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Surface Temperature and Pressure Drop Simulation Analysis of Nanofluid Flow in

Microchannel Heat Sink
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Abstract: The increasing demand for high-performance electronic devices has driven the need more effective thermal management
solutions. Standard air-cooling methods fall short when handling high heat flow rates. Among the most promising solutions is the Micro
Channel Heat Sink (MCHS), specifically designed to address this challenge. To draw heat away from the chip, a cold liquid navigates
intricate channels within the electronic system. The design of the heat sink profoundly influences crucial factors, such as microchannel
area, heatsink size, channel width, height, and inlet/outlet diameters, each of which is affected differently by the heat sink's configuration.
This study investigated heat transfer performance across various thicknesses, exploring nanoliquids, air, and water as cooling agents. After
reviewing the setup steps, the ideal fluid performance for the given design is identified. Using COMSOL Multiphysics 5.5 software, a 3D
model of a rectangular copper MCHS is created employing the finite element method. Results indicate that a 5 mm channel thickness
using Aluminum oxide (Al,03) nanofluids yields the most promising thickness based on the findings. Al,03 exhibits outstanding
performance, maintaining momentum even at lower temperatures. The influence of fluid flow velocity on the MCHS is reflected in the 5
mm channel thickness, significantly impacting the effective pressure drop. One avenue for potentially enhancing performance involves
considering the aspect ratio of nanofluidic particles and exploring diverse materials such as iron and aluminum.
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1. Introduction specific designs, such as angled ribs, improve heat transfer while

increasing pressure resistance (Behnampour et al., 2017; Liou,

MCHS have emerged as pivotal components for cooling high- Chang, & Chan, 2018). In addition, the size of the channels and

performance electronic devices since their inception by the inlet/outlet ports also play a crucial role in thermal efficiency.

Tuckerman and Pease (1981). Traditional air-cooling methods Numerical simulations help engineers analyze these variables,

struggle to handle the high heat generated by modern devices, allowing them to optimize designs for better performance
prompting the search for more effective cooling techniques. without increasing costs (Dhaiban & Hussein, 2020).

Liquid cooling through MCHS, where chilled liquid flows through
tiny channels to remove heat from the chip, has proven to be one
of the most efficient solutions (Van Oevelen, 2014). These
channels are built into the heat sink, which is placed on or
embedded within the chip to ensure optimal cooling. MCHS are
typically made from highly conductive materials, such as copper
and aluminum. Copper has better thermal conductivity, while
aluminum is lighter and more affordable. Many designs use both
materials to balance performance, weight, and cost, ensuring
efficient cooling of electronic devices.

Using advanced coolants, such as nanofluids, which are liquids
containing tiny nanoparticles, has been shown to significantly
enhance heat transfer rates. Nanofluids, such as Al,O3 mixed with
water, can boost cooling efficiency by up to 8.58% compared to
regular water (Elbadawy et al., 2023). However, challenges like
sedimentation and increased fluid viscosity must be addressed to
ensure their long-term effectiveness (Rafiq, 2021). The
performance of nanofluids is influenced by factors such as particle
size, material type, and temperature. Preventing particle
clumping and maintaining fluid stability over time are essential for

One of the main challenges in optimizing MCHS is enhancing maximizing their thermalbenefits. Ongoing research focuses on
heat transfer efficiency. Adjusting the shape, size, and orientation improving nanofluid stability and understanding their behavior
of the microchannels can significantly improve heat transfer and using advanced simulations, particularly the Finite Element
reduce pressure drop. For example, triangular fins are more Method (FEM) and Computational Fluid Dynamics (CFD), which
effective at transferring heat than rectangular ones, although are key tools for enhancing MCHS designs (Nazzal et al., 2021; Gao

et al., 2022).
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nanofluids, such as Al,03; can enhance heat transfer compared to
air cooling, this study extends to investigation by testing different
channel thicknesses. It finds that a 5 mm thickness works best for
efficient cooling and examines how fluid temperature, velocity,
and novel materials, such as iron and aluminum, can enhance
heat transfer. The study also explores innovative methods to
enhance MCHS performance through FEM simulations.

2. Materials and method

Three key parameters must be observed in the design: heat
transfer performance in solids and fluids, surface temperature,
and pressure. The design in this study is adapted from research
conducted by Gunnasegaran and his team (Gunnasegaran et al.,
2012). They focused on the 3D simulation of heat conduction,
convection, and laminar flow behavior with various heat sink
shapes, the effect of nanoparticle volume fraction, different types
of nanofluids, and nanoparticles in different base fluids. In this
paper, the heat performance of various geometry thicknesses of
heat sinks and different types of nanofluids is examined. The
influence of nanofluids on varying thicknesses of heat sinks is the
main focus. The results are presented in terms of surface
temperature and pressure.

2.1 Geometry

The inlet/outlet area, channel width, channel height, channel
length, heat sink size, and copper microchannel area are the
parameters examined in this study. Figure 1 shows the overall
design of the inlet and outlet of the copper rectangular MCHS
design in 3D. The design remain the same for the 5mm and 8mm
thicknesses of the heat sink channel with different types of
nanofluids. The parameter details of the MCHS design used in the
simulation are shown in Table 1. Figure 2(a) and Figure 2(b) show
the XZ-cut plane view and YZ-cut plane view, which were used as
guidelines to present the results in the next section.

Silica glass .
Yol ox Channel N fﬂ o5
Figure 1. Copper rectangular microchannel heat sink.

Table 1. The parameters of copper rectangular microchannel
heat sink.

Parameter Dimension
Inlet/outlet area, mm 42.5 x50
Channel width, mm 10
Channel height, mm 50
Channel length, mm 95
Microchannel area, mm?2 60 x 95

Figure 2. Microchannel heat sink (a) XZ-cut plane view and (b) YZ-
cut plane view.

2.2 Nanofluids

The model design begins with an electronic chip placed at the
bottom of the heat sink as a heat source made from silica glass.
The copper MCHS acts as the path for nanofluids to flow and is
surrounded by a domain. The physical interface is transferred
from the electronic chip using nanofluids, air, and water as the
fluid flows from the inlet to the outlet of the heat sink along the
MCHS. As the nanofluids, air, and water flow in the rectangular
channel, the thermal balance for the electronic component was
optimized. In this part, the properties of all the nanofluids, air, and
water were defined by inserting them into COMSOL.
Thermophysical properties of solids and fluids for materials and
nanofluids used in this study are shown in Tables 2 and 3.

The thermophysical properties of the solid materials and
working fluids presented in Tables 2 and 3 are adapted from Patel
et al.,, (2019), Gunnasegaran et al., (2012), and Mohammed et al.,
(2010). Nanoparticle constants (Al,Os, SiO,, and ZnO) and the
effective nanofluid properties were determined using the
conventional mixture relations described by Pak and Cho (1998)
and Hamilton and Crosser (1962), validated experimentally by
Sohel et al., (2014) and theoretically by Malvandi and Ganiji
(2014). These references confirm that, for dilute nanoparticle
concentrations (< 4 vol %), the nanofluid density remains very
close to that of the base fluid, differing by less than 3 %. Base-fluid
properties for water and air were taken at 293 K following Patel
etal., (2019), Mohammed et al., (2010), and the National Institute
of Standards and Technology (NIST) standard property tables. The
solid-phase properties of copper and silica glass were verified
against those reported by Patel et al., (2019) and Gunnasegaran
et al, (2012) to ensure consistency with established MCHS
studies.

2.3 Equations

This section includes the equations of heat transfer in solids
and fluids, laminar flow, temperature, pressure drop, and
boundary conditions for heat transfer in solids and fluids, and
laminar flow is solved in COMSOL Multiphysics. Heat transfer in
solids and fluids is defined by the heat source, heat rate, heat flux,
inflow, and outflow, as describe in the COMSOL Reference
Manual. Eq (1) is the equation for the heat source. Inserting a
value for the heat rate Py in the overall heat transfer rate field as
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Table 2. Thermophysical properties of solid.

Thermophysical properties Copper Silica glass
Density, ps (kg/m3) 8690 8690
Thermal Conductivity, k (W/m-k) 400 400
Relative Permittivity, €, 1 3.9
Heat Capacity at Constant Pressure, Cy (J/kg-k) 385 385

Table 3. Thermophysical properties of fluid.
Thermophysical properties Al,03 Sio, Zn0 Water Air
Density, ps (kg/m3) 3880 2200 5600 997 1.23
Thermal Conductivity, k (W/m-k) 30 703 113 148 0.025
Relative Permittivity, €, 8.5 3.9 5 78.3 1
Heat Capacity at Constant Pressure, C, (J/kg-k) 791 745 495 4182 1006

mentioned in Eq (2). Qo as the heat per unit volume, as a linear
heat source, or as a heat rate and V is the total volume.

0= Qo (1)

0=t
V (2)

U=-nU, a)

In this study, the laminar flow options available in the
boundary condition options for the inlet and outlet are pressure
and velocity. Eq (3) shows the normal inflow velocity, where n is
the boundary normal pointing out of the domain, and Uy is the
normal inflow speed that is defined by the simulation software.

Egs (4) and (5) are the inlet boundary conditions, and Eq (6) is
the outlet boundary condition (Memon et al., 2020). Below are
the equations for the inlet and outlet boundary conditions:

T, =T, =293K
S @

v (5)
P=P  =latm )

For the above equations, Ti, and u;, are the temperature and
velocity at the inlet of the heat sink. T is the temperature field
inside the fluid. P, is the pressure at the outlet. The temperature

of each channel, shown in Egs (7) and (8), was used to calculate
the pressure drops along the length of the heat sink channel
(Gunnasegaran et al., 2012).

g-L L

Tw_ i (7)
~ AP
b= 2

p in (8)

Tris a fluid temperature, T;is an inlet temperature and T, is a wall
temperature. For the Eq (8), 4P is the pressure drop of the
microchannel configuration, p is the water density and uj, is the
inlet water velocity (Mohammed, Gunnasegaran, & Shuaib,
2010).

2.4 Meshing and validation

The MCHS design of the entire model used an "extremely
coarse" mesh, as shown in Figure 3, to reduce computational cost
while still capturing essential flow and thermal behavior,
featuring 6,770 triangular and 68 vertex elements for a 2 mm
channel thickness, 7,164 triangular and 68 vertex elements for 5
mm, and 6,644 triangular and 68 vertex elements for 8 mm. The
minimum element quality improved from 0.114 (2 mm) to 0.2626
(5 mm) and 0.2828 (8 mm), indicating better element shapes with
increasing thickness. The coarse meshing was applied because the
simulation focused on broad thermal and fluid patterns, where
fine local details are less critical. Boundary conditions, such as
inlet/outlet flow, wall heat transfer, and symmetry, ensure
realistic thermal-fluid behavior while maintaining efficient
computation.
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Figure 3. Meshing result by “Extremely coarse” of the model.

3. Result and discussion

This section discusses and analyzes the heat transfer
performance, surface temperature, and pressure drop in a copper
rectangular microchannel heat sink with varying thicknesses in
Aluminum Oxide (Al203), Silicon Oxide (SiO2), and Zink Oxide
(ZnO) nanofluids, as well as air and water. Temperature surface
plots are used to present the results of temperature distributions
on the boundaries of a model’s geometry of the heat sink. The
impact of different design conditions shows the increase or
decrease in the temperature and pressure drop.

As the nanofluid passes through the heat sink channels, the
heat is transferred from the electronic chip to the microchannels
by conduction, convection, and radiation due to direct solid-liquid
contact within the heat sink, as shown in Tables 4 and 5. The best
nanofluids enhance heat removal performance at lower
temperatures. The velocity of the fluid flow affects the pressure
of the heat sink. According to Bernoulli's Principle, when the
velocity increases, the pressure decreases. The pressure of the
heat sinks changes from high to low pressure from the inlet to the
outlet. The pressure drop was determined by measuring the
pressure changes along the MCHS.

3.1 The effect of MCHS thickness and cooling element on the
temperature and pressure surface

The copper rectangular MCHS acted as a device cooling
system that enhanced the heat transfer performance while
allowing nanofluids to flow along the channel. Tables 4 to 7 show
the results of the temperature and pressure surface data with
different nanofluids, air, and water from various views based on
Figures 1, and Figure 2 (a and b).

As shown in Tables 4 and 5, the 5 mm channel, utilizing Al,03
nanofluid, achieves the lowest maximum temperature of 27.39°C,
a result attributed to Al,03's superior thermal conductivity, which
enable efficient heat dissipation from electronic components.

Table 4. Surface temperature of microchannel heat sink from 3D view.

Nanofluids 2mm

Smm Smm

ALOs

Si0;

ZnO

Air

Water
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Table 5. Surface temperature of microchannel heat sink from top view.

Nanofluids 2mm

Smm Smm

ALOs

-
Ams A

Si0;

ZnO

Air

Water

Water and ZnO in 2 mm and 8 mm channels also demonstrate
effective cooling capabilities, with the lowest maximum
temperatures of 27.44°C and 29.18°C, respectively. This
performance is attributed to water’s favourable flow properties
and ZnO’s thermal conductivity, which together improve heat
removal and regulation in confined spaces.

Conversely, the 2 mm channel records the highest
temperature when using ZnO nanofluid, reaching 39.52°C. This
suggests that ZnO’s lower thermal conductivity restricts its
performance in managing heat within narrower channels.
Additionally, constrained fluid dynamics in smaller channels can
further reduce effective heat absorption. Although the 8 mm
channel offers a greater surface area for heat exchange, certain
nanofluids, such as SiO,, still show elevated temperatures
(32.45°C), indicating that larger channels do not consistently
enhance cooling performance across all nanofluid types.

In summary, optimizing cooling performance requires careful
selection of both the nanofluid and channel thickness. Nanofluids
with high thermal conductivity, such as Al,03, combined with
appropriately sized channels, can substantially improve heat
regulation in MCHS. As the fluids traverse the heat sink,
temperatures decrease through conduction, convection, and
radiation, with the ideal case being the lowest achievable
temperature. These findings are crucial for advancing the design
of heat sinks to improve the efficiency of electronic cooling
systems.

Tables 6 and 7 present the results for 2 mm and 5 mm channel
thicknesses from the 2D YZ-cut plane. The 8 mm channel results

are shown in Table 8 for completeness. However, they are
excluded from the comparative analysis as they exhibit
anomalous thermal and hydraulic behavior that diverges from the
consistent patterns observed for smaller channel thicknesses. The
analysis focuses on comparing the 2 mm and 5 mm channels,
where the highest temperatures are observed at the bottom of
the heat sink above the electronic chip. The temperature profiles
indicate that the 2 mm channel reaches higher maximum
temperatures (40°Cto 56°C) compared to the 5 mm channel (36°C
to 48°C), primarily due to the thinner channel's reduced surface
area for heat dissipation and increased localized heat
accumulation. Although the 2 mm channel experiences intense
convective heat transfer, its restricted flow velocity limits the
nanofluid's heat removal capability.

Conversely, the 5 mm channel benefits from improved fluid
circulation and heat transfer, resulting in a more balanced
thermal environment and a lower temperature gradient. In a
comparative analysis of pressure drop across various channel
sizes in MCHS, it was observed that all nanofluids in the 2 mm
channel outperform water, exhibiting the lowest pressure drop,
which suggests superior flow behavior and reduced resistance. As
channel size increases to 5 mm, both SiO, and ZnO nanofluids
continue to maintain relatively low pressure drops, indicating
their effectiveness in enhancing fluid flow, albeit with a slight
increase in resistance due to larger cross-sectional area and
potential turbulence. Conversely, in the 8 mm channel, all tested
nanofluids experience higher pressure drops compared to the
smaller channels, demonstrating the challenges of sustaining
efficient flow in larger diameters. Notably, ZnO stands out as the
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Table 6. Temperature and pressure surface of 2mm channel thickness from 2D YZ-cut plane.
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only nanofluid that retains a low pressure drop in this context, The results indicate that the 5 mm channel thickness achieves the

indicating its unique characteristics may help maintain flow
efficiency under increased channel size. Overall, these results
illustrate that the 2 mm channel, particularly when using
nanofluids, provides the most effective option for minimizing
pressure drop.

The measurements of channel thickness and coolant results
were taken from -0.2 m (inlet) to 0.2 m (outlet), with the midpoint
at 0 m along the x-axis. Overall, the lowest temperature was
observed at the inlet, while the highest temperature occurred in
the middle section. As the heat moved towards the outlet, the
temperature decreased. The findings are detailed in Table 8,
which analyzes the data for each channel thickness and nanofluid.

lowest maximum temperature in the middle section, likely due to
enhanced heat transfer and a more balanced flow distribution,
allowing the coolant to absorb heat more effectively.

In contrast, the 2 mm channel thickness exhibits the lowest
pressure drop, suggesting faster fluid velocity but potentially less
time for effective heat absorption. This illustrates a trade-off
between thermal efficiency and pressure loss, which is essential
for optimizing heat sink designs based on specific cooling
requirements.
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Table 7. Temperature and pressure surface of 5mm channel thickness from 2D YZ-cut plane view.
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3.2 The effect of channel thickness on pressure drop

Measurements of different channel thicknesses and coolant
temperature were taken from -0.2 m (inlet) to 0.2 m (outlet), with
the midpoint at 0 m along the x-axis. The inlet exhibited the
lowest temperature, while the maximum was observed in the
middle section, gradually decreasing toward the outlet. Detailed
results for each channel thickness and nanofluid are presented in
Table 8.

Table 8 (a) shows that Al,O3 nanofluids have the lowest
surface temperature and pressure drop due to their superior
thermal conductivity, which improves heat transfer and reduces

thermal resistance. This results in significantly lower surface
temperatures compared with other nanofluids, as seen in the
balanced temperature and pressure drop behavior. The high heat
flux, combined with fast-moving Al,03 nanofluids, raises the
outlet temperature but allows effective heat dissipation along the
channel. The low pressure drop observed suggests that Al,Os
nanofluids maintain stable flow dynamics, making them more
effective at extracting heat and managing temperature in the
MCHS. Other nanofluids, though subjected to the same
conditions, show less efficient heat management, maintaining
higher surface temperatures and larger thermal gradients,
particularly near the channel outlet.
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Table 8. Graph of surface temperature and pressure drops of different channel thicknesses in different nanofluids.
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In Table 8 (b), point out the graphs for surface temperature
and pressure drop of a 5 mm channel thickness. Al;O3 continues
to exhibit the lowest surface temperature, indicating better heat
transfer due to its high thermal conductivity. ZnO, in contrast,
shows the highest surface temperature, reflecting less efficient
heat dissipation. Al,03 maintains low temperatures throughout,
followed by water, air, and SiO,, with ZnO performing the least
effectively. When examining the pressure drop, air experiences
the highest pressure drop, while ZnO has the lowest. The higher
pressure drop observed for air flow is attributed to its low
viscosity and compressibility, which increase flow resistance
within the microchannel, rather than its density. All fluids show a
zero pressure drop after exiting the MCHS, as the channel
thickness affects fluid velocity, with a larger channel increasing
resistance and thus the pressure drop within the MCHS.

Table 8 (c) shows the surface temperature and pressure drop
for an 8 mm channel thickness. The temperature for this case
indicates that there is no significant difference compared to the 5
mm channel thickness. However, in the 8 mm channel, the
pressure drop is higher for all nanofluids except ZnO. The higher
pressure drop in the 8 mm channel is likely due to increased
friction from the larger surface area that contacts the fluid.
Although the parabolic inlet velocity profile reduces wall shear
stress, the increased channel size leads to more fluid-wall

interaction, increasing resistance. Nanoparticles contacting the
walls further increase wall shear stress, slowing the flow and
causing higher pressure drops.

4. Conclusion

The copper rectangular MCHS was successfully modeled using
COMSOL Multiphysics 5.5, with a detailed analysis of temperature
and pressure drop for various nanofluids across channel
thicknesses of 2mm, 5mm, and 8mm. Al,O3 nanofluid consistently
showed the lowest temperature and highest pressure drop
relative to other nanofluids, with the 5mm channel emerging as
the optimal design due to its balanced performance. Al;Os in the
5mm channel achieved the lowest maximum temperature of
27.39°C, attributed to its superior thermal conductivity and
efficient heat transfer. The 2mm channel, while providing higher
surface area for fluid interaction, recorded the highest
temperature of 39.52°C with ZnO nanofluid, demonstrating that
narrower channels face difficulties with constrained fluid flow and
reduced thermal efficiency.

In contrast, the 8mm channel had the lowest pressure drop,
particularly with ZnO, but its larger size did not significantly
improve heat transfer, as indicated by slightly higher
temperatures. The air in the 5mm channel experienced the
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highest pressure drop, indicating that fluid dynamics have a
strong influence on both heat dissipation and resistance. These
findings emphasize the importance of carefully selecting both the
nanofluid and channel size to optimize cooling performance.
Overall, the 5mm channel showed the best heat transfer
performance, offering a balanced approach to both temperature
reduction and pressure drop. To further enhance microchannel
heat sink efficiency, future improvements could involve
optimizing the aspect ratio of Al,O3 nanoparticles or testing
alternative materials, such as aluminum or iron, for the
microchannel. This could lead to even greater cooling
performance in electronic applications.
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