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ABSTRACT

The high rate of miniaturization and the power density of current electronic equipment
has increased the demand to find highly effective thermal management solutions. The
microchannel heat sinks (MCHSs) are materials that have been given a lot of attention
as they have high surface-area-volume ratio and have high ability to conduct heat
away. Nevertheless, the efficiency of the cooling of conventional fluids is also low due
to their low thermal conductivity. The engineered suspensions of nanoparticles are
Nanofluids with better thermophysical properties that have the potential to improve
heat transfer greatly. The paper is an in-depth exploration of an experimental and
numerical investigation of the flow and heat transfer of Al 2 O 3- water nanofluid in a
microchannel cooling system that is intended to be used in a high-wattage electronics.
Nanofluids of volume concentrations of 0.1% to 0.5% were made, and tested at
different Reynolds number in a custom made MCHS. Measures were made of key
performance parameters such as thermal resistance, pressure drop and convective heat
transfer coefficient. In ANSYS Fluent, parallel Computational Fluid Dynamics (CFD)
simulations were run and the temperature fields and flow behavior were predicted
using the two-phase mixture model. These findings indicated that nanofluid
concentration of 0.3 was the best concentration, which can be used to enhance heat
transfer performance by 18.4 percent and with insignificant hydraulic cost.
Experimental data was well agreeable with numerical predictions with a deviation up to
a maximum of less than 6 percent. The paper shows that nanofluid-enhanced
microchannel cooling as a stable and scalable cooler to high-power gainful electronic
systems of the next generation.
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1. INTRODUCTION

The growth of high performance compact electronic
systems has increased the pressure on aspects relating
to thermal management. New power-dense
components like GaN/SiC transistor, multi-port
CPU/GPU, laser diode and high-frequency RF
components have intense heat fluxes of more than 200
W/cm?, and then cannot be effectively cooled using
conventional cooling methods [1], [2]. Ineffective heat
dissipation does not only reduce the performance, it
also reduces the fatigue of the material used, leakage
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currents and premature breakdown of the devices.
Effective and dependable thermal management has
thus emerged to be one of the key design needs in the
forthcoming electronics. The microchannel heat sinks
(MCHSs) have turned out to be one of the best cooling
technologies with a high surface to volume ratio, small
geometry, and good convective heat transfer [3], [4].
Nevertheless, these benefits are accompanied by the
fact that it is still challenging to achieve the cooling
capabilities of MCHSs due to the relatively low thermal
conductivity of conventional working fluids like water
or ethylene glycol. Colloidal suspensions of high-

I i


mailto:sadulla09@gmail.com

Shaik Sadulla et al : Experimental and Numerical Investigation of Nanofluid-Enhanced Heat Transfer in Microchannel Cooling
Systems for High-Power Electronics

conductivity nanoparticles in base fluids have shown a
high degree of enhancement of thermal conductivity,
energy transport, and mixing at boundaries of
disequilibrium layers (Nanofluids) [5], [6]. Recent
researches indicate that nanofluids traversing in the
microchannels can substantially increase the Nusselt
number, decrease the emergence of hot spots, and
increase cooling uniformity in electronic processes [7]
-[9]. Indicatively, research on Al, O3, TiO,, graphene,
and hybrid nanofluids have been found to increase
thermal conductivity by 10-35% at low stability costs
[10], [11].

Nevertheless, even these improvements do not
eliminate serious gaps in research:

Most of the previous studies have been conducted
either on experimental or numerical basis, however,
extensive cross-validation hybrid studies are limited.

Limited literature compares the best nanoparticle
concentration between thermal enhancement and
pressure drop.

The simple numerical tools that exist are currently
performed based on reduced single phase
approximations that can be inaccurate in localised
micro scale systems in the nanoparticle-fluid
interaction [12].

Most experiments have not been compared with
proven CFD predictions, in order to make sure that
they are reliable under operating conditions.

In a bid to close these gaps, this research paper will
focus on a joint experimental research and CFD based
numeric investigation of the abrasion Al, O; -water
nanofluid heat transfer in a microchannel heat sink
utilized in the power electronics of high power. The
key objectives are:

1. To experimentally measure the heat transfer at
different nanofluid concentrations ( 0.1-0.5%).

2. To model flow and temperature distribution using
two-phase mixture model in ANSYS Fluent To
validate the two-phase mixture model.

3. To identify the experimental and the numerical
findings to associate with optimum nanofluid
concentration and operating parameters.

The research findings based on this study are applied
to the design of effective, scalable, and high-
performance cooling systems of next-generation
electronic devices.

2. RELATED WORK

Microchannel heat sinks (MCHSs) have been identified
as an effective remedy with regard to thermal
management in high-power electronic systems.
Microchannels were first introduced by Tuckerman and
Pease [1], and was exceptional in that it is
characterized by heat removal because of having high
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surface-area-to-volume ratio. Later researchers
concentrated on the optimization of the geometry
parameters, including the aspect ratio of the channels,
and the hydraulic diameter and the manifold designs
to reduce the pressure drop and improve the thermal
characteristics [2]-[4]. Kandlikar [5] also enumerated
on continuous issues such as flow maldistribution,
hotspot formation and greater hydraulic losses that
inhibit the scope of MCHSs in miniaturised power rich
architectures. To mitigate those challenges, the
recent studies have examined the use of a more
sophisticated surface modification in a form of wavy
walls, ribbed surfaces, porous metallic inserts and
graphene-enhanced surfaces that enhance the
effectiveness of disrupting the boundary layer to
enable cooling effect caused by convective mixing [6],
[7]. Although these achievements have been made
possible, the cooling capacity of traditional fluids such
as water and ethylene glycol is essentially restricted
by their low intrinsic thermal conductivity particularly
at high heat flux situations with the apparent presence
of GaN/SiC power electronics and high-performance
processors [8]. The development of nanofluids by Choi
[9] was a breakthrough in the development of
coolants. Nanofluids, which are composed of
suspended nanoparticles i.e. Al, O;, CuO, TiO,, and
graphene, possess superior thermophysical
characteristics that comprise elevated thermal
conductivity, enhanced thermal diffusivity, and
altered viscosity attributes [10]12]. Recent studies on
IEEE have reported that the types of nanoparticles,
dispersion stability, and concentration have been
found to increase thermal conductivity by 10-40
percent in different cases [13]. These improvements,
which involve Brownian motion, particlefluid
interfacial energy transport, increased thermal
dispersion, and thinning of the boundary layer, were
common in the previous foundational work of Das et
al. [14] and Lee and Mudawar [15]. Still, in practice,
nanoparticle agglomeration, sedimentation, and
viscosity are factors which may negatively affect long-
term stability of circulation and assume large pumping
demands, which should further stimulate the prudent
concentration and preparation of nanofluids [16]. A lot
of literature has been done on nanofluids integration
into microchannel heat sinks. Li and Kleinstreuer [17]
have shown that Nusselt number can be significantly
increased with the use of the Al 0O; and
CuOnanofluids at the maintenance of moderate
pressure drop rates. On the same note, Namburu et al.
[18] indicated that the order of increase in the
thermal conductivity and convective heat transfer
coefficients was found to be low nanoparticle
loadings, which means that optimum improvement will
occur without extreme hydraulic penalties. Nanofluid
experimental research by Yu and Xie [19] and He et al.
[20] further affirmed that nanofluids reduce the rate
of formation of hotspots and enhance uniformity in
temperature of microchannel systems. The numerical
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studies have investigated the underlying processes of
heating in single-phase and two-phase mixture models
such as the works of Xuan and Li [21] but these
experiments have yielded further understanding of the
underlying heat transfer processes but single phase
assumptions are not applicable in geometries of micro
scales as it tends to underestimate nanoparticles slip
velocity, interphase momentum exchange, and
Brownian effects of diffusion. Recent computational
studies indicate disparities between experimental
observations and numerical projections because
numbers of nanoparticles are not prepared, are
unstable, and differ in channel formulation, implying
the necessity of computationally rigorous models
validation with coupled experimental model
investigations [22].

Nevertheless, even with all the efforts, it is still
possible to see research gaps. The majority of current
literature considers experimental or numerical sides
separately, whereas there are few studies which
correlated both methods (hybrid studies). The two
advanced nanofluid CFD models, specifically the two-
phase mixture and Eulerian multiphase methods, have
not been adequately validated against empirical data
on models that were characterized by realistic
microchannel operating conditions. Also, the optimal
nanoparticle concentration that incorporates the
combination of thermal enhancement and pressure
drop is not properly established, and there is no
standard structure that can be used to compare the
equation of nanofluid-based microchannel heat sinks
with conventional coolant system. Based on these
gaps, the current study offers a complete
experimental and numerical study of the Al, O; -water
nanofluid cooling in microchannels. The paper
constructs a validated CFD model based on two phase
mixture method, conducts a direct experimental-
numerical correlation and provides useful information
on the best nanofluid concentration to utilize in case
of high power electronic thermal management.

3. METHODOLOGY

3.1 Experimental Setup

An elaborate experimental design was created to
measure the heat transfer of Al, O;- water nano fluid
in @ microchannel heat sink (MCHS). The heat sink was
made out of high-purity copper since it has high
conductivity of thermal energy. The artificial MCHS
was composed of 20 parallel microchannels that had a
width of 250 pm, height 400pm, and a length of 40
mm. Beneath the microchannel structure, a cartridge
heater block was attached to replicate the heat
produce by high-power electronic machines (input
power out that varied between 20 W and 80 W). Figure
1 represents a schematic view of the experimental set

up.
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Transient and steady-state temperature media were
measured at the inlet channel wall and outlet using
Type-K thermocouples that were accurately located. A
measured differential pressure transducer was
attached across microchannel inlet and outlet to
measure pressure drop. A variable-speed peristaltic
pump was used to sustain fluid circulation which
allowed Reynolds number to reach 200-900 with
variations in flow rate and fluid properties.

Nanofluid Preparation

Nanoparticles of Al,O; having an average diameter of
40 nm were dispersed on deionized water to produce
nanofluids at volume concentration of 0.1, 0.3 and
0.5%. A two-step method of preparation was used:
nanoparticles were weighed using the high precision
scales and then add to the base fluid and left under
ultrasonication to assure uniform dispersion and
minimized particle agglomeration. There were no
surfactants added to prevent the changes in
thermophysical properties.

Measured Parameters

Monitoring and calculation of the following parameters
were done:

Income and outflow fluid temperatures.
Temperature of walls in microchannel.
Pressure drop across microchannel.
Convention heat transfer coefficient (h)
Nusselt number (Nu)

Thermal resistance (Ru)

These tests contained a whole thermal-hydraulic
characterization of nanofluid operation in the MCHS.

i
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Fig. 1. Experimental Setup for Nanofluid-Cooled
Microchannel Heat Sink

A schematic layout of the experimental apparatus
employed to measure Al, O; and water nanofluid heat
transfer within the microchannel heat sink, indicating
the arrangement of peristaltic pump, location of
thermocouple, location of heater block, and location
of pressure meter.
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3.2 Numerical Model

In the same way to support the experimental work,
the simulation was included in which the ANSYS Fluent
was applied to simulate the behavior of flows and the
distribution of heat transfer in the microchannel heat
sink. The development of the numerical model was
done on a combination of three dimensions geometry
similar to the experimental set up. Figure 2 gives a
visual representation of the numerical domain,
boundary conditions and mesh structure.

Governing Equations

The equations that were used to describe the flow and
heat transfer of the nanofluid were as follows:

. Continuity equation

. Momentum equations of Navier-Stokes.

. Energy equation

. two phase mixture model to consider interaction

between nanoparticles and fluid.

The viscosity, thermal conductivity and density were
neglected and considered to be dependent on
temperature in order to enhance the accuracy of the
models.

Boundary Conditions

The following were the boundary conditions in the
simulation domain:

e Uniform velocity of the inlet of the Reynolds
number that is uniform in the experiments.

e Internal pressure gauge pressure adjusted to zero.
e Constant heat flux implemented on the bottom
surface in order to simulate the heater block.

e no-slip boundaries on all solid walls.

The mesh of a fine resolution (approximately 1.2
million elements) was created, and the local
refinement of the mesh near the microchannel walls
was done so that to resolve the gradient of the
boundary-layer. Checks on mesh independence were
done in terms of temperature and velocity fields on
different mesh densities.

Model Validation

In order to test the numerical model, the simulated
outlet temperatures, Nusselt numbers, pressure drops
were then compared to the experimental results. The
comparison reflected that there was a high correlation
with deviations that were lower than the acceptable
engineering limits. This validation justifies the
accuracy of the CFD model in the prediction of
nanofluids performance in microchannel heat sinks.
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Fig. 2. CFD Numerical Model of the Microchannel Heat Sink

A schematic diagram of the CFD simulation field
comprising of the microchannel geometry and
geometric features of the simulation, the boundary
conditions (uniform velocity entry and pressure outlet
as well as constant heat flux), governing equations
that will be employed in the model, mesh refinement
along the channel walls and the two phase mixture
representation of nanofluid flow in the simulation
zone.

4. RESULTS

4.1 Experimental Results

The experimental study showed that the addition of
Al, O; -water nanofluids has significant improvements
in thermal performance of the microchannel heat sink
in all conditions that were tested. It was also noted
that increasing the concentration of nanoparticles in
solution significantly improved the convective heat
transfer coefficient (h) of the solution.

HTC Improvement

The improvement in the heat transfer coefficient over
the base (DI water) was:

o 0.1% nanofluid: 8.7% increase
. 0.3% nanofluid: 18.4% increase (maximum)
o 0.5% nanofluid: 16.2% increase

The highest percentage was 0.3 concentration that
produced the highest enhancement because of the
improved thermal conductivity and stable dispersion.
A minor drop in enhancement was observed at a
concentration of 0.5% probably because highly
concentrated solutions had low viscosity and fluid
movement.

Denial of thermal Resistance

With the addition of nanofluids, the thermal resistance
of the microchannel system was also decreased by the
entire unit:
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. Water baseline: 0.132 *C/W
. 0.3% nanofluid: 0.107 °C/W (minimum)

Such reduction means that there is an increase in heat
removal efficiency and heat spreading along the
microchannel.

Pressure Drop Behavior

With a rise in the concentration of nanoparticles,
there was a slight pressure drop increase (less than 5-

%). The increase was acceptable, in the cooling of
microchannels and in accordance with slight increases
in viscosity of nanofluids.

The heat transfer coefficient, thermal resistance, and
pressure drop have been consolidated and compared
between water and the prepared nanofluids in Table 1
which provides a clear performance view of the
concentrations tested.

Table 1. Thermal Performance Summary of Water and Al.03-Water Nanofluids in the Microchannel Heat Sink

Coolant Concentration Heat Transfer | Thermal Pressure Drop
(%) Coefficient Increase | Resistance (°C/W) | Change (%)
(%)
Water (Base | O — 0.132 —
Fluid)
Al203-Water 0.1 8.7% 0.123 < 5%
Nanofluid
Al203-Water 0.3 18.4% (Maximum) 0.107 (Minimum) < 5%
Nanofluid
Al203-Water 0.5 16.2% 0.113 < 5%
Nanofluid
Graphical analysis of the heat transfer behavior is
given. Figure 3 shows the change in the enhancement = 01307
of the heat transfer coefficient with the concentration %
of nanoparticles whereas Figure 4 is the comparison of ; 0.125¢
thermal resistance of the various coolant g
configurations. @ 0.120F
&
3 E 0.115}
o 175F o
o F o0.110f
0150t
g 00 01 0z 03 04 05
E’ 12,51 Nanoparticle Concentration (%)
-g 100} Fig. 4. Thermal resistance comparison
§ 75} Comparison of thermodynamic overall resistance to
C diffusion of base fluid (water) and nanofluids at
v% 5071 varying concentrations. The thermal resistance (0.107
g o C/W) of the 0.3% nanofluid is lowest, which means
E 25 that it has a better heat removal rate in the
§ 0.0k microchannel heat sink.
T ' |

0.0 0.1 0.2 0.3 0.4 0.5
Nanoparticle Concentration (%)

Fig. 3. Heat transfer coefficient vs. concentration

Dependence of improvement on concentration of Al,
O; nanoparticle enhancement of heat transfer
coefficient within the microshear of the heat sinks.
The nanofluid with the highest improvement (18.4%) is
the 0.3% nanofluid that has a high balance between
the thermal conductivity improvement and viscosity
effects.
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4.2 Numerical Results

The CFD simulations were used to give detailed
information about local flow structures and heat
transfer mechanism in the microchannel heat sink.
One of the things that were found to be highly
consistent with decision-making experiment
measurements was artificial temperature field,
velocity field and wall heat flux patterns, which also
confirmed the methodology used in the model.

Figure 5 can be used to show the trend in temperature
distribution of water and nanofluids at different levels
of concentration. Nanofluids as depicted provide
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enhanced uniformity in temperature along the length
of the channel and also have considerably lower hot
spots regions than the base fluid.

Témp°C
90
60
Inlet Inlet
—_— —_— 50
60
50
(a) (b) (©) (d)

Fig. 5. CFD Temperature Contour Plots

Experiments Simulated temperature profiles along the
microchannel heat sink of water and Al 2 O 3
nanofluids at different concentrations. The plots
demonstrate that the temperatures are uniform and
the intensity of hotspots is less using the nanofluids,
and the highest cooling effect is observed at a
concentration of 0.3%.

The most important numerical results are as follows:

Only a few deviation horizons of 6% between
experimental and numerical values, which proves a
high accuracy of the model.

Results shown by temperature contours showed that
the heat distribution and spread when nanofluids were
employed were improved.

There were increased micro- mixing and boundary-
layer thinning at the higher concentrations of
nanoparticles indicated by velocity vectors and
secondary flow structures, which enhanced the
convective heat transfer.

The thermal performance was also evaluated
numerically along with the hydraulic performance.
Figure 6 illustrates the pressure drop variation across
the microchannel; the effect of Reynolds number on
this variation. There was a continuous increase in
pressure drop with increase in flow rate though the
values were within acceptable range in microchannel
cooling systems.

3.00

2.75}F

(kPa)

2.50
Q.
2.25f
2.00

1.75F

Pressure Dro,

1.50

1.25F

200 300 400 500 600 700 800 900
Reynolds Number

Fig. 6. Pressure drop vs. Reynolds number

¢

Dependency of pressure drop across the microchannel
with Reynolds number. It is seen to progress slower
with a greater flow rate where all pressure drops are
within acceptable working conditions of the
microchannel cooling application.

5. DISCUSSION

The experimental-numerical analysis, in combination,
proves that the integration of nanofluid into
microchannels may considerably enhance the
performance of microchannel cooling. It was reasoned
out that the best percentage was 0.3 that would be a
balance between increased thermal conductivity and
still manageable viscosity. The elevated
concentrations (0.5) augmented fluid viscosity that
resulted in minor hydraulic penalties without a
commensurate enhancement in heat transfer.

These results are similar to the reports done by Li and
Kleinstreuer, Namburu et al., and Yu and Xie, who also
found peak performance with low to moderate metal-
oxide nanofluid concentrations. Like the papers by
Patel et al and Al-Waeli et al, the present research
affirms that the increase in the nanofluid heat transfer
is because of:

e Improved effective thermal conductivity at
suspended nanoparticles.

e Bacterial motions induced by micro-mixing due to
Brownian motion particularly at walls.

e Thermal boundary layers disruption.

e enhanced fluids motion by particles exchange.

The pure similarity between CFD simulations and
experiments also confirms the two-phase mixture
model in the study of nanofluids using confined
microgeometries.

In general, the findings indicate that the enhanced
nanofluidmicrochannel heat sinks obtain high potential
in next-generation high-power electronics systems
such as CPUs, IGBT modules, GaN/SiC power devices
and laser diode systems. They have the capability to
withstand high heat fluxes, which retain compact
footprints of the devices which render them an
efficient thermal management system in new
electronic devices.

6. CONCLUSION

In this study, the researcher provided experimental
and numerical analysis of the application of water
nanofluids in Al, O; that can be used to increase
thermal conductivity in microchannel heat sinks of
high-power electronics. The integrated analysis
revealed that incorporation of nanoparticles
considerably increases the convective heat transfer
and lowers the thermal resistance and increases the
evenness of temperature in the microchannel domain.
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Out of the tested concentrations, the 0.3% nanofluid
performed with the highest thermal performance with
values 18.4 percent increase in heat transfer
coefficient and least thermal
resistancepenaltiesworthy of hydraulic penalties were
incurred. The experimental results were well matched
with the CFD simulations, and deviation was not more
than 6 per cent, hence establishing the accuracy of
the two-phase mixture model in predicting nanofluid
behavior at micro scale size. Other important
mechanisms in the numerical model, including
nanoparticle-fluid slip, dispersion due to Brownian
effects, and the alteration of a boundary-layer by the
presence of nanoparticles, all confirm the importance
of the model to thermal-hydraulic analysis of
nanofluid-cooled microchannel systems. In general,
the results affirm that microchannel heat sinks whose
microchannels are suspended in nanofluid represent a
practical and effective remedy to the increase in heat
fluxes in the future miniature electronic equipment
such as high-density processors, GaN/SiC power
modules, and laser diode and laser devices. Future
applications of nanofluids will involve enhancement of
long term stability of nanofluids, formulation of hybrid
and functionalized nanoparticles, and incorporation of
nanofluid-cooled microchannels into electronic
packaging real architectures. The further development
of nanofluid-based cooling technologies will be done
through research of transient thermal behavior, cyclic
loading reliability, and multi-scale thermal modeling.
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