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microfluidic channel. The nanofluid was prepared and characterized for its thermal
conductivity, viscosity, specific heat, and density. Experimental microfluidic studies,
supplemented by numerical simulations, were conducted to evaluate the fluid's
behavior under controlled conditions. Results indicated a slight increase in thermal
conductivity for the Al,0; nanofluid compared to pure water, with increments
ranging from 0.16% at 20°C to 0.30% at 80°C, attributed to enhanced Brownian
motion of the nanoparticles. Viscosity measurements revealed marginal increases,
suggesting minimal impact on fluid flow dynamics. The microfluidic experiments
demonstrated a consistent pressure gradient and laminar flow regime, essential for
precise control and efficient thermal management. Temperature contours showed
effective heat dissipation, with a steady thermal gradient from the inlet to the outlet.
The study concludes that low-concentration Al,Os; nanofluids can enhance thermal
performance in microfluidic systems without significantly affecting flow
characteristics, making them suitable for applications requiring efficient heat
dissipation, such as electronic cooling and chemical reactions. These findings provide
a foundation for future research into higher nanoparticle concentrations and
different base fluids, aimed at optimizing the thermal and flow properties of
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1. Introduction

In recent years, microfluidic technologies have revolutionized various fields, including biomedical
engineering, chemical synthesis, and energy systems, by enabling precise manipulation of fluids at
the microscale [1-3]. This advancement is particularly significant in the development of nanofluids,
which are engineered colloidal suspensions of nanoparticles in a base fluid [4]. Nanofluids exhibit
enhanced thermal properties, such as thermal conductivity and heat capacity, which make them
promising candidates for applications in heat transfer and cooling systems [5,6]. The integration of
nanofluids with microfluidic systems presents a unique opportunity to exploit the synergistic effects
of both technologies. Microfluidic platforms offer precise control over fluid flow, mixing, and heat
transfer, while nanofluids provide superior thermal properties that can significantly enhance the
performance of these systems [7]. This combination is particularly relevant for applications requiring
efficient heat dissipation, such as electronic cooling, and energy storage systems [8,9]. The focus of
this study is to investigate the thermal and flow characteristics of low-concentration alumina (Al,O3)
nanofluid in a microfluidic environment. The specific objectives are to prepare a stable 0.001 wt.%
Al,Os-water nanofluid, characterize its thermal and physical properties and analyze its performance
in a custom-designed microfluidic setup. By comparing the experimental results with baseline
measurements using pure water, this study aims to provide insights into the potential benefits and
limitations of using nanofluids in microfluidic applications. To achieve these objectives, a
comprehensive methodology was employed, encompassing the preparation and characterization of
the nanofluid, the design and execution of microfluidic experiments, and the application of numerical
simulations to validate the experimental findings. This multi-faceted approach ensures a thorough
understanding of the interplay between nanofluid properties and microfluidic behavior, laying the
groundwork for future developments in this field. The following sections detail the preparation and
characterization of the Al,Os nanofluid, the experimental setup for microfluidic studies, the boundary
conditions and simulation parameters, and the results obtained from both experimental and
numerical analyses. Through this systematic investigation, the study aims to advance the knowledge
of nanofluid dynamics in microfluidic systems, thereby contributing to the optimization of thermal
management solutions in various technological applications.

2. Methodology
2.1 Nanofluid Preparation

High-purity alumina oxide nanoparticles with an average size ranging from 20- 50 nanometers
were purchased from US Research Nanomaterials, Inc. (Houston, TX, USA). 100 ml of distilled water
was prepared. Then the Al,0s; nanoparticles were measured and added to the distilled water while
stirring it with a hotplate stirrer for an hour at 300 rpm. Later the mixture was sonicated using an
ultrasonicator for an hour at 70% power and 7/3 s on/off to form a 0.001 wt.% of Al,Os; -water
nanofluid.

2.2 Characterization

The morphology of Al,O3 nanoparticles was inspected with a scanning electron microscope (SEM).
The operating voltage and current were 15 kV and 10 mA, respectively. The thermal conductivity of
the prepared 0.001 wt% Al,03 nanofluid was studied using KS-3 sensor temperature ranging from 20
— 80 °C. The viscosity was measured with a rheometer (MCR 92, Anton Paar, Austria) with
temperatures ranging from 20 — 80 °C. The specific heat was studied by using Perkin ElImer/ DSC 8000
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with temperatures ranging from 20 — 80 °C. Density was measured by using a Density meter/Anton
Paar with temperature ranging from 20 — 80 °C.

2.3 Microfluidic Experiment

The setup consists of a syringe pump (model: SN-50F6), a differential pressure transmitter
(model: STK336), a custom-made microchannel, connections, and a collection beaker. The assembly
begins with a syringe pump with two syringes connected with a T-connection, and a micro-tube,
respectively. The outlet of this microtube is directed to another T-joint. One of the outlets of the T-
joint is directed to the differential pressure transmitter, which measures the channel inlet pressure,
whereas the other outlet is directly connected to a microchannel through a micro-tube. The outlet
of this microchannel is connected to another T-joint, one of the outlets of the T-joint is connected to
the differential pressure transmitter, which measures the outlet pressure. ELVEFLOW FLOW- A 5
sensor was used to measure the flow rate. The flow rate for the microfluidic was kept constant at
300 pl/min. The image for the 0.001% Al,0s; nanofluid was captured using a DOLOMITE
NIKON/SMZ745T high-speed camera microscope. Figure 1 shows the schematic diagram of the
experimental setup for the microfluidic study. The pressure for the microfluidic was monitored by
using an ELVEFLOW/ELVEFLOW SMART INTERFACE.

The choice of the serpentine (snake-like) microchannel design in this study was deliberate, as it
offers several significant benefits for enhancing both heat transfer and fluid flow in microfluidic
systems. One of the primary advantages of the serpentine structure is its ability to increase the
surface area available for heat exchange between the nanofluid and the channel walls. The extended
path length of the serpentine design allows the nanofluid more time to dissipate heat, making it
particularly suitable for applications that demand efficient thermal management. This increased
interaction between the fluid and the channel walls contributes to superior thermal performance
compared to simpler designs. Furthermore, the serpentine design promotes laminar flow stability,
which is critical in microfluidic systems that operate at low Reynolds numbers. The design ensures
that the flow remains steady and predictable, avoiding turbulence that could disrupt fluid movement
and reduce the effectiveness of thermal management. The gradual pressure drops and consistent
flow trajectory throughout the serpentine channel help maintain this laminar flow, preventing
sudden flow disruptions that could lead to clogging or particle accumulation. This is particularly
important in systems using nanofluids, as maintaining smooth flow ensures that the nanoparticles
remain suspended and do not settle or agglomerate, which could otherwise obstruct the channel.
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Fig. 1. Schematic diagram of the experimental setup consists of (a)
computer, (b) pressure and vacuum controller, (c) reservoir containing
nanofluid, (d) flow sensor, (e) microfluidic channel, and (f) beaker as
storage tank
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2.4 Boundary Condition

Figure 2(a) and 2(b) shows the setup used for the simulation. The Inlet Total pressure is 20000 Pa
and the environment outlet was set similar to the experimental setup. The flow is targeted from the
inlet to the outlet via the design. The total meshing was 807,083 fluid cells with quadrilateral mesh
elements.
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Fig. 2. (a) setup used for simulation (b) The points are taken for temperature
comparison

The standard laminar fluid flow equations including continuity, momentum conservation, and
energy equations inside the microchannel cold plates have been considered as follows [10]:

V- (p?) =0, (1)
v oo ,
Por + V- (p¥D) = —=VP + uV?v, (2)
T )
pCy5- + V- (pCyPT) =V - (KVT), (3)

where p is density, ¥ is velocity vector, t is time, P is pressure, u is dynamic viscosity, C, is specific
heat capacity, T is temperature, and k is thermal conductivity. All quantities are evaluated in the
liquid phase.
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A few points from the setup were taken for temperature comparisons. Figure 2(b) shows the
temperature taken at this point in the design. The blue dots show the points. The points are taken
on the bends, inlet, and outlet.

The parameters used for the simulations, including mesh details, boundary conditions, and
thermophysical properties of the nanofluid, are summarized in Table 1 below. The properties of the
Al,03 nanofluid (density, specific heat, thermal conductivity, and viscosity) were obtained from
experimental measurements to ensure consistency between the simulations and experiments.

Table 1

The simulation parameters

Parameters
Solver

Mesh Type

Total Mesh Cells
Inlet Boundary Condition

Outlet Boundary Condition
Fluid Type

Thermal Conductivity
Viscosity

Density

Specific Heat

Flow Rate

Simulation Time Step
Heat Transfer Coefficient

Reynolds Number

Value/Method
ANSYS Fluent
(Laminar Model)
Quadrilateral (2D)

807,083 cells

Inlet Pressure =
20000 Pa

Outlet Pressure =0
Pa (atmospheric)
0.001 wt.% Al,O3-
water nanofluid
0.600-0.672 W/mK
(measured)
1.005-0.355 mPa.s
(measured)
998.24-971.83 kg/m?
(measured)
4.180-4.168 kl/kg°C
(measured)

300 pl/min

0.001s

Computed based on
nanofluid properties
1.35 (calculated)

Description

CFD software is used for simulation, solving
the laminar flow equations

Structured quadrilateral mesh was used to
discretize the microchannel geometry
Number of cells used for the simulation
Total pressure applied at the inlet of the
microchannel

Set at ambient pressure to mimic
experimental conditions

The same nanofluid used in the experiments

Measured thermal conductivity of the
nanofluid at various temperatures (20-80°C)
Measured viscosity of the nanofluid at
various temperatures (20-80°C)

The measured density of the nanofluid at
various temperatures (20-80°C)

Measured specific heat of the nanofluid at
various temperatures (20-80°C)

The same flow rate used in the experimental
setup

The time step used for transient simulations
Derived from fluid properties and used in
the energy equation

Calculated based on the flow rate, viscosity,
and microchannel geometry

3. Results
3.1 Characterization

Figure 3 shows the SEM and EDX analysis of Al,O3; nanoparticles. Based on the EDX analytical
results in the paper, the sample consists of carbon (C), oxygen (0O), and aluminum (Al). The mass
percentages for carbon, oxygen, and aluminum are roughly 6.55%, 48.77%, and 44.68% respectively,
totaling 100%. The sample consists of 10.39% carbon, 58.07% oxygen, and 31.54% aluminum when
examining the atomic percentages. The carbon detected in the sample originated from the carbon
duct tape used during the sample preparation procedure.
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Fig. 3. SEM and EDX analysis of Al,O3; nanoparticles.

Table 2 shows the results obtained from thermal conductivity, viscosity, specific heat, and density
measurements for water and 0.001 wt% Al,Os -water nanofluid. At 20 °C water shows 0.598 W/mk.
Then slowly increase to 0.631, 0.654, and 0.670 W/mK at 40 °C, 60 °C, and 80 °C respectively.
Thermal conductivity for 0.001% Al,Os at 20 °C is 0.600 W/mK, at 40 °C is 0.633 W/mK, at 60 °C is
0.656 W/mK and at 80 °C is 0.672 W/mK. The thermal conductivity of the 0.001% Al,Os nanofluid is
only slightly higher than the base fluid (water) for all the temperatures ranging from 20 — 80 °C. The
percentage increment is from 0.16% at 20 °C to 0.30 % at 80 °C. The reason for the slight increment
is due to the increased Brownian motion in nanofluids because of the nanoparticles [11].

Viscosity for water at 20 °C is 1.002 mPa.s, then slowly decrease at 40 °C to 0.653 mPa.s. Then
when the temperature increases to 60 °C and 80 °C the viscosity of water is 0.467 mPa.s and 0.355
mPa.s respectively. Viscosity for 0.001% Al,Os at 20 °C is 1.005 mPa.s, at 40 °C is 0.655 mPa.s, at 60
°C is 0.468 mPa.s and at 80 °C is 0.355 mPa.s. The viscosity of the 0.001% Al,Os nanofluid is only
slightly higher than the base fluid (water) for all the temperatures ranging from 20 — 60 °C. At 80 °C
the viscosity reading for both water and 0.001% Al,Os is similar which is 0.355 mPa.s. Chandrasekar
et al., [9] studied the viscosity of the nanofluids for Al,03 nanoparticles in water. They disclosed that
the viscosity rises linearly by upgrading particle concentration up to the concentration of 2%. The
main cause of the rise in viscosity in nanofluids is the interaction between the nanoparticles and the
molecules of the base fluid [12,13]. Nanoparticles, enhance the structural complexity of the fluid. The
complexity arises from the increased surface interactions between the nanoparticles and the fluid
molecules, as well as among the nanoparticles themselves. These interactions frequently involve van
der Waals forces, electrostatic forces, and steric effects, which collectively form a network within the
fluid [12]. These networks can impede the unrestricted movement of the fluid, thus augmenting its
viscosity.

Additionally, similar trends of small but consistent increases in thermal conductivity and viscosity
have been reported in the literature for low-concentration nanofluids. Studies such as Koo and
Kleinstreuer [14], Puliti [15], and Soares et al., [16] have shown that nanoparticle concentrations as
low as 0.001 wt.% can still result in measurable changes in fluid properties due to enhanced Brownian
motion and particle-fluid interactions. These findings are in line with our results, where even small
concentrations of alumina nanoparticles contribute to slight but detectable improvements in thermal
performance and fluid dynamics.
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Table 2

The properties of Al,O;

Temperature (°C) 20 40 60 80

Thermal Conductivity (W/mK)  Water 0.599 0.631 0.654 0.670
0.001% Al,03 0.600 0.633 0.656 0.672

Viscosity (mPa.s) Water 1.002 0.653 0.467 0.355
0.001% Al,03 1.005 0.655 0.468 0.355

Specific heat (kJ/kg°C) Water 4.181 4.178 4.175 4.172
0.001% Al,03 4.180 4.176 4,172 4.168

Density (kg/m?3) Water 998.20 992.20 983.20 971.80
0.001% Al,03 998.24 992.24 983.24 971.83

Specific heat for water at 20 °C is 4.181 kJ/kg°C, then slowly decrease at 40 °C to 4.178 kl/kg°C.
Then when the temperature increases to 60 °C and 80 °C, the specific heat of water is 4.175 kl/kg°C,
and 4.172 kJ/kg°C respectively. Specific heat for 0.001% Al,O3 at 20 °C is 4.180 kJ/kg°C, at 40 °C is
4.176 kl/kg°C, at 60 °C is 4.172 kJ/kg°C and at 80 °C is 4.168 klJ/kg°C. The specific heat of the 0.001%
Al,03 nanofluid is reducing compared to the base fluid (water) for all the temperatures ranging from
20— 80 °C. This phenomenon is due to the addition of nanoparticles to the base fluid [17].

The density of water at 20 °C is 998.20 kg/m?3, at 40 °C is 992.20 kg/m?3at 60 °C is 983.20 kg/m>
and at 80 °C is 971.80 kg/m?3. The density of 0.001% Al,03 at 20 °C is 998.24 kg/m?3, at 40 °C is 998.24
kg/m3, at 60 °C is 998.24 kg/m3 and at 80 °C is 971.83 kg/m3. The density of the 0.001% Al,Os;
nanofluid is only slightly higher than the base fluid (water) for all the temperatures ranging from 20
— 80 °C. The minimal rise in the density of a 0.001 wt% Al,Os -water nanofluid at different
temperatures is mainly due to the extremely low amount of the dense nanoparticles and their even
distribution within the water [18]. This scenario demonstrates that even materials with great density
can have little effect on a solution when present in very low quantities.

3.2 Pressure Plots

Figure 4 illustrates the pressure distribution of a microfluidic system containing a 0.001 wt.%
Al,Os-water nanofluid. The microchannel is designed in a serpentine pattern to maximize the
interaction between the fluid and the channel walls, which is crucial for applications that rely on
efficient heat transfer and fluid mixing. The figure shows a distinct pressure gradient from the inlet
(red) to the outlet (blue). The highest pressure is observed at the inlet, with a gradual decrease along
the length of the channel. This pressure drop is indicative of laminar flow, which is typical in
microfluidic systems due to the small dimensions and low Reynolds numbers involved [19]. The red
region near the inlet indicates the highest pressure, approximately 13124.43 Pa. This high-pressure
zone is critical as it drives the fluid through the microchannel. The pressure drop across the channel
is essential for maintaining a steady flow rate, which, in this case, is kept constant at 300 pl/min. The
high-pressure region also suggests that the fluid encounters significant resistance as it enters the
narrow channels, which is a common characteristic in microfluidic systems due to the small cross-
sectional area [20]. As the fluid progresses through the serpentine channel, the pressure gradually
decreases, transitioning from red to green. This mid-pressure region indicates a smooth flow
transition, where the fluid loses pressure due to frictional forces between the fluid and the channel
walls [21]. The serpentine design helps in maintaining a controlled pressure drop, ensuring that the
fluid has adequate time for heat transfer and mixing. The blue region near the outlet represents the
lowest pressure, around 10449.90 Pa. This low-pressure zone is crucial for drawing the fluid through
the entire length of the microchannel. The gradual pressure decrease ensures that the fluid maintains
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a laminar flow, which is necessary for precise control in microfluidic applications [22]. The consistent
pressure drop also indicates that there are no significant blockages or disruptions within the channel,
which is vital for the reliability and efficiency of the system. The pressure contours depicted in the
figure are vital for understanding the behavior of nanofluids in microfluidic systems. The steady
pressure gradient ensures a uniform flow rate, which is essential for applications involving heat
transfer, chemical reactions, and biological assays [1]. The laminar flow regime, indicated by the
smooth pressure transition, is beneficial for minimizing fluid disturbances and achieving consistent
results.

Fig. 4. Pressure distribution of a microfluidic system containing a 0.001 wt.% Al,Os-water nanofluid

3.3 Velocity Plots

Figure 5 shows the fluid dynamic within the microfluidic channel of 0.001 wt.% Al,Os-water
nanofluid. The red regions indicate the highest fluid velocities, reaching up to 1.50e-04 m/s. These
high-velocity zones are predominantly observed at the channel's inlet and outlet. The elevated
velocities at these points are due to the initial momentum imparted to the fluid by the syringe pump
at the inlet and the pressure-driven flow toward the outlet [23]. These high velocities are essential
for ensuring that the fluid enters and exits the microchannel efficiently, maintaining a consistent flow
rate throughout the system [24]. As the fluid traverses the serpentine path, the velocity decreases,
transitioning from red to green. This reduction in velocity is indicative of the frictional forces
encountered by the fluid as it flows through the narrow channels [25]. The serpentine design
increases the path length, which helps in dissipating the fluid's kinetic energy gradually, ensuring a
more uniform flow distribution. The mid-velocity regions signify areas where the fluid maintains a
steady flow, which is crucial for effective heat transfer and mixing processes within the microchannel
[26]. The blue regions near the inlet and outlet, as well as at certain bends within the channel,
indicate the lowest velocities, around 1.10e-04 m/s. These low-velocity zones are typically areas of
recirculation or stagnation, where the fluid experiences a reduction in speed due to changes in
direction or geometric constraints. The presence of low-velocity regions at the bends of the
serpentine channel is expected, as the fluid must navigate sharp turns, which temporarily slows down
its movement. These areas are critical for enhancing mixing and ensuring that the entire fluid volume
is exposed to the channel walls, facilitating efficient thermal exchange. The velocity contours shown
in Figure 5 provide valuable insights into the fluid dynamics within the microfluidic channel. The
consistent velocity gradient from inlet to outlet and the smooth transition between high and low-
velocity regions indicate a well-designed microfluidic system capable of maintaining laminar flow
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[27]. This is essential for applications requiring precise control over fluid movement, such as chemical
reactions, biological assays, and heat transfer processes. Moreover, the observed velocity
distribution suggests that the serpentine channel effectively manages the fluid flow, ensuring that
the nanofluid experiences adequate mixing and heat transfer. The balance between high and low-
velocity regions helps in optimizing the performance of the microfluidic device, making it suitable for
various technological applications.

Fig. 5. Fluid dynamic within the microfluidic channel

3.4 Temperature Plots

Figure 6 illustrates the temperature contour within the microfluidic channel 0.001 wt.% Al,Os-
water nanofluid. The temperature contours highlight the variations in fluid temperature across
different sections of the microchannel, offering insights into the thermal behavior of the nanofluid
as it flows through the system. The red region near the inlet indicates the highest temperature,
approximately 311.24 K. This high-temperature zone is critical as it represents the initial thermal
condition of the nanofluid as it enters the microchannel [28]. The elevated temperature at the inlet
ensures that the fluid has sufficient thermal energy to transfer as it moves through the channel, which
is essential for applications involving heat dissipation or thermal management. As the fluid
progresses through the serpentine channel, the temperature gradually decreases, transitioning from
red to blue. This temperature gradient indicates effective heat dissipation along the length of the
channel [29]. The serpentine design, with its extended path length, enhances the surface area for
heat exchange, allowing the fluid to lose thermal energy efficiently to the channel walls and the
surrounding environment [30]. This gradual temperature reduction is vital for maintaining a steady
thermal condition within the microfluidic system, ensuring that the fluid exits at a lower temperature,
around 291.10 K, as indicated by the green and blue regions near the outlet. The yellow and green
regions in the middle sections of the channel indicate mid-range temperatures, typically between
297 K and 303 K. These regions signify areas where the fluid maintains a relatively stable
temperature, balancing between heat loss and the initial thermal energy. The mid-temperature
zones are crucial for applications requiring uniform thermal conditions, as they ensure that the fluid
does not experience abrupt temperature changes, which could affect the overall performance of the
microfluidic system [31]. The temperature contours depicted in Figure 6 are essential for
understanding the thermal management capabilities of the microfluidic system. The consistent
temperature gradient from the inlet to the outlet indicates effective thermal control, which is crucial
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for applications such as electronic cooling, chemical reactions, and biological assays that require
precise temperature regulation [32-36]. Moreover, the temperature distribution suggests that the
addition of Al,O3 nanoparticles enhances the thermal conductivity of the base fluid, facilitating
efficient heat transfer [37]. The presence of nanoparticles likely improves the fluid's ability to absorb
and dissipate thermal energy, ensuring that the temperature drop is smooth and consistent
throughout the channel.

Tarrparatare (Fusn M

Tarrpoealea carfours

Fig. 6. Temperature contour within the microfluidic channel

3.5 Flow Trajectory

Figure 7 illustrates the flow trajectory and temperature contours of a 0.001 wt.% Al,Os-water
nanofluid within a serpentine microfluidic channel. The flow trajectories, indicated by the directional
arrows, highlight the fluid movement and interaction with the channel walls, while the color-coded
temperature contours provide insight into the thermal distribution throughout the channel. The
smooth, continuous lines suggest a laminar flow regime, which is typical in microfluidic systems due
to the low Reynolds numbers [38]. The arrows' direction provides valuable information on fluid
dynamics, including regions of high and low velocity, recirculation zones, and areas of potential flow
separation. The red and orange arrows near the inlet indicate regions of higher velocity. These high-
velocity zones are critical for ensuring that the fluid enters the microchannel with sufficient
momentum to overcome resistance and maintain a steady flow. The presence of high velocities at
the inlet also helps in achieving effective mixing and thermal management as the fluid progresses
through the channel [39]. As the fluid navigates the serpentine path, the trajectories show areas of
recirculation and mixing, particularly in the bends of the channel. These regions are marked by more
densely packed arrows that change direction frequently. The recirculation zones enhance mixing and
heat transfer by increasing the interaction between the fluid and the channel walls [40]. This
improved interaction is essential for applications that require uniform temperature distribution and
efficient heat dissipation. The color-coded temperature contours, ranging from red (highest
temperature) to blue (lowest temperature), provide additional context to the flow trajectories. Near
theinlet, the fluid is at its highest temperature (around 311.24 K), gradually cooling down as it moves
through the channel. The combination of flow trajectories and temperature contours indicates that
the fluid loses heat progressively, with the temperature dropping as the fluid moves through the
serpentine path. The green and blue arrows in the mid and outlet sections of the channel indicate
lower velocity regions. These areas are crucial for understanding the flow dynamics, as low velocities
can lead to longer residence times, enhancing heat transfer and mixing. The presence of low-velocity
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zones also suggests that the fluid has more time to interact with the channel walls, improving the
overall thermal performance of the microfluidic system. The flow trajectory analysis highlights the
effectiveness of the serpentine microfluidic channel in managing fluid dynamics and thermal
distribution [41]. The laminar flow regime, combined with strategic recirculation zones, ensures
efficient mixing and heat transfer. The temperature contours indicate that the nanofluid maintains a
steady thermal gradient, which is crucial for applications requiring precise temperature control, such
as biochemical assays, electronic cooling, and chemical reactions.
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Fig. 7. Flow trajectory and temperature contours

By ensuring that key parameters in the simulations correspond directly to those in the
experiments, an equivalent relationship between the two has been established. The consistency in
results for pressure drop, temperature distribution, and velocity profiles indicates that the simulation
model accurately reflects the experimental behavior. This equivalence suggests that the simulation
can be used as a reliable tool for predicting the performance of nanofluids in microfluidic systems
under similar conditions.

4. Conclusions

This study investigated the thermal and flow characteristics of a low-concentration alumina
(Al;03) nanofluid within a microfluidic system. Results demonstrated that even at a 0.001 wt.%
concentration, alumina nanofluids can enhance thermal conductivity by up to 0.30%, without
significantly affecting viscosity or flow behavior. The laminar flow regime was maintained, with a
consistent pressure gradient and effective heat dissipation across the serpentine microchannel. The
simulations aligned closely with experimental data, confirming the validity of the model. Overall, the
study shows that low-concentration nanofluids have the potential for thermal management
applications in microfluidic systems, with minimal impact on fluid dynamics. Future work should
explore higher nanoparticle concentrations and long-term stability to further optimize system
performance. The slight increase in thermal conductivity and the stable flow behavior makes Al,O3
nanofluids suitable for applications requiring precise temperature control and efficient heat
dissipation, such as electronic cooling and chemical reactions. Future research should explore higher
nanoparticle concentrations and different base fluids to further optimize the thermal and flow
properties of nanofluids in microfluidic systems. Additionally, investigating the long-term stability
and potential aggregation of nanoparticles in these systems will be crucial for practical applications.
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