1.27
Width Channel (mm) 33 3.0 3.0 3.0
Fillet Radius, R (mm) - 1.5 1.5 1.5
Number of Half-Round Pin - - 108 108
Half-Round Pin Radius, HR (mm) - - 0.635 0.635
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(a) Plate-fin heat sinks without fillet profile (PFHS 1)  (b) Plate-fin heat sinks with fillet profile (PFHS 2)
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(c) Plate-fin heat sinks with fillet profile and (d) Plate-fin heat sinks with fillet profile and
symmetrical half-round pins (PFHS 3) corrugated half-round pins (PFHS 4)
Fig. 1. Geometrical model of plate-fin heat sinks

As shown in Figure 1 (a)-(d), four geometries including plate-fin heat sinks without fillet profile,
plate-fin heat sinks with fillet profile, and new proposed designs of plate-fin heat sinks with fillet
profile attached with symmetrical half-round pins in and corrugated half-round pins are investigated
in this research. Both design with attached half-round pins are arranged in vertical arrangement. For
the remainder of paper, the plate-fin heat sink subject to impinging flow is defined as air impinging
on the heat sink along the y-axis direction and subsequently flowing parallel to the x-axis. Meanwhile,
for the plate-fin heat sink subject to parallel flow, the air flows into the heat sink across the x-axis
direction.

2.2 Grid Generation
ANSYS FLUENT R21 was used to create a computational grid and a three-dimensional discretized
model of the plate-fin heat sinks in the pre-processor phase. The simulation results might be affected

by the grids used. Since the thermal properties must be accurately evaluated, the complete geometry
is discretized into finite volume hexahedral grids as in Ref. [21] (refer Figure 2).
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(a) General View (b) Zoom in View
Fig. 2. Meshing configuration

In addition, as the number of grid elements has a substantial influence on the numerical
simulation outcome, mesh independency tests were done for different grid element numbers.

Table 2 shows the numerical results for the base temperature with different mesh configurations.
It is clear that an increase in the number of grid elements does not result in a significant change in
the base temperature. Since the differences between the results are still insignificant, a mesh with
fewer grid components will be used for the remainder of the paper to speed up processing. The semi-
implicit method for pressure linked equation (SIMPLE) algorithm is used for pressure-velocity
coupling applications.

Table 2
Grid Independence Test
Plate-Fin Heat Sink  No of Element (10°) Base Temperature (K) Temperature Difference

PFHS 1 0.79 390.24 -
1.51 390.22 0.02
2.82 389.94 0.28
PFHS 2 2.26 385.39 -
5.77 385.52 0.13
9.56 385.86 0.34
PFHS 3 2.08 369.25 -
2.96 369.65 0.40
3.64 369.76 0.11
PFHS 4 2.83 362.13 -
3.10 362.85 0.72
4.63 363.27 0.42

2.3 Boundary Conditions

In the solver execution phase of the development of CFD analysis, boundary conditions are
considered similar to the experimental work published by Kim et al., [9]. As in Ref. [9], the plate-fin
heat sink was made of aluminum alloy 6061. A constant heat flux of 18750 W/m? was provided by
electrical heater to warm up a plate-fin heat sink subject to impinging flow with variable values of
inlet air flow i.e., (0.00092, 0.00218, 0.0033 and 0.00433) kg/s as shown in Figure 3.
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)

Heat Flux ,,

(a) Parallel flow (b) Impinging flow
Fig. 3. Numerical analysis of computational domain with boundary conditions

2.4 Governing Equations and Numerical Modeling

The governing equations for conservation of momentum, conservation of mass, and assuming
the conjugate heat transfer i.e., Navier-Stokes, continuity, and energy equations are solved
numerically to get the convective heat transfer characteristics. The bellow assumptions are
considered:

I.  The fluid flow is steady state, single phase and incompressible.
II.  The flow is turbulent.
lll.  Three-dimension fluid-solid conjugate is considered.
IV.  All physical properties of coolant air are depending on its mean temperature.

The Navier-Stokes equations across x, y and z directions are given as set of Eq. (1) [32]:

61:xx aTxy 6‘sz
ox dy 0z
= _ 0p | Otxy | 0Tyy | 0Tz
V(pUv) = St o T ot o (1)
0Tyz | 0Tz

= _ _0p | Oty
V(pUW)_ az+ dx T dy T 0z

V(pUu) = —Z—z +

where p is fluid density, U is the fluid velocity with the velocity components (u, v and w) in three
directions, P is pressure and t is the viscous stress tensor.
The energy equation is given by Eq. (2) as following [33]:

V(phU) = —pVU + V(kVT) + ¢ + sy, ()
where h is the enthalpy, k is thermal conductivity, T is temperature, ¢ is the dissipation term and sy,
is the source term.

The energy equation for the conduction (solid), which occurs through the different materials is
given by Eq. (3) as following [34]:
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(3)

9%T . 9%T . 9°T
K = (22 4+ 224 2T)
dx2 = 9y? = 0z2

where K,, is the thermal conductivity of the material.
Finally, the continuity equation is described by Eq. (4):

V(plU) =0 (4)

Based on the equations above, a separate solution is used. A sequential technique is utilized to
solve the momentum and continuity equations. Due to the nonlinearity of the governing equations,
the solution loop is iterated numerous times to obtain a convergent solution. The continuity,
momentum, and energy equations are solved using the finite volume method, in which the integral
version of the governing equations is solved using a continuum approach. The mathematical
equations to describe temperature, pressure, and velocity are obtained in this manner. The
convergence for momentum, mass and energy imbalance lesser than 10° is adopted.

2.5 Calculation Procedure

The average Nusselt number, Nu, is based on the following Eq. (5):
Nu =—2 (5)

where h is the mean heat transfer coefficient, Dy, is the hydraulic diameter of the inlet and K, is the
thermal conductivity of fluid (air). The latter is tabulated based on the mean temperature of air, T,
given by Eq. (6) as follows:

_ (Tavr""Tb)

T .

(6)

where T}, the temperature of fin base while T,,,- represent the average air temperature as defined
in Eq. (7):

Tavr — (Tout';'Tin)a (7)

where T,,+ and T;;,, are outlet and inlet of air temperature respectively. In Eq. (5) the mean heat
transfer coefficient, h is given by:

B=—9 (8)

Ar(Tp—Tm)

where Q, A, T, and T,,, are the heat transfer rate to the air, the total area that is subjected to the
air, the temperature of the fin base and the mean temperature of air respectively. In Eq. (8) the heat
transfer rate to the air, Q and total cooling area, A can be expressed by Eq. (9) and Eq. (10)
respectively:

Q= mCPa(Tout + Tin) (9)
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where m is the mass flow rate and Cp,, is the specific heat of air.
Ar = WL+ 2N¢H[L + t] + 2B[L + W] (10)

where W and L are width and length of the heat sink respectively, Ny represents the number of fins,
H, t and B are the height, thickness of fins and height of the base respectively.

The mean heat transfer coefficient, h can be calculated by substituting Eq. (9) and Eq. (10) into
Eq. (8):

_ mCPa(Tout+Tin) (11)
"~ (WL+2N¢H[L+t]+2B[L+W])(Tp—Tm)

=

Substituting Eq. (11) into Eq. (5) gives the average Nusselt number as prescribed by Eq. (12).

Nu = MmCpq(Tout+Tin)Dn
(WL+2NfH[L+t]+2B[L+W])(Tp—Ty) Kq

(12)
The thermal resistance, R,y of plate-fin heat sinks in Eq. (13) is crucial for understanding the
results of the CFD analysis reported in this paper.

1
R el
th = Jar

(13)
3. Result & Discussion
3.1 Validation of the Study

Experimental work carried out by Kim et al., [9] was compared with the numerical approach to
validate its accuracy. The boundary conditions, geometry of plate-fin heat sink without fillet profile
and direction of the air flow i.e., impinging flow is considered exactly similar to the experimental
work carried out by Kim et al., [9]. Thermal resistance at different mass flow rate were compared as
presented in Figure 4.
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Fig. 4. Validation of numerical approach (CFD) at different
mass flow rates for thermal resistance
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As presented in Figure 4, the result of numerical approach (CFD) and the experimental work of
Kim et al.,, [9] shown slightly different. The explanation for the difference might be due to the
measurement errors, and different numerical setup input parameters. However, it shown that the
trend of the graph is much similar between these studies approach. It follows that the numerical
approach that has been developed can be used for this study.

3.2 Comparison of Thermal Performance of Various Designs of Plate-fins Heat Sink

This section aims to compare the thermal performance of different proposed designs subject to
both parallel and impinging flow. The comparison made is based on the base temperature, thermal
resistance and Nusselt number of the plate-fin heat sink designs.

3.2.1 Parallel flow

The temperature contour of different plate-fin heat sink designs subjected to parallel flow at
constant mass flow rate of 0.00092 kg/s are presented in Figure 5. As stated in Ref. [21], the larger in
heat transfer area of plate-fin heat sinks with fillet profile (PFHS 2) resulted in the amount of heat
removed from the hot region is higher compared to the plate-fin heat sinks without fillet profile (PFHS
1). Moreover, from the data obtained in the simulation analysis, the plate-fin heat sinks with fillet
profile and corrugated half-round pins (PFHS 4) shown the best thermal performance as the heat
distribution for this configuration has altered the most compared to other designs. Apart from this,
even though the temperature contours do not show a significant change in different configurations
but the maximum temperature measured is meaningfully different for the studied configurationsi.e.,
390K, 382 K, 369 Kand 362 K for Figure 5(a)-(d) respectively. Furthermore, the average temperature
is lower for the inlet of air flow as illustrate in Figure 5. As the flow moving in x-direction, it is shown
that the average temperature increases gradually. This is due to the effects of boundary layer
thickness at the leading edge is thinner compared to at the trailing edge.

Yy
z‘/l\‘x

(a) Plate-fin heat sinks without fillet profile (PFHS 1) (b) Plate-fin heat sinks with fillet profile (PFHS 2)
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5 "

(c) Plate-fin heat sinks with fillet profile and (d) Plate-fin heat sinks with fillet profile and

symmetrical half-round pins (PFHS 3) corrugated half-round pins (PFHS 4)
Fig. 5. Temperature contour of the plate-fin heat sinks with different designs at a fix mass flow

rate subjected to parallel flow

To investigate the thermal performance of plate-fin heat sinks with different attached half-round
pins configuration subject to parallel flow, the changes in the base temperature, thermal resistance
and Nusselt number of different designs are compared at various mass flow rates in Figure 6,7 and 8

respectively.
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Fig. 6. The base temperature for different designs
subjected to parallel flow at different flow rates
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Fig. 8. Nusselt Number for different designs subjected
to parallel flow at different flow rates

According to Figure 6 and 7, it shows that the higher the mass flow rates, the lower the base
temperature and thermal resistance. Meanwhile, according to Figure 8, the Nusselt number
increases as the mass flow rate increase which showing that the amount of heat is gradually
dissipated from the hot region. The base temperature and thermal resistance with fillet profile and
corrugated half-round pin (PFHS 4) are lower compared to plate-fin heat sinks with fillet profile (PFHS
2). On the other hand, the Nusselt number shows higher values. This represents that this design offer
better thermal performance when subject to parallel flow.

3.2.2 Impinging flow

The temperature contour of different plate-fin heat sink designs subjected to impinging flow at
constant mass flow rate of 0.00092 kg/s are presents in Figure 9.

3.811e+02
3.805e+02
3.800e+02

3.794e+02

000 Q0075

(a) Plate-fin heat sinks without fillet profile (PFHS 1) (b) Plate-fin heat sinks with fillet profile (PFHS 2)

76



Journal of Advanced Research in Numerical Heat Transfer
Volume 13, Issue 1 (2023) 66-80

(c) Plate-fin heat sinks with fillet profile and (d) Plate-fin heat sinks with fillet profile and
symmetrical half-round pins (PFHS 3) corrugated half-round pins (PFHS 4)

Fig. 9. Temperature contour of the plate-fin heat sinks with different designs at a fixed mass flow
subjected to impinging flow

From the data obtained in the simulation analysis, the plate-fin heat sinks with fillet profile and
symmetrical half-round pins (PFHS 3) have the lowest base temperature compared to other designs.
Apart from this, even though the temperature contours do not show a significant change in different
configurations but the maximum temperature measured is meaningfully different for the studied
configurations i.e., 392 K, 385 K, 365 K and 367 K for Figure 9(a)-(d) respectively. Furthermore, the
average temperature is lower for the inlet of air flow which is at top region of the heat sink. As the
flow moving downward in y-direction, the average temperature increase gradually and shows the
highest value at the base of the heat sink. Besides, the temperature contours show less effective in
heat distribution when compared to the results presented in Section 3.2.1.

As shown in Figure 10, plate-fin heat sinks with fillet profile and symmetrical half-round pins
(PFHS 3) have the lowest base temperature among other designs when subjected to impinging flow
at mass flow rate of 0.00092 kg/s. For the remainder of the result, it is expected that the temperature
will decrease when the mass flow rate increase. It has been proven in the result presented in Section
3.2.1. Moreover, the thermal resistance is also expected to be the same pattern as in result presented
in Section 3.2.1 where the thermal resistance will decrease as the mass flow rate is increased.
Meanwhile, the Nusselt number will increase when the mass flow rate is increased.
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Fig. 10. Comparison of the base temperature for
different designs subjected to impinging flow at a
fixed mass flow rates of 0.00092 kg/s
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4. Conclusions

Thermal performance of different design of plate-fin heat sinks with and without fillet profile
subjected to parallel and impinging flow has been investigated and compared. The two new proposed
designs for plate-fin heat sinks with fillet profile were introduced. The removed material from the fin
base to create the fillet was re-used to form half-round pin that attached to the plate-fin, in
symmetrical and corrugated arrangements. The results have shown that the plate-fin heat sink with
fillet profile and corrugated half-round pins (PFHS 4) has the best thermal performance among other
designs when subjected to parallel flow. The base temperature and thermal resistance are lower
while the Nusselt number is higher when compared to plate-fin heat sinks with fillet profile (PFHS 2).
Meanwhile, when they are subjected to impinging flow, the plate-fin heat sink with fillet profile and
symmetrical half-round pin (PFHS 3) has the best thermal design among other designs. This study has
provided a platform for further work, for example, investigating the heat transfer characteristics for
both proposed designs experimentally which is useful for validation process of numerical work.
Furthermore, studying the thermal performance with different pin shape i.e., square pin or hexagon
with various pin parameters may also be included in further work.
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