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Abstract: The present study is a numerical investigation of the effect of the shape of pin fins on the
overall performances of heat sinks. Conical shaped pin fins with varying conical size ratio (Hcp/d)
are considered. Five geometrical cases are explored, namely Hcp/d = 0.167,0.333,0.500, 0.667 and
0.833. The distribution and values of temperature, Nusselt number, thermal resistance, pressure
drop, as well as the hydrothermal performance factor are determined for various Reynolds
numbers (up to 8,000). In addition, the performances of conical shaped fins are compared to
those of the cylindrical fins. The obtained results revealed a decrease in the thermal resistance
with increasing Re and Hcp/d ratio. At Re = 8000 and when changing (Hcp/d) from 0.167 to 0.833,
the thermal resistance is decreased from 192.30% to 83.52% compared to the cylindrical pin
fins. However, the increased (Hcp/d) ratio yields an increase in the pressure drop. At Re = 8000,
the values of pressure drop for the conical fins are lower than those of the cylindrical fins by
343.32%, 275.92%, 205.79%, 144.86% and 100.38% for Hcp/d = 0.167,0.333,0.500, 0.667 and 0.833,
respectively. The values of the hydrothermal performance factor (n) for the conical fins are greater
than those of the cylindrical fins. Also, an increase in (n) values is observed with decreasing Hep/d
ratio. The highest (n) value of 1.51 is reached with the case Hcp/d = 0.167 at Re = 8,000.
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1. Introduction

Concerning the developments in the electronics applications in the last years,
electronic devices are becoming smaller than the classical systems, and this
miniaturization leads to very small designs. This development has created another
challenge; it consists of the increase in heat which can damage electronic tools. Against
this background, experts have become faced with the problem of cooling methods in
a limited space. Phase change cooling [1,2], nanofluids [3-6], hybrid nanofluids [7-10],
porous medium [11,12] are important methods for cooling of the electronic devices, but
in view of their production costs and technical complexity, these methods still remain
relatively inapplicable to the electronic tools design [13]. However, the cooling by using
air impingement presents a reliable solution to the heat dissipation in heat sinks (HSs)
[14]. For this solution, several techniques were largely used in the HSs design, such as the
perforation space, vortex generators (VGs) and the shape of pin fins innovation.

The perforation space through heat sink presents a successful method to enhance
the heat dissipation rates and fluid flow structures [15]. Where, the perforation space
helps to reduce the lowers heat transfer areas (LHTA) behind of the pin fins by better air
flow swirling. In the other hand, this method can reduces the pressure drop a long of
heat sink by reducing of blockage flow phenomena around of the pin fins [16—-18]. Chin
et al [19] numerically and experimentally investigated the effects of size and number of
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holes in pin fins heat sinks (PFHS). They reported that
the heat transfer coefficient of the perforated PFHaS
was augmented by 45 % compared with solid pin
fins. In addition, the pressure drop was also reduced
by 18% for the same comparison. Kore et al [20]
confirmed that the perforation space through the
pins fins can increases the heat transfer rates, where
for 5 holes, Nusselt number was increased by 23%
compared with the conventional pin fins. In general,
perforation technique directly influence on the heat
transfer and pressure drop characteristics in heat
sinks [21,22].

The location of vortex generators (VGs) or baffles
inside PFHS present another solution to enhance
heat dissipation rates of heat sinks. For all the
thermal systems, VGs helps de destruct thermal and
hydrodynamic boundary layers, with are improve
heat transfer execution [23-28]. Karami et al [29]
numerically simulated by using ANSYS Fluent the
effects of baffles on fluid flow and heat transfer
characteristics ofamicrochannel heatsink. They used
single segmental baffle, double segmental baffle, and
triple segmental baffle for different overlaps namely
60%, 40%, 20% and 0%. They used micro pin fins heat
sink without baffle as a reference case of comparison.
They concluded that heat transfer coefficient of 20%
overlaps double segmental baffle and Re = 250 was
augmented by 47, 37% compared with the reference
case. Khosvaght-Aliabadi et al [30] optimized the
thermal and hydraulic performances of miniature
heat sink (MHS) by using nanofluid-cooled zigzag.
For this purpose, they experimentally examined six
(06) pin fins interruptions. They reported that zigzag
configuration of pin fins heat sink has a considerable
effect on the MHSs design. Khan et al [31] tested
the effects of different shapes as VGs on the heat
transfer performance of a micro pin fins heat sink.
Rectangular, semi-circular, rectangular/triangular,
rectangular/semi-circular, and  triangular/circular
are the six configurations were used to examine the
performance of the micro pin fins heat sink. They
reported that the triangular ribs were significantly
reducing the thermal resistance of the micro pin fins
heat sink. On the other hand, this configuration was
also generating a largest pressure drop.

The shape of pin fins was also a successful
strategy for heat sinks design. Several authors
reported that the pin fins form plays an important
role to improves thermal dissipation in heat sinks
[32-34]. Leong et al [35] used paraffin wax and

Acta Mechanica Slovaca
Journal published by Faculty of Mechanical Engineering - Technical University of Kosice

1-hexadecanol based heat sinks to reduce the
operating temperature of electronic device. They
reported that combination between phase change
materials (PCMs) and paraffin wax and 1-hexadecanol
based heat sinks can enhance heat dissipation in
heat sinks. Also, they concluded that heat sinks filled
with paraffin wax performed better than heat sinks
filled 1-hexadecanol. Shi et al [36] analyzed some
geometric parameters on the performance of a
micro-channel heat sinks. They proposed a design
include the secondary channel width ratio to micro-
channel width (a), the half pitch ratio of secondary
channel to micro-channel width (8) and the tangent
value of secondary channel angle (y). Compared with
smooth channel, the thermal resistance (R,) and
the pumping power (P,) of the micro-channel with
secondary flow channel can be minimized by 28.7%
and 22.9%, respectively. In an experimental study,
Sathe and Sanap [37] compared between plain
rectangular fins and slitted rectangular fins. They
found that the heat transfer coefficient augmented
by 58% for silted rectangular fins, compared with
plain rectangular fins. In general, it's exist several
shapes which can improve the heat dissipation in
heat sinks such as oblique fins [38], honeycomb heat
sink [39], semi-circular/semi-elliptic [40].

Considering all that has been discussed already,
it has been concluded that the shape of pin fins can
respond to the worry of experts for the heat sinks
manufacture. With the help of this technique, the
thermal performance may be increased; also, the
occupancy volume and size of heat sinks and the
pressure loss during their operation may be reduced.
For this purpose, the effect of conical pins fins on the
air fluid flow and heat dissipation behaviors of heat
sinks are tested in this paper. The investigations are
performed for conical size ratio (Hcp/d) varying from
0.167 to 0.833. The temperature, Nusselt number,
pressure difference, thermal resistance and the
hydrothermal performance factor are the parameters
used for the evaluation tasks, and promising results
were found.

2. Model description

The PFHSs consisting of a base plate and
staggered conical fins placed on the base plate
were mounted in a channel as depicted in Fig.1.
The dimensions of the channel (L, L, and H) and
the base plate (Lb/ W, and e,) were summarized in
table 1. The fins and the base plate were made of
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A8350P type aluminum. The cylindrical pin fins used
by Chin et al [19] were used to validate the present
model. After the validation task, a parametric study
was focused to examine the effects of conical pin
fins size under fully turbulent flow conditions.

Airflow inlet

Heat sink

44
- <

¥

Figure 1: Configurations of, a) channel and, b) pin fins heat
sinks.
Table 1: Dimensions of channel heat sinks and base plate, in
(mm).

L L H W L e d

1 2 b b

70 70 8 30 30 2

3. Numerical model

The fluid flow and heat transfer behaviors
through PFHSs were numerically analyzed by using
COMSOL v.54 software. From this software, no
isothermal flow interface was used to investigate
the fluid flow and conjugate heat transfer. The
conduction heat transfer was set through the solid-
Aluminum, where the heat transfer by convection
implanted by the contact the wall solid-Aluminum
and the air flow.

The turbulent air flow enters at 300 K, for
Reynolds number (Re) varying from 3000 to 8000.
The governing equations for steady-state and
incompressible fluid flow are determined as follows;

Continuity equation

o, _

0 1
o (1)
Momentum Equation

o(uu. ' -
_(u,uj) =a—p+VV2ui +i(uiuj) (2)
Ox, 0, Ox,
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Energy Equation
0uT) _ vy i(ﬁ) (3)
Ox, Ox;

Heat Conduction Equation
V(AVT)=0 (4)

For closing of the equations system, the RANS-
based k-g turbulence model is used in this paper
as a robust model which is largely utilized for some
industrial applications [15,19].More details of this
turbulence model can be found in the COMSOL
v.5.4 CFD User’s guide [41].

For performance evaluation task of heat sinks,
the Nusselt number (Nu), the thermal resistance (R,),
the pressure drops (Ap), and the thermo-hydraulic
performance factor (n) are the fundamental
parameter used in this paper. These parameters are
calculated and summarized respectively as follow.

"D
N T )
R,=(T,-T,)/q" )
AP=DiPou (7)
_ (Nu/ Nutgprs) (8)
(AP/APens)

For the flow regime determination, the Reynolds
number (Re) was used as follow:
Re=YuDu (9)
1%
Where, D, is the hydraulic diameter and

determined as:

4x4
D, ==
P

(10)

Where, P and A_are the perimeter and cross
section of channel, respectively.

The mesh independency, it structures and
number play important role in the reliability of
the results of numerical model. For this reason,
the Nusselt number results acquired by means
of generated tetrahedral meshes type having
various numbers of elements were compared with
each other. A grid sensibility test was done for
CPFHSs at Re=8000. In this context, a series of grids
containing 511,298, 762,434,988,353, 1,113,774 and
1,344,617 were realized. Compared with 988,353
elements case, the results found that the Nusselt
number variation of the grids of greater elements



(1,113,774 and 1,344,617) is less than 1.3 %. As a
consequence, the grid 988,353 elements were
utilized in the definitive CPFHSs investigations. The
same strategy of meshing test was followed for
other configurations as well.

4, Results and discussion

4.1.Validation of results

In order to validate the reliability of the present
numerical model, we based on the experimental
data of Chin etal [19]. The comparison was based on
the results of Nusselt number (Nu) and pressure drop
(Ap). As shown in Fig. 2, the comparison between
the results of the present work and reference [19]
indicate a satisfactory agreement.
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4.2.Thermal and hydrodynamic aspects

Asknownin literature, fluid flow structure directly
affects the thermal field. In particular, convective
heat transfers mainly related by the fluid flow
characteristics. For this reason, we based on the wall
velocity (Fig.3) and wall temperature (Fig.4) contours
to explain the fluid flow structure and thermal field
respectively. From Fig.3, the air flows thorough the
conical pin fins and base plate and creates two
primordial zones; the first is the reattachment zone
at height velocity which appear in red color in the
sides of the pin fins. The second is appear in the
blue color with presents the recirculation fluid flow
zone upstream and downstream of pin fins at feeble
values of velocity.

(b)

—{B— Present work
—®— Exp. [19]
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Figure 2: Validation of result, a) Nusselt number and b) Pressure difference.
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Figure 3: Contours of wall velocity, Re=8000.
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The last phenomenon’s directly influence the
thermal field as shown in Fig.4. Where, the first zone
at height velocity helps to reduce the lower heat
transfer areas (LHTAs) as appeared in yellow color.
The recirculation fluid flow zones create the LHTAs
after and before of the pin fins which are reduce the
heat transfer coefficients in these zones. As observed
from Figs. 3 and 4, the augmentation of Hcp/d ratio

tend to an undesirable formation of LHTAs.

K
A 351

a)H_/d=0.167

A 345

o) H_/d=0.500

K
A 336

e)H_/d=03833
Figure 4: Contours of wall temperature, Re=8000.
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4.3. Heat transfer coefficient

Fig. 5 depicts the variation of Nusselt number
(Nu) versus Reynolds number (Re). For all cases,
Nusselt number (Nu) raises with rising Reynolds
number (Re) for Co-PFHSs having various Hcp/d and
their comparison with that reference case (CPFHS).
It is clear from the figure that Nu raises with rising
Re and Hcp/d ratio. This is for the reason that the
rising Re and Hcp/d ratio means that rising flow inlet
velocity and global heat transfer surface. The results
show that Nusselt number is decreased by 194.14%,
169.72%, 138.73%, 112.12% and 85.12% for Hcp/
d=0.167,0.333, 0.500, 0.667 and 0.833 compared to
the reference case at Re = 8000, respectively.
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4.4, Pressure drops

Fig. 6 depicts the variation of Ap versus Re for
Co-PFHS having various Hcp/d ratios and their
comparison with the reference case (CPFHS). It is
easy to see from the figure that the decreased Hcp/d
of Co-PFHS leads to a very significant decrease in the
pressure drop compared with CPFHS. Fortunately,
the results show that Ap is decreased by 343.32%,
275.92%, 205.79%, 144.86% and 100.38% for Hcp/

200 g cprass
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150 - —0—H_ /d=0,667
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Figure 5: Nusselt number (Nu) vs. Reynolds number (Re).

e) Hcp/d=0.833
Figure 7: Static pressure distribution, Re=8000.
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d=0.167,0.333,0.500, 0.667 and 0.833 compared to
the reference case (CPFHS) at Re= 8000, respectively.
So, the CPFHS is not advised to design heat sinks
due to the dramatically increase in the pressure
drop compared with the present configurations
(Co-PFHS). These increases of pressure drop are due
to the flow blockage phenomena upstream of pin
fins (Fig. 7).

150

—— CPFHSs

L 4®7Hw /d=0,167
—A— H(p /d=0,333
—¥—H,_ /d=0,500

,
100 ——n_ 1d~0.667
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»

3000 4000 5000 6000
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Figure 6: Pressure difference (Ap) vs. Reynolds number (Re).

f) CPFHS
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4.5. Thermal resistance

Fig. 8 presents the variation of R, according to Re
for Co-PFHS having different Hcp/d ratios and their
comparison with that of CPFHS. The figure clearly
shows that the thermal resistance decreases with
increasing Re and Hcp/d ratio. This is for the reason
that the rising Re and Hcp/d ratio means increasing
turbulence intensity and heat transfer area. The
results indicate that R, is decreased by 192.30%,
162.17%, 135.95%, 105.99% and 83.52% for Hcp/
d=0.167,0.333, 0.500, 0.667 and 0.833 compared to
the cylindrical pin fins at Re = 8000, respectively.
4.6. Hydro thermal performance evaluation

Such as a thermal system, the heat sinks need
a judge parameter between the augmentations of
Nusselt number as the heat transfer coefficient and
pressure drop. The hydrothermal performance factor
(m) presents a good parameter, which is largely used
to select the optimum configuration. Fig. 9 depicts
the variation of the hydrothermal performance
factor () versus Reynolds number (Re) for various
Hcp/d. As shown in the figure, n is greater than the
unit for all of the proposed configurations, since
these configurations are better than the cylindrical
pin fins. The results indicate that m increases with
decreasing Hcp/d ratio. The case of Hcp/d=0.167,
at Re=8000 ensures highest value of hydro thermal
performance factor (n) by 1.51 which is merits to use
in heat sinks designing in the future.
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Figure 8: Thermal resistance (R,) vs. Reynolds number (Re).
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Figure 9: Thermal performance factor (1) vs. Reynolds number
(Re).
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5. Conclusion

The hydrothermal characteristics of heat
sinks with various shaped fins were determined
numerically. The conicaland cylindrical shapes of fins
were considered and explored. The performances of
five geometrical configurations of conical fins with
varying conical ratio (Hcp/d = 0.167, 0.333, 0.500,
0.667 and 0.833) were compared against those of
the cylindrical fins. A special attention was paid to
the distribution and amounts of Nusselt number,
thermal fields, thermal resistance, pressure losses,
and the hydrothermal performance factor. The main
results are resumed as follows:

» The conical fins resulted less pressure losses than the cylindrical
fins. However, the rise of (Hcp/d) ratio induced an increase in
the pressure drop. At the highest value of Reynolds number
considered here (Re = 8000), the amounts of pressure drop for
the conical fins were reduced by 343.32% and 100.38% for Hep/d
=0.167 and 0.833, respectively (against the cylindrical fins).

» The increasing Re and Hcp/d ratio yielded a decrease in the

thermal resistance. At Re = 8000 and compared to the cylindrical

fins, the values of the thermal resistance were decreased by

192.30% to 83.52% for Hep/d = 0.167 and 0.833, respectively.

» The values of the hydrothermal performance factor (n) for the

conical fins are greater than those of the cylindrical fins.

» The decreasing Hcp/d ratio yielded an increase in (1) values,

where the highest value of the hydrothermal performance

factor n = 1.51 was obtained with the case Hcp/d = 0.167 at

Re =8,000.

» Finally, these promising results allow us selecting and

recommending the case with Hep/d = 0.167 in designing the

future heat sinks.

Nomenclature

X Cartesian coordinate vector [m]

v Kinematic viscosity [m2/s]
Modified kinematic pressure [m2/s2]
Pressure drop [Pa]

Specific dissipation rate [1/5]
Thermal diffusivity [m2/s]
Turbulent kinetic energy [m2/s2]
Heat flux [W/m2]

Dynamic viscosity [kg/(m:s)]
Cross flow section [m2]

Heat transfer surface [m2]
Specific heat [J/(kg-K)]

Diameter of cylindrical pin fins [m]
Hydraulic diameter [m]

Height of channel inlet [m]

Nu Nusselt number
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Re Reynolds number
R, Thermal resistance [Km2/W]
T Temperature [K]
U Mean velocity [m/s]
A Thermal conductivity [W/(m-K)]
o) Density [kg/m3]
Subscript
ij Tensor index
in Inlet
out Outlet
s Solid
w Wall
Abbreviations
CFD Computational Fluid Dynamics
CPF Cylindrical pin fin
CPFHS  Cylindrical pin fin heat sink
Co-PFHS Conical pin fin heat sink
LHTAs Lower hear transfer areas
PFHS Pin fin heat sink
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