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The integration of nanofluid effects and channel shape effects in a heat sink, which exhibits both variable
and constant cross-section, has gained significant traction as an efficient cooling method for thermal devices,
particularly microelectronic devices. This research presents an experimental and numerical analysis to
compare the performance of microchannel heat sink designs (straight, zigzag, wavy, and circular cavities).
In addition, the study dealt with the use of pure water and nanofluid (CuO-H20) with volumetric
concentrations of (0.01, 0.02, and 0.03) as coolants. COMSOL Multiphysics was used for numerical analysis
to simulate and solve the problem of fluid and heat flow in 3D. The bottom wall of the four microchannels
is subjected to a steady heat flux of 170 kW/m2. The simulations were only performed within the laminar
domain, encompassing a spectrum of Reynolds numbers ranging from 50 to 150. The influence on the
microchannel's wall temperature, thermal resistance, pressure drop, and friction factor is exhibited.
According to the findings, the wavy and zigzag microchannel heat sink cooled by nanofluid displays higher
performance in terms of heat transmission and dissipation in comparison to the heat sink that was cooled by
distilled water. as evidenced by a 12% increase in mussel number at volume concentrations of 0.03%.

© 2024 University of Al-Qadisiyah. All rights reserved.

1. Introduction.

During the latter part of the twentieth century, advancements in
technology were observed across multiple disciplines, such as Engineering.
These advancements encompassed the development of microreactors for
hydrogen microfuel cells, lab-on-a-chip devices, and micro-total-analysis-
systems (ITAS) in the field of biotechnology. Additionally, progress was
made in the areas of Communications and Micro Devices. [1-6]. The
phenomenon of overheating in these gadgets is attributed to the
combination of constant downsizing and uninterrupted operation. Heat
dissipation is a crucial consideration in many devices or machines to
prevent potential harm to specific components. Elevated temperature levels
can have adverse effects on the efficiency and lifespan of these devices,
leading to energy wastage[7, 8]. Consequently, the integration of an
efficient cooling system into their design has become imperative [9-12].
Heat dissipation is a significant challenge in numerous engineering
applications. Microchannel heat dispersants are commonly employed to
mitigate thermal fluxes from electrical components. In recent years, there
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have been significant advancements in precise manufacturing and assembly
techniques, resulting in the emergence of a thriving sector of contemporary
industrial technology often known as micro-electromechanical systems
(MEMS).

MEMS systems have a distinct length scale between 1 mm and 1 um. The
cooling fluid plays a crucial role in cooling applications since it has a
substantial impact on the cooling efficiency of the device. The optimization
of cooling efficiency in a microchannel heat exchanger can be attained by
judiciously choosing an appropriate fluid. Further investigation is
warranted in this domain due to the proliferation of novel cooling fluids
employed in recent times. The cooling systems exhibit a diverse range of
geometric configurations in their microstructure, while the choice of
working fluids can differ across different systems. The functionality and
structural composition of the gadgets play a determining role. Hence, the
categorization of cooling systems can be determined as either direct or
indirect, depending on whether the operational liquid comes into direct
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contact with the chip or the cooling component [13,14]. The preference for
liquids in cooling applications is mostly attributed to their superior thermal
characteristics compared to gases. In recent times, there has been a notable
concentration of researchers on the utilization and formulation of
nanofluids due to their inherent benefits. The superior heat transmission
capability of nanofluids, as compared to conventional liquids, renders them
the preferred option for coolant applications. The thermal conductivity
shown by nanoparticles results in enhanced heat transfer properties.
Furthermore, it has been shown that the surface area of nanoparticles is
higher in solid substances as compared to fluid molecules. Additionally,
nanoparticles demonstrate a notable degree of heat conductivity. To
enhance the turbulent motion of nanoparticles inside a fluid, it is imperative
to decrease the dimensions of those nanoparticles within the range of 1-
100pm [15-22]. The primary objective of this study is to conduct forced
convection experiments in order to examine and analyze the thermal
performance characteristics of A microchannel heat sink. Experiments were
conducted to get further heat transfer data about the effectiveness of
utilizing nanofluids ( CuO-H20) as a coolant compared to pure water.

2. Description of the experimental configuration.

The schematic representation of the key parts of the open loop experimental
facility in the current study is depicted in Fig. 1. The working fluid
transitions from the tank to the annulus. When the valve is opened, the
passage of clean water occurs through a filter that is exclusively employed
when the working fluid is pure water only.

The temperature of the fluid in the upper tank of the test unit and the
temperature of the incoming flow remain constant. The measurement of the
volumetric flow rate within the open loop was conducted utilizing a flow
meter. The test module's configuration, as shown in Fig. 1 is observable.
The test section consists of several key elements, including a microchannel
heat sink, cover plate, housing, microchannels, insulating layers, insulating
block, and support plate. Figures 2 and 3 provide a schematic representation
of the geometric configuration of the constructed straight microchannel
heat sink. The whole dimensions are succinctly presented in Table 1. The
microchannel heat sink was fabricated by machining eighteen parallel
rectangular microchannels into a copper (Cu) block.

Four tiny holes were drilled along the centerline of the base of the heat sink
on both sides. Two K-type thermocouples and pressure taps were
strategically positioned to precisely measure the temperature rise and
pressure drop at both the entrance and outflow of the microchannel heat
sink. The measured quantities were documented by employing a digital
temperature recorder to capture their respective values.

W)

Figure 1. The experimental test facility's schematic.
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Table 1. The dimensions of the microchannel heat sink

Wm Lm Hm Hc Wc Lc X

10mm  30mm  990um  720um  270pum  30mm  270pm

3. Numerical analysis and verification.

This research presents a numerical investigation aimed at analyzing the
thermal and flow characteristics of fluid flow within a heat sink. The heat
sink under consideration consists of microchannels in various forms. The
objective of this study is to elucidate the impact of different parameters on
the performance of heat sinks and the efficiency of cooling systems. The
factors under thorough investigation are those that exert an influence on the
performance of the heat sink. The present study investigates the
characteristics of a three-dimensional laminar flow, which is
incompressible and steady-state. The flow consists of a single-phase fluid
moving through several microchannels, while simultaneously undergoing
conjugate heat transfer with a solid copper metal. The Naiver-Stock
equation, the continuity equation, and the energy equation are the primary
governing equations employed in both the mathematical and numerical
solutions within this study.

The microchannel heat sink consists of many microchannels made of
copper (Cu). The present study involved the examination and utilization
of four distinct microchannels, each characterized by a different shape
(straight, wavy, zigzag, and straight with circular cavities). The
employment of a single symmetrical section of the micro-channel heat sink
is employed in order to minimize computational time.

The first model The straight microchannel heat sink (SMHS) is
characterized by a three-dimensional model with eighteen channels, all of
which possess a uniform rectangular cross-sectional shape. The object is
composed of copper stuff. The subsequent information outlines the
geometric characteristics of a rectangular micro-channel heat sink. In order
to save computational time, a unit consisting of a single channel and two
symmetrical halves on either side of the channel, as depicted in Figure 3,
has been chosen. The unit's dimensions are as follows: the unit length wall
thickness (0.5wc) measures 0.135 mm, the channel width (wc) measures
0.27 mm, the channel length (Lc) measures 30 mm, and the channel height
(Hc) measures 0.72 mm. The dimensions of the microchannel heat sink
base are as follows: the heat sink width (Wm) measures 10 mm, and the
heat sink length (Lm) measures 30 mm. Additionally, the base's bottom
surface, as depicted in Fig. 1, receives a heat flux of 170 kW/m2.

The current study employs the Wavy microchannel heat sink (WMHS), as
depicted in Fig. 2. This WMHS possesses identical dimensions to a
conventional straight microchannel heat sink and comprises a total of
seventeen wavy units. The profile of each wavy unit can be depicted using
a combination of two circular arcs. Furthermore, Fig.3 illustrates a
sinusoidal micro-channel characterized by an amplitude of A =0.16mm and
a fixed wavelength of L = 0.16mm.

The current study employs the Wavy microchannel heat sink (WMHS), as
depicted in Fig. 4. This WMHS possesses identical dimensions to a
conventional straight microchannel heat sink and comprises a total of
seventeen wavy units. The profile of each wavy unit can be depicted using
a combination of two circular arcs. Furthermore, Fig.5 illustrates a
sinusoidal micro-channel characterized by an amplitude of A =0.16mm and
a fixed wavelength of L = 0.16mm.
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Figure 3. (a) Geometry of Straight microchannel heat sink, (b) Geometry
of (SMHS) unit.
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Figure 4. (a) Geometry of wavy microchannel heat sink, (b) Geometry of
(WMHS) unit

Out let flow

copper
Inlet flow pp

u 3

Warg

L%\ Heat flux

S

Figure 6. (a) Geometry of zigzag microchannel heat sink, (b) Geometry
of (ZMHS) unit.
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This work investigates a zigzag microchannel heat sink (ZMHS), as
depicted in Fig. 6. The ZMHS has seventeen zigzag units and possesses
identical dimensions to a straight microchannel heat sink. The experiment
employed a zigzag microchannel angle of 18 degrees, as depicted in Fig. 7.

R D™y

— LC —

Figure 7. The top view of the zigzag micro-channel.

The present study focuses on the development and analysis of a
Microchannel Heat Exchanger with symmetric circular Cavities (MCHS-
SCC). Circular cavities were utilized as the primary structural element in
this study, as depicted in Fig. 8. The configuration comprised twelve units
and possessed identical dimensions to the straight microchannel heat sink.
Furthermore, the cavities themselves were circular in shape. The
symmetrical circular cavities were measured with a radius of 0.86mm, as
illustrated in Fig. 9.
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Figure 8. (a) Microchannel Heat Exchangers with symmetric circular
Cavities (b). The geometry of (MCHS-SCC) unit.
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Figure 9. The top view of the Microchannel Heat Exchangers with
symmetric circular Cavities.
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Figure 10. Micro-channels after manufacturin

This study presents a comparative analysis between the published
calculations and the current numerical and experimental simulations,
focusing on the convergence of results. The validation involved comparing
results to experimental results from reference (B. Huang. et al [1].

The model used in this study exhibits good agreement with the
experimental findings for temperature-dependent fluid properties, as shown
in Fig .11.
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Figure 11. Influence of Re on outlet temperature between the
present study and B. Huang. et al [1]

3.1 Governing equations for Cartesian coordinates

Based on the aforementioned assumptions, the governing equations and
boundary conditions in the three-dimensional Cartesian coordinate system
can be expressed as follows:

Continuity equation for the fluid [23,24]:

ou ov ow
wtayts =0 (€]

Momentum equations (Navier’s Stokes equations) can be written as [25,
26]:
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X-momentum equation:

ou ou ou 10dp 92 u
Uu—+v—+w—=—--— —+— 2
6x+ Hy+ 9z p3x+p 6x2 ) ( )

Y-momentum equation:

v _ _1op  n a%v  d%v %
u ax v + oz pdy  p 9x? ) (3)
Z-momentum equation:

ow ow aw _  1dp ?w | 9*w | B*w

ax + ay tw 9z p oz p ‘9x? ) (4)

Energy equation for fluid and solid:

%Ty = 9Ty . 9°T,
[+ S04 5 ®)

arf +v 2l an tw
6x2 0.

=G

In addition, the expression for the 3D solid-wall steady-state energy
equation is:

(asz 92T | 3%Ts
9x2 ay? az*

)=0 ©®)

3.2 Definition of Nanofluid

A nanofluid is a fluid composed of a base fluid, such as water, oil, or
Ethanol glycol, in which nanometer-sized particles, typically fewer than
100 nanometers in size, are uniformly distributed. Nanoparticles, which
often have dimensions below 100 nanometers, are uniformly dispersed
inside the host fluid. The utilization of nanoparticles holds promise in
altering the thermo physical properties of the underlying fluid, including
thermal conductivity, viscosity, and specific heat capacity. This study
aimed to investigate the application of nanofluids as a cooling medium in
order to improve the thermal efficiency of a heat sink with microchannels.
In this investigation, the nanofluids employed are (CUO-H20) nanofluids.
The volume fractions used are 0.1%, 0.2%, and 0.3% respectively. Table 2
presents the thermo-physical characteristics of nanoparticles [27,28].

Table 2. The thermophysical characteristics of Base Fluid (pure water)
and nanoparticles

Thermophysical p cp K
characteristics (kg/m3) (J/kgk) (W/mK)
Pure water (H20) [29] 997.1 4179 0.613
Copper oxide (CuO) [30] 6500.0 535.6 20.00

3.3 The numerical simulation

This work used COMSOL Multiphysics to simulate a three-dimensional
fluid and heat transport problem in a microchannel. In a microchannel, the
fluid flow is often laminar, meaning that the fluid moves in layers without
any significant turbulence. This makes it possible to accurately model the
flow using computational fluid dynamics (CFD) techniques. The CFD
module's complete capabilities include solving stable and unsteady fluid
and heat transfer issues in two and three dimensions. The numerical code
undergoes many testing methods to ascertain the accuracy and reliability of
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the numerical analysis. This code used the finite element method to discrete
a partial differential equation of pressure, velocity, and temperature.
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Solid domain
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Figure 12. Mesh distribution details for model three dimension (a)
straight (b) circular cavities (c) wavy (d) Zigzag channel
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4. Results

4.1 Velocity contour characteristics

To investigate the effect of microchannel shapes (straight, Zigzag, wavy,
and circular cavities) with rectangular section entrance on velocity
magnitude, and due to the similarity of observed behavior, to reduce the
number of illustrations, only show one nanoparticle concentration (¢=
0.01), has been selected for Reynolds numbers Re= 150. Fig. 13.

4.2 Temperature contour characteristics
K
A3137

mls s ms mis In order to examine heat transfer and compare the various shapes (straight,
R1SC8 AU At Aosa zigzag, wavy, and circular cavities) utilized in this study, Fig. 14 illustrates
D W 05 nanofluid types (CuO-H20) and a Reynolds number of 150 for pure water.
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Figure 13. lllustrates the influence of different microchannel shapes
(rectangular, wavy, Zigzag, and circular cavities channel) on the
magnitude of velocity, using (a) Cuo-H20 nanofluid and (b) pure water as
the working fluid. The Reynolds number (Re) is set at 150, and the heat
flux (qw) is maintained at 170 kw/m?,

(b)
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the temperature distributions along the micro-channel heat sink for different
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Figure 14. Shows the temperature contour for with pure water work fluid,
Re=150, qw=170 kw/m? for the micro-channel shapes (a-straight, b-
zigzag, c-wavy and d-circular cavities).

4.3 The effect of nanofluids and nanoparticles on
microchannel heat sinks.

The thermal resistance of a microchannel heat sink is dependent on two
factors: the coolant's inlet temperature and the highest temperature recorded
at the heat sink's wall. The figures below present the thermal resistance
(k/w) of the straight microchannel and different channels (zigzag, wavy,
and circular cavities) studied in the search.

4.4 Comparison of experimental and numerical results

The obtained experimental results were then compared to the numerical
results, exposing a significant level of agreement, as depicted in Fig.15.
Error rates ranged from 1.2% to 5.2% when using distilled water as a
coolant. However, when Nanofluid was used as a coolant, the error rate
varied between (0.75% and 4.9%). Comparisons between experimental and
numerical Nusselt Number (Nu) results for all channels (straight, Wavy,

QJES

Since 2008

Zigzag, and circular cavities) are depicted in Fig. 16. When using Nanofluid
and distilled water as a coolant, a similar general behavior and apparent
convergence in the results were observed, as the largest deviation between
numerical and experimental Nusselt number values was (2.6-9.8%). These
results suggest that as flow rates increase, the temperature of the wall
decreases while the Nusselt number increases. Figures 10 and 11 below
show the evolution of the friction factor with the Reynolds number for the
straight Microchannel and different channels (zigzag, wavy, and circular
cavities) studied in the search.
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Figure 15. Shows the Thermal Resistance (k/w) of the different channels
at g = 170kw/m? using (0.01cuo-H20).
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Figure 16. Shows the effect of used (CUO-H20) nanofluid volume
concentrations (¢) (0.01%) as a coolant on friction factor (f) in the
different channels at q=170kw/m2.
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Figure 17. Shows the comparisons between numerical and experimental
results of the wall temperature of the Straightmicro heat sink .
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Figure 18. Shows the comparisons between numerical and experimental
results of the local Nusselt number of Straight micro-channel heat sinks.

5

1

. Conclusions

. The results elucidated that the pressure drop increases when the

geometry of the channel alters and ‘with the increase of both the
Reynolds number and the nanoparticle volume concentration. The
results indicated that the wavy micro-channel heat sink achieved the
highest readings compared to the other channels used in the research. In
addition, the circular cavities channel heat sink obtained the lowest
readings.

. The thermal resistance decreased at all values of all the Reynolds.
. Numbers and all the concentrations of nanoparticles used in the search,

where the relationship is inverse with it. Moreover, the results showed
that the straight microchannel heat sink achieved the lowest readings of
thermal resistance compared to the other microchannels.

. The findings indicated that the friction factor decreases with an increase

in the Reynolds number, and it increases as ‘the volumetric
concentration of nanoparticles rises. It is noted that there is a discrepancy
in the results where the channel geometry has a role in that.

. The Experimental results revealed that Nusselt's Number exhibits an

upward trend as the Reynolds number increases across various channel
geometries and working fluids under investigation. Furthermore, the
utilization of nanofluids as a coolant, as opposed to pure water, leads to
an increase in the Nusselt’s Number. Also, the wavy microchannel heat
sink recorded the highest results. And Nusselt’s Number is positively
proportional to the increase in the volumetric concentration of the
nanoparticles used in the current study.

. The experimental and numerical results indicated that The findings that

the mean wall temperature was found to be reduced at all the
(rectangular, wavy, Zigzag, and circular cavities) microchannel heat sink
as a result of increasing the flow rate and utilizing nanofluids. The lowest
mean wall temperature recorded from the experimental results was 34.2
c® at the (CuO—-H20) nanofluid with a volume fraction of 0.03, at a heat
flux value 170kw/m2, and a Reynolds number (Re) of 150. Additionally,
the highest mean wall temperature recorded was when using (the circular
cavities) micro-channel heat sink 53.2 c°, with when pure water was a
coolant, at heat flux value 170kw/m2, and a Reynolds number (Re) 150.

. The experimental and numerical results showed that the cooling

performance is better for all microchannels studied in this study when
using nanofluids, and it increases as ‘the volumetric concentration of
nanoparticles increases and at all heat flux values.

. The investigation focused on examining the impact of copper oxide

nanoparticles on thermal conductivity. An enhancement in thermal
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conductivity was observed as the concentration of nanoparticles
increased. Additionally, it was observed that decreasing the particle size
led to an enhancement in the thermal conductivity of the fluids. A
reduction in the dimensions of nanoparticles results in an augmentation
of the Brownian motion exhibited by the particles. The low viscosity of
the fluids is thought to contribute to increased reinforcement. The
subsequent study will be about studying the effect of phase change
material (PCM) and NCPCM as cooling medium.
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