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ABSTRACT: In this paper, the cooling performance of water-cooled heat sinks for heat
dissipation from electronic components is investigated numerically. Computational Fluid Dynamics
(CFD) simulations are carried out to study the rectangular and circular cross-sectional shaped heat
sinks.The sectional geometry of channels affects the flow and heat transfer characteristics
of minichannel heat sinks. The three-dimensional governing equations in steady state and laminar flow
are solved using Finite Volume Method (FVM) with the SIMPLE algorithm. The results show that
the numerical simulation is in good agreement with the experimental data. The thermal and
hydrodynamic characteristics of the heat sinks including Nusselt number, friction factor, thermal
resistance and pumping power for various geometries of heat sinks are discussed in details.
The results indicate that the heat sink with rectangular cross-section has a better heat transfer rate
and the circular channel heat sink has the lower pumping power.
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INTRODUCTION

The heat sink is a type of heat exchanger utilized as
a cooling system in electronic chips. The heat sink is used
to increase the heat transfer area in electronic
components, which is typically attached to the top of
the electronic devices. The advantages of the heat sink
are low initial cost, simple installation, and a reliable
manufacturing process. In practical applications,
the various sizes and shapes of heat sinks depend on

the shape of the electronic device and available space for
installation. Besides heat sinks, an important part of
electronic cooling systems is the movement of fluid,
where heat is transferred by air or water [1]. Thus, the
characteristic of flow and heat transfer in the heat sink
has become a very significant topic to attract more and
more researchers' attention. The heat sink is typically
made from a solid with high thermal conductivity such as
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silicon or copper. Over the past two decades, the need for
removal of a large amount of heat from a small area,
compactness and high heat transfer coefficient has attracted
many researchers to study MicroChannel Heat Sinks
(MCHSs). It is well known that when the passage
size decreases, the heat transfer performance improves,
at the expense of an increase in the pressure drop.
Therefore, there is an optimum solution for the design of
the MCHSs. Miniaturization of the heat sink is another
technique to increase the cooling efficiency of the cooling
system [2,3]. Numerical simulations of plate-circular
pin-fin heat sinks in thermal and hydraulic performance
were investigated by Yang an Peng [4]. The objective of
their study was to examine the influence of the configurations
of pin-fins design on the thermal resistance and the
pressure drop of the heat sinks. Conrad et al. [5]
investigated the performance of a pin fin heat sink that
was directly attached to the chip. Their packaging
concept exposed the chip directly to the cooling fluid.
They concluded that plastic strain during operation
can be significantly reduced compared to standard
non-structured chip contacts. Furthermore, three-dimensional
fluid flow and heat transfer phenomena inside heated
microchannels were investigated by Toh et al. [6]. They
solved the steady laminar flow and heat transfer
equations using a finite-volume method. It was found that
the heat input lowers the frictional losses and viscosity
leading to an increase in the temperature of the water,
particularly at lower Reynolds numbers. Tiselj et al. [7]
performed experimental and numerical analysis of the
effect of axial conduction on the heat transfer in
triangular microchannel heat sink. They pointed out that
the bulk water and heated wall temperatures did not
change linearly along the channel. Xie et al. [8,9]
investigate numerical studies on the laminar and turbulent
flow and heat transfer ‘characteristics of water-cooled
straight microchannel heat sink. The effect of using
nanofluid as working fluid on thermal performance of
solar parabolic trough collector was investigated
numerically [10-12]. Ghasemi et al. [13,14] proposed
segmental rings for heat transfer enhancement of solar
parabolic trough collector. The effects of segmental rings
layouts on the heat transfer and system performance
for non-uniform heat flux were discussed. The heat transfer
and pressure drop characteristics of the parabolic solar
collector with solid rings and porous rings were
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numerically studied using finite volume method by
Ghasemi and Ranjbar [15,16]. An experimental database
was compiled in order to fingerprint the scales formed
over the hot surfaces of heat exchangers, in cooling water
systems or other systems with similar chemistry
by Kameli et al. [17]. Mohebbi et al. [18] investigated
the convection heat transfer of Al,Oz-water nanofluid
turbulent flow through internally ribbed tubes with
different rib shapes (rectangular, trapezoidal and semi-
circular) numerically. The effect of CuO nanoparticles
in distilled water on heat dissipation from electronic components
was investigated numerically by Ghasemi et al. [19].
They used Computational-Fluid Dynamics (CFD)
simulations to study the rectangular and circular cross-
sectional shaped heat sinks. Also, the thermal performance
of a triangular shaped minichannel heat sink heat sink
using alumina-water nanofluid as a coolant with different
volume fractions was examined by Ghasemi et al. [20].
They- concluded that when the volume fraction of
nanoparticles increases under the extreme heat flux, the
thermal  resistance of the heat sink reduces. An
experimental investigation on cooling performance of
using nanofluid to replace the pure water as the coolant
in a minichannel heat sink was conducted by Ghasemi et al. [21].
The experimental results showed that the nanofluid
cooled heat sink outperforms the water-cooled one,
having a significantly higher average heat transfer
coefficient. Recently, Ghasemi et al. [22] investigated the
cooling performance of heat sinks with a different
hydraulic diameter of channel experimentally. They
concluded that the heat transfer coefficient obtained
from minichannel heat sink with D=4 mm is higher than
that obtained from the minichannel heat sink with D=6 mm
and D=8 mm.

The main objective of this paper is to numerically
study the thermo-hydraulic characteristics of rectangular
and circular cross-sectional shaped heat sinks.
Furthermore, the numerical results are compared with
experimental data [22], and validation of the method
is investigated.

THEORETICAL SECTION

Mathematical modeling is a vantage point to reach
a solution in an engineering problem, so the accurate
modeling of engineering problems is an important step
to obtain accurate solutions [23-27]. Fig. 1 shows
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Fig. 1: Schematic of the heat sink with: a)rectangular channels and b)circular channels.

the schematic of the rectangular and circular heat sinks
studied in the present work. Heat sink with the length and
width of 50 mm and a total height of 15 mm is simulated.
In this study, the thermal performances of two different
heat sinks with rectangular and circular cross-sections
using water as heat transfer fluid are studied numerically
to investigate the effect of geometry of heat sink.
The comparison is based on equal hydraulic diameter (Dp)
and equal Reynolds number (Re), for both shapes.
In order to simulate the heat generation in electronic chips,
a uniform wall heat flux is applied on the bottom wall
where the heat-generating chips are attached.

Governing equations

To numerical study on the effect of channel geometry
on the heat sink performance, the governing continuity,
momentum, and energy equations can be written
as follows for incompressible, laminar and steady-state
fluid flow [28]:

Continuity equation:
6_u+@+6_wzo @
ox oy oz

Where u, v, and w are the velocity components in the
X, Y, and z directions, respectively.

Momentum equation:

ou du ou
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Where pr and p are the density and dynamic viscosity
of the coolant, respectively, and p is the coolant pressure.
Energy equation for the coolant:
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Where Ts is the coolant’s temperature, Cp,s IS its
specific heat, and ks is its thermal conductivity.
Energy equation for the solid region:

o°T. 8°T. o7
k S+—24+—=21=0 6
S[6x2 oy?  oz° ] ©

Where Ts is the solid temperature, and ks is the
thermal conductivity of the solid.

In this study, pure water is to be used as the working
fluid. The thermo physical properties of pure water
are listed in Table 1.
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Table 1: Thermo-physical properties of pure water.
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p(kg/m®)

Co(U/kg.K)

k(W/m.K)

w(N.s/m?)

Pure water

997.1
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0.613

0.001003

T
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Fig. 2: Grid generation for the heat sink with: a)rectangular channels and b)circular channels.

Boundary conditions

Fluid enters the channel at the inlet with the same
uniform axial velocity that is specified according to
the Reynolds numbers. The no-slip boundary condition
at the walls is appropriate for this study. For thermal boundary
conditions, it is assumed that the fluid enters the channel
with a constant temperature and also a constant heat flux
is applied from the bottom, while the top glass layer
is considered adiabatic. For the channel outlet, the outflow
boundary condition is considered.

Numerical procedure

The geometrical model is created and meshed using
commercial software GAMBIT. In order to reduce the
number of grid cells-and cut down the computational
time, only one channel is modeled and studied. Fig. 2
shows the geometry of the grid of heat sinks for
the circular and rectangular cross-section. In order to simplify
the mesh generation and cut down computational time
for the geometry of circular and rectangular cross-section,
only one half of the computational domain is considered.

The governing equations are solved using the finite
volume method with CFD commercial software ANSYS
FLUENT [29]. The discretization scheme used for
pressure is standard. The solution is based on pressure
correction method and uses the SIMPLE algorithm.
The second order upwind differencing scheme is used for
momentum and energy equations. The solution

234

is considered to beconverged sufficiently when the
normalized residual of 105 for momentum and mass and
1072 for energy equations.

Grid independence study

In order to ensure that the numerical results are accurate,
a grid independence study has been carried out. To find the
most suitable size of mesh, grid independent test is
performed for four grids (257950, 698970, 1227630,
1762610 cells). The Nusselt number has been estimated for
each grid system and results are compared. Comparison of
the results in Table 2 shows that the grid with 1227630 mesh
cells is found sufficient for the current study.

Model validation

To check the validity of the built numerical model,
verification is made by comparing current numerical
results with experimental data of Ghasemi et al. [22].
In experimental work of Ghasemi et al. [22], four circular
minichannels was used as a heat sink. The minichannel
with the dimensions of 60 mmx60 mmx16 mm
was fabricated and the heat transfer performances
of a rectangular minichannel heat sink were investigated.
Fig. 3 compares the experimental and the numerical simulation
results for heat transfer coefficient and pressure drop.
Numerical results show a higher heat transfer coefficient
than the experimental results. For both the experimental
and numerical results, the heat transfer coefficient
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Table 2: Grid independence examination.

/ Grid system Mesh cells Nu Nu-difference (%) \
Grid 1 257950 1.77305 2.23%
Grid 2 698970 1.81270 142%
Grid 3 1227630 1.83845 0.11%
\_ Grid 4 1762610 1.84057 Baseline )
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Fig. 3: Validation of the present numerical code with the experimental data of Ghasemi et al. [22] for:
a) heat transfer coefficient and b) pressure drop.

increases with an increase in volume flow rate.
According to Fig.3a, the maximum deviation of numerical
simulation from the experimental results for the heat
transfer coefficient is 6.4%. Also, for pressure drop
(Fig.3b) this deviations is 7%. It can be seen that the
numerical simulation results are in good agreement with
the experimental data. Therefore the present numerical
model is reliable and can be used  to study the
performance of a minichannel heat sink.

The average heat transfer coefficient (h,,)
has been calculated as follows:
qll
Nave = (7
ave TW _Tf

Where " and T, are heat flux and wall temperature
respectively, and Tt is defined as:

T i+ T
Tf _ _inlet > outlet (8)
RESULTS AND DISCUSSION
In this paper, to obtain the thermal performance of
the rectangular and circular channel heat sinks, the numerical
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simulations of the fluid flow are evaluated. So,
the thermal and hydrodynamic characteristics of
the rectangular and circular heat sinks including Nusselt
number, thermal resistance, friction factor, and pumping
power for various Reynolds number are presented
and discussed in details. Fig. 4 shows the average Nusselt
numbers as a function of Reynolds number for
rectangular and circular heat sinks. Reynolds number

is defined as:
ubD
Re=" ; h )

Where p is the fluid density, u is the average velocity
of the fluid at the inlet of the channel, Dy is the hydraulic
diameter and y is the dynamic viscosity.

The average Nusselt number is calculated by:

Nu= haveDh (10)
k

It can be seen in Fig. 4, the Nusselt number increases

with an increase in Reynolds number for both cases.

This means that a high inlet velocity is able to improve

the cooling performance of the heat sinks. Furthermore,
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it can be found that the heat sink with rectangular cross-
section has a higher Nusselt number. It is because of that
for the heat sink with rectangle cross-section,
the ratio of surface area to cross-sectional area is greater
and thus the rate of heat transfer for this case is more than
the circular model.

Fig. 5 demonstrates the variant of friction factor versus
Reynolds number for the heat sink with rectangular and
circular cross-sections. The dimensionless friction factor
through the heat sink is defined as [30]:

_ 2D, Ap
puZL

f (12)

Where Dy is the hydraulic diameter, Ap is the pressure
drop of working fluid between inlet and outlet, p is
the density of the fluid, u is the inlet velocity of the fluid,
and L is the length of the channel.

As seen in Fig. 5, the friction factor of fluid in
rectangular and circular cross-sections decreases with
increasing Reynolds number because the friction factor
and velocity have an inverse relationship therefore
the friction factor reduced by increasing the Reynolds
number. Also, it is concluded that for the case with
a rectangular cross-section, the friction factor becomes
higher at the same inlet Reynolds number.

As an important evaluation criterion of the thermal
performance of heat sinks, the overall thermal resistance
is defined as:

R, —_max in (12)

Where Tmax is the maximum temperature of the wall
at the fluid-solid interface of the bottom channel, and Tin
is the coolant inlet temperature. Also, Qi is total power
generated by the chip.

Fig. 6 presents the relationship between the Reynolds
number and the thermal resistance rectangular and
circular heat sinks respectively.

From the figure, it is seen that the higher Reynolds
number represents the lower thermal resistance for both heat
sinks. Improvement in thermal transportation increases
the convective heat transfer coefficient that is inversely
related to the convective thermal resistance. So, the
enhancing in convective heat transfer coefficient ultimately
decreases the thermal resistance of the nanofluid.
Furthermore, it can be found that the thermal the resistance
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Fig. 4: Nusselt number versus Reynolds number for rectangular
and circular channels.
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Fig. 5: Friction factor versus Reynolds number for rectangular
and circular channels.
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Fig. 6: Thermal resistance versus Reynolds number for rectangular
and circular channels.
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of the heat sink with the rectangular cross-section is
obviously lower than that of the circular one.

When the coolant passes through the channel of
the heat sink, a pressure drop occurs. So, to overcome
this pressure drop, the system needs some extra pumping
power. The Pumping Power (PP) is given by:

PP=Ap.Q (13)

Where Ap is pressure drop across the heat sink and Q
is volume flow rate. Fig. 7 presents the pumping power of
heat sink versus Reynolds number for two different
geometry of channels. It is evident that the heat sink with
distilled water has the lower pumping power in
comparison with the nanofluid for both of geometry. Fig.
7 demonstrates that the pumping power increases with the
increase of the Reynolds number, owing to that with the
increase of the inlet flow rate, the pressure drop enhances
so more power is needed for pumping. It is obvious from
this figure that the heat sink with circular cross-section
has the lower pumping lower in comparison with the
other case.

The temperature distribution of the outlet section of the
heat sink for two different geometry of the channel
is demonstrated in Fig. 8. This figure shows that the
thermal transportation of the fluid for the rectangular
channel is higher than the circular channel. The
convective thermal resistance is inversely related to. the
convective heat transfer coefficient. So, the lower thermal
resistance of the nanofluid for ‘rectangular channel
represents the improvement of the convective heat
transportation capacity of the coolant and better reduction
of the base temperature of the rectangular heat sink in
comparison with circular one.

Fig. 9 presents the temperature distribution along
the channel at the same Reynolds number for two different
geometry of heat sink. It'is seen that for the heat sink with
the rectangular cross-section, the heat dissipation is larger
in comparison with other which is due to the lower thermal
resistance of this case.

CONCLUSIONS

In the current study, laminar forced convection heat
transfer in the rectangular and circular mini channel heat
sinks was simulated, and the heat transfer and pressure
drop characteristics were analyzed for various Reynolds
number. The finite volume approach was utilized for
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Fig. 7: Pumping power versus Reynolds number for
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Fig. 8: Temperature distributions on the heated bottom wall of
the heat sink with: a) circular channels, b) rectangular channels.
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Fig. 9: Temperature distributions for a heat sink with
rectangular and circular cross-sections.
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solving the incompressible, three dimensional and steady-state
problem. The validation was done to compare
the numerical results with the experimental data. The effects
of different geometry of channel on the thermo-hydraulic
behavior of the heat sink were investigated. As a first
result, the numerical results were in a good agreement
with experimental data. On the basis of equal hydraulic
diameter and equal Reynolds number, the heat sink with
rectangular channels has less thermal resistance but
requires more pumping power than heat sink with circular
channels. Also, the results showed that the friction factor
decreases with increasing Reynolds number.

Nomenclature

\Y Velocity vector
Re Reynolds number
p Density

Average velocity
p Pressure
Dn Hydraulic diameter
Co Specific heat
h Heat transfer coefficient
k Thermal conductivity
p Viscosity
f Friction factor
T Temperature
Nu Nusselt number
q" Heat flux
PP Pumping power
Rin Thermal resistance
Qin Total heating power
Q Volume flow rate
L Channel length
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