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The use of microchannel heat sinks is one of the most popular methods for cooling electronic
components. In recent years, fractal microchannels have attracted researchers' attention,
leading to increased heat transfer and reduced pressure drop compared to parallel
microchannels. In this study, two hybrid nanofluids under laminar flow conditions are used for
cooling inside microchannels, and simulations are conducted using COMSOL Multiphysics
software. Parameters such as pumping power, maximum temperature, and performance
evaluation coefficient are investigated for two hybrid nanofluids, Fe304-MoS: and Fe304-Al203
(mixed 50%-50% and with a volume fraction of 1% for each nanoparticle). The results indicate
that the thermal performance of Fe304-MoSz hybrid nanofluid is superior, leading to a 0.5%
improvement in the maximum temperature of the heat sink. On the other hand, the use of this
hybrid nanofluid increases pumping power by 9% inside the microchannel. Ultimately, the
overall system performance is enhanced with the use of both hybrid nanofluids, and the Fe30s-
MoS: hybrid nanofluid improves the overall system performance by 3.2%, providing better

performance and making it more suitable for cooling microchannel heat sinks.
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NOMENCLATURE
Uy, Average velocity (m/s) ks Thermal conductivity of solid (W/(m K))
Dy, Hydraulic diameter (mm) ke Thermal conductivity of fluid (W/(m k))
[ Specific heat capacity (J/(kg K)) Nup,; Nusselt number
Ty Temperature of fluid (K) Greek Symbols
T, Temperature of the solid (K) p Density (kg/m®)
Subscripts u Dynamic viscosity (Nes/m?)
f fluid ] Volume fraction
hnf hybrid nanofluid
INTRODUCTION and protects it from damage. Heat sinks become

Heat sinks function as heat exchangers in electronic
devices and control the heat generated in electronic or
mechanical chips. By absorbing and dissipating heat into
the surrounding fluid, the heat sink prevents the
temperature of the component from rising excessively
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particularly important when components are sensitive to
temperature increases in the circuit or device. In recent
decades, the development of Microelectromechanical
Systems (MEMS) and nanotechnology has led to the
advancement of compact and high-performance thermal
systems for various applications such as electronics,
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medical devices, high-power lasers, military electronics,
and aerospace equipment. In these systems, thermal
management poses a significant challenge, and the use of
microchannel heat sinks is an effective method for
addressing the heat dissipation issue.

Tuckerman and Pease (1) designed the first
microchannel heat sink, laying the foundation for
research and advancements in this field. Subsequently,
extensive research has been conducted in this area. The
concept of fractal bionic microchannels was first
introduced by Bejan and Errera (2). They proposed a
channel construction strategy based on structural theory
to minimize flow resistance along the path. In two
subsequent papers (3, 4), they explained the great
potential of fractal bio-inspired microchannels by
combining structural theory and the principle of entropy
generation. Chen and Cheng (5) inspired by fractal
patterns in mammalian circulatory and respiratory
systems, presented a new design of branched fractal
network channels (H-shaped) for cooling electronic
chips. In their subsequent study (6), based on research
results, they found that the H-shaped system performs
best when the number of fractal branches is equal to 4.
Pence (7) compared two microchannel heat sinks, one in
a tree-like shape and the other in an H-shape, under the
same conditions. The results showed that the overall
performance of the tree-like microchannel was better than
the other. Wang et al. (8) inspired by natural branching
systems such as tree branches, leaves, root systems, river
basins, mammalian circulatory and respiratory systems,
proposed leaf-shaped networks for electronic component
cooling. They compared the flow characteristics and heat
transfer of symmetric and asymmetric leaf-shaped fractal
networks. The results showed that an asymmetric
structure can significantly reduce pressure drop while
maintaining maximum temperature difference. Xu et al.
(9) investigated the heat transfer performance in a fractal
microchannel network made of silicon and cooled by
water under pulsating flow, both experimentally and
numerically. Yan et al. (10) in designed and simulated a
dual-objective thermal-hydraulic optimization model
using ANSYS software, comparing it with hydraulic and
thermal optimization models. The results showed that a
microchannel with 15 main branches had the best overall
performance. In another paper (11), they used thermally
responsive hydrogels to control mass flow rate in a fractal
microchannel heat sink for addressing localized hot spot
failures in electronic chips, which enhanced cooling
efficiency in the hot spot areas. Jalili et al. (12) investigate
the heat transfer of nanofluid flow through a
microchannel heat sink in the presence of a magnetic
field. The results show that applying a magnetic field
correlates with the Nusselt number, and heat transfer
increases with higher nanofluid concentration up to 0.04.

Nanofluid is a new type of fluid that is made by
dispersing nanoscale materials such as nanoparticles,
nanotubes, and nanowires in a base fluid. The use of
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nanoparticles increases the thermal conductivity of the
base fluid, which is why nanofluids are used to enhance
heat transfer. Hybrid nanofluids are a new generation of
nanofluids that are composed of a combination of
different types of nanoparticles. Increasing heat transfer
and reducing pressure drop are fundamental challenges in
the use of nanofluids. Therefore, the use of hybrid
nanofluids is important because it allows for the selection
of two nanoparticles that can create desirable properties
when combined. The first use of nanofluids for heat
transfer enhancement was reported by Choi and Eastman
(13). Keblinski et al. (14) discovered through studies on
nanofluids that thermal conductivity increases with
decreasing particle size. Ho and Chen (15) experimentally
investigated forced convective heat transfer using water-
Al;O3 nanofluid in a mini-channel copper heat sink.
Pourfattah et al. (16) simulated heat transfer and flow
characteristics of water-CuO nanofluid under laminar
flow regime in a microchannel heat sink and compared
the results with available experimental data from other
articles. They examined the effects of inlet-to-outlet ratio,
Reynolds number, and solid nanoparticle concentration as
independent parameters on heat transfer and flow field
characteristics. Lyu et al. (17) studied the thermal
performance of single-walled carbon nanotubes
(SWCNT) and multi-walled carbon nanotubes
(MWCNT) dispersed in two base fluids, water and
kerosene, in a fractal microchannel at Reynolds numbers
ranging from 1500 to 3000. The results showed that the
use of a fractal silicon microchannel led to a uniform
temperature distribution. Ghadikolaei et al. (18)
investigate natural convection heat transfer of a non-
Newtonian Carreau nanofluid with TiO,-CuO hybrid
nanoparticles in an ethylene glycol-water mixture over a
rotating cone. The study analyzes the effects of various
parameters on velocity and temperature profiles, skin
friction coefficient, and local Nusselt number,
highlighting the significant influence of hybrid
nanoparticles on the temperature profile. Jalili et al. (19,
20) used analytical techniques to study forced convection
heat transfer in nanofluids and non-Newtonian fluids,
examining effects of parameters on velocity, temperature,
and nanoparticle profiles. The methods effectively model
heat transfer, with nanoparticles enhancing heat transfer
and parameters like magnetic field and Reynolds number
impacting flow and temperature. Hosseinzadeh et al. (21)
investigate the flow of a mixture of water and ethylene
glycol with hybrid nanoparticles over a vertically
stretching cylinder, considering the effects of various
parameters and shape factors. The results reveal
significant differences in shape factors and a reduction in
radial velocity with increasing Hartmann number for the
hybrid nanoparticles. Jalili et al. (22) compared three
methods for simulating thermal diffusivity in a stenosis
artery with a hybrid nanofluid. The results showed
Akbari-Ganji Method is more accurate than Finite
Element and Runge-Kutta methods, and by increasing
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Al>,O3; nanoparticle volume fraction reduces maximum
temperature. Mahmoudi et al. (23) present a novel
multigeneration system integrating a nanofluid-based
parabolic trough collector with a quadruple-effect
absorption refrigeration cycle, thermoelectric generator,
PEM electrolyzer, vapor generator, and domestic water
heater, examining the impact of various parameters on
system performance, revealing 18.78 kW power
generation, 82.21% collector energy efficiency, and
insights into exergy destruction and COPs for the
absorption chiller. Habibzadeh et al. (24) present a
renewable energy system integrating solar and
geothermal sources with nanofluid-based collectors,
employing SiO; and TiO2 nanoparticles, and evaluate
their performance based on energy, exergy, and cost
analysis, noting the impact of key parameters like solar
irradiation and collector inlet temperature on efficiencies
and hydrogen and freshwater production rates. There
have been numerous valuable studies conducted in the
fields of fluid mechanics, nanofluids, and microchannels,
which are reported in the literature (25-34). These studies
can serve as valuable resources for future research and
advancements in these areas.

In the present study, fluid flow and heat transfer in a
fractal microchannel heat sink have been simulated using
COMSOL Multiphysics software. The choice of a fractal
structure is motivated by its high heat transfer capabilities
and lower pumping power compared to parallel
microchannel configurations. The fractal microchannel
investigated in this research, with 15 branches, has been
proposed by scientists in recent years and represents the
optimal thermohydraulic configuration. Given that, in this
specific geometry, hybrid nanofluids have not been
previously explored, and considering the necessity to
enhance heat transfer in heat sinks to prevent chip
temperature rise, two hybrid nanofluids, Fes04-MoS; and
Fe;04-Al,03 (a 50%-50% mixture with a volume fraction
of 1% for each nanoparticle), are used as the cooling fluid.
These hybrid nanofluids are compared with a base fluid
of water. The selection of Fe304-MoS; and Fes0s-Al,03
hybrid nanofluids is based on their potential to improve
overall microchannel fractal performance. The hybrid
nanofluids are evaluated hydrodynamically and
thermally, considering parameters such as pumping
power and Nusselt number. Ultimately, through the
investigation of various parameters, the best-performing
nanofluid is proposed to enhance the overall performance
of the fractal microchannel.

PROBLEM STATEMENT

Physical model

In the present study, fluid flow and heat transfer within a
fractal microchannel heat sink will be investigated in the
presence of two hybrid nanofluids using numerical
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simulations in software. The application of numerical
methods provides the flexibility to adjust problem
conditions, including boundary conditions and various
parameters, in accordance with the physics and geometry
of the problem. The disc-shaped microchannel heat sink
under investigation in this research has been introduced
by Yan (10) and collaborators. Fractal microchannels,
inspired by fractal patterns found in the circulatory and
respiratory systems of mammals, are designed with
characteristics such as increased heat transfer efficiency
and reduced pumping power compared to traditional
microchannels. The specific fractal microchannel studied
in this research represents an optimal thermo-hydraulic
configuration, as illustrated in Figure 1. Although this
microheat sink features 15 main branches, as depicted in
Figure 1, for computational convergence and efficiency
improvement, a one-fifteenth structure of the entire
microheat sink, as shown in Figure 2, is considered for
numerical simulation. The COMSOL Multiphysics
software, known for its capabilities in fluid mechanics,
has been employed for numerical simulations. Given
COMSOL's ability to import geometry from Computer-
Aided Design (CAD) software, the simulation geometry
was designed using SolidWorks and then imported into
the COMSOL software. The geometry under
investigation includes a central inlet within a sector and
eight outlet orifices along the periphery, as outlined in
Figure 2. The overall radius of the geometry is 11
millimeters, with a 1-millimeter radius for the inlet
orifice, a 0.2-millimeter channel bed height, and a 0.5-
millimeter channel height. Heat flux is introduced into the
microchannel from below, and fluid flow within the
microchannel facilitates heat transfer.

The important feature of nanoparticles is the
enhancement of heat transfer. The use of nanoparticles
can improve the thermal performance of the system, a
subject not addressed in the fractal microchannel heat
sink. Hybrid nanofluids are a new generation of
nanofluids formed by the combination of different
nanoparticles. Enhancing heat transfer and reducing
pumping power are fundamental challenges of nanofluid
utilization. Therefore, the use of hybrid nanofluids is
significant as it allows the selection of two nanoparticles

First branching level

Fourth branching level

Solid

Figure 1. The primary geometry of MCHS
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Inlet flow

Heat flux

2N

Figure 2. One fifteenth of the main geometry

that, together, create desirable properties. In this study,
two hybrid nanofluids, Fes0s-MoS; and Fe;0s-Al.03
(50%-50%) with a volume fraction of 1% for each
nanoparticle, were used as the coolant fluid, and
comparison was made with the base fluid, water. The
COMSOL software was employed, utilizing two physics:
heat transfer in the fluid-solid and laminar flow, for
numerical simulation.  After simulation, various
parameters, including temperature distribution, pumping
power, and the heat sink’s performance coefficient, were
investigated within an input flow rate range of 200 to 400
mL/min and a constant heat flux of 100 W/cm?.

Numerical model
The properties of hybrid nanofluids have been calculated
using the following equations (35):

The viscosity of hybrid nanofluids for spherical
nanoparticles can be estimated as:

— Hf
Hanf = g7 ox1-9,)%s

)

The density and specific heat capacity of a hybrid
nanofluid with any shape of nanoparticle can be obtained
from the following equations:

Prng = pr(1 — @3) <(1 — )+ oy (’;—f)) +@ps2 (2

(pcp);mf = (pcp)f(l —¢2) ((1 —p)+
(©))

(Pcp)sl
\& (Pcp)f> + (Pz(pcp)sz
The effective thermal conductivity coefficient of a hybrid

nanofluid can be approximately obtained from the
following equations:

kbf= kfx(

ks1+(5_1)kf—(5_1)(ﬂ1(kf_k51))
ks1+(s—Dkp+@1(kr—ks1)

4)

kﬂ+@—nkw—@—nkaw—m9)

ks = k x(
hnf bf ksy+(s—Dkpr+@a(kpr—Ksz)
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The thermophysical properties of nanoparticles and the
base fluid are presented in Table 1.

Fluid behavior in a control volume is described using
the Navier-Stokes equations (10), which are expressed as:
Continuity equation: To investigate the conservation of
mass, the continuity equation is used in the following
form:

V-3=0 (5)
Momentum equation:

p(D-V¥) = —Vp +u- Vo )
Energy equation for fluid:

PCp (v VThnf) = KpnfV2Thns @)
Energy equation for solid:

ky V2T, = 0 ®)

In given equations, v represents the velocity, p denotes
the density of the coolant fluid, p represents the
hydrodynamic pressure, u corresponds to the viscosity of
the hybrid nanofluid, c, represents the specific heat
capacity of the hybrid nanofluid, T}, represents the
temperature of the hybrid nanofluid, k., denotes the
thermal conductivity coefficient of the hybrid nanofluid,
and k, and T, respectively represent the thermal
conductivity coefficient and temperature of the solid
section.

The following parameters are used to evaluate the
efficacy of a MCHS:

Pumping power:

I/Vpump = APior X qy 9)

where AP, represents the total pressure drop and q,

denotes the volumetric flow rate.
Average Re in each branch:

Rey,; = Z2mest (10)
Average Nusselt number in each branch:
_ qXDh.i
Num_i B kfX(Tm.wi_Tm.fi) (ll)

D, represents the hydraulic diameter, g denotes the heat
flux. Additionally, T,,,,; and T,, ;; respectively indicate

Table 1. Thermodynamic Properties (36)

TRTONE i) e, Gl
Base fluid Water 997.1 4179 0.613
Nanoparticles  FesO4 5180 670 9.7
Al,O3 3970 765 40
MoS, 5060 397.21 904.4
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the average wall temperature and the bulk fluid
temperature.
Friction factor:

1

D
f= ZAPThpumz (12)
Performance evaluation criterion:
e o)
= £ (13)

6
(f(pf=0>

Boundary conditions

The boundary conditions are specified based on Figure 2.
The fluid flow is steady, laminar, and incompressible, and
the fluid properties are assumed to be constant at the
operating temperature. The inlet temperature is 293.15 K,
the inlet flow rate ranges from 200 to 400 mL/min, and
the outlet pressure is set equal to atmospheric pressure.
The heat sink is made of copper and is insulated from the
surrounding environment. A heat flux of 100 W/cm? is
applied to the bottom wall of the heat sink. No-slip
conditions are enforced on the walls, and the effects of
radiation and gravity are neglected. Due to simulating a
one-fifteenth portion of the original geometry, the
symmetry boundary condition is applied to the lateral
walls of the sector.

Grid independence
During the numerical solution process in software, grid or
mesh generation plays a pivotal role. The accuracy of
calculations heavily relies on creating an appropriate grid,
as it impacts both the computational cost and the precision
of the simulation. To achieve accurate results while
maintaining computational efficiency, the grid must
strike a balance between being fine enough to capture key
features and not excessively refined. Specifically, near
walls and edges where flow variables exhibit significant
gradients, finer meshes are needed to ensure high
accuracy. Conversely, the grid in the solid region can
have a coarser resolution compared to the liquid region.
To assess result accuracy, the maximum temperature
and pressure drop were analyzed for five different grid
generations: 384,063; 678,638; 913,416; 1,324,415; and
1,693,398 grids. The findings indicate that from the third
grid onwards, the changes in the maximum temperature
and pressure drop become negligible. Consequently, a
mesh consisting of 913,416 grids has been selected as the
optimal choice to proceed with the simulation process.
The graph illustrating the variations in maximum
temperature with an increase in mesh is presented in
Figure 3.

Validation

To validate the accuracy of the simulation, the computed
pumping power has been compared with the pumping
power-flow rate relationship presented in Yan's article
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(10). The validation process involves using water as the
coolant fluid and applying a heat flux of 50 W/cm?. Figure
4 illustrates the comparison between the obtained results
and the data provided in the referenced article,
demonstrating a satisfactory agreement between the two
datasets. The obtained results indicate a 6% difference
compared to Yan’s article.

RESULTS AND DISCUSSION

The aim of this study is to investigate the thermal
performance of a microchannel heat sink under laminar
flow. Two hybrid nanofluids, Fe304-MoS; and Fe;Os-
Al;O3 (50%-50%), are used for cooling the microchannel
heat sink and compared with water to determine the effect
of the hybrid nanofluids and identify the best hybrid
nanofluid for cooling and future applications. The
primary objective of using a heat sink is to reduce the
maximum  temperature in  temperature-sensitive
components. Therefore, the maximum temperature of the
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heat sink during operation is of particular importance, as
a lower value ensures system performance. Figure 5
presents the maximum temperatures in three conditions
for water and the hybrid nanofluids Fe;Os-MoS; and
Fe304-Al,03. As shown in Figure 5, with an increase in
the inlet mass flow rate, the maximum temperature of the
heat sink exhibits a decreasing trend. This is due to the
improved heat transfer between the coolant fluid and the
microchannel wall as a result of the increased flow rate
and velocity. Furthermore, the addition of hybrid
nanofluids to water enhances the thermal conductivity,
which leads to increased heat transfer and reduced heat
sink temperature. The lower temperature observed when
using Fes304-MoS; hybrid nanofluid as the coolant is
attributed to its higher thermal conductivity compared to
the other two conditions. The maximum temperature of
the heat sink at a mass flow rate of 400 mL/min for water,
Fes04-M0S;, and Fes04-Al,O3 hybrid nanofluids is
337.18 K, 335.88 K, and 336.1 K, respectively.

Figure 6 illustrates the temperature contour at a mass
flow rate of 200 mL/min for the three discussed
conditions. As evident from Figure 6, there is a slight
improvement in the temperature distribution within the
heat sink when using hybrid nanofluids compared to the
base case with water as the coolant. It can be observed
that the highest temperatures occur at points further away
from the microchannels, while lower temperatures are
observed in proximity to the microchannels due to heat
exchange between the fluid and the walls.

Figure 7 presents the temperature contour at different
mass flow rates for the Fes04-MoS; hybrid nanofluid. As
evident from the figure, as the mass flow rate increases,
the temperature distribution within the heat sink becomes
more uniform, and the temperature gradient is reduced.
With an increase in the mass flow rate and inlet velocity
of the Fes0s,-MoS; hybrid nanofluid, heat exchange
between the walls and the fluid improves, leading to a
reduction in the heat sink temperature.
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Figure 5. Maximum temperature in the heat sink
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Figure 8 compares the pumping power for the three
different microchannel heat sink configurations. The
highest pumping power belongs to the Fe;0s-MoS;
hybrid nanofluid, followed by the Fes;0s-Al.03; hybrid
nanofluid and water. The pumping power is influenced
not only by geometric parameters but also by
thermophysical properties such as viscosity, density, and
inlet velocity. By adding hybrid nanoparticles to water,
the density and viscosity of the fluid increase, leading to
an increase in overall pressure drop and consequently
increasing the pumping power of the microchannel.
Essentially, the hybrid nanofluid becomes denser and
requires more pumping power to flow through the
microchannels. As observed from the graph, the pumping
power of the two hybrid nanofluids is very close to each
other, which can be attributed to their similar
thermodynamic properties. Additionally, as shown in the
graph, the pumping power increases with an increasing
inlet mass flow rate. This is because when the inlet mass
flow rate is higher, the collision between the hybrid
nanoparticles and the microchannel walls becomes more
intense, resulting in higher forces exerted by the walls on
the nanoparticles, leading to an increased pressure drop.

In order to better understand and analyze the fluid
flow inside a microchannel heat sink, both positive and
negative aspects need to be simultaneously evaluated.
Therefore, thermal and hydraulic parameters should be
investigated concurrently to determine their impact on the
overall system performance. For example, adding
nanoparticles or altering the geometric shape of the
microchannel can enhance heat transfer within the
microchannel, but it can also lead to a significant increase
in pressure drop, thereby reducing the overall system
performance. Equation 13 is defined for this reason, to
enable the simultaneous evaluation of thermal and
hydraulic performance.

Figure 9 depicts the performance evaluation
coefficient for two hybrid nanofluids. As evident, for both
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hybrid nanofluids, this coefficient is above 1, indicating
that both hybrid nanofluids enhance the overall system
performance. It is also evident that the performance
evaluation coefficient increases with increasing flow rate,
suggesting that higher flow rates should be employed for
cooling the heat sink. Based on the graph, it is evident that
the Fe30s-M0S, hybrid nanofluid has a higher
performance evaluation coefficient compared to the
Fes04-Al;O3 hybrid nanofluid, thus providing a greater
enhancement in the overall system performance.
However, the difference in this value between the two
hybrid nanofluids is relatively small.

Based on the above information, it can be concluded
that the Fe30s-Mo0S; hybrid nanofluid improves the
overall system performance to a greater extent, and it is
preferable to utilize this hybrid nanofluid for cooling
purposes.

CONCLUSION

A microchannel heat sink is one of the best methods for
cooling in industry and electronic systems. In this
research, a microchannel heat sink has been numerically
investigated using COMSOL Multiphysics software. The
software utilizes heat transfer physics in fluid-solid and
laminar flow in three dimensions. Two hybrid nanofluids,
Fe304-MoS; and Fe304-Al,03, are used for cooling and
compared with water as the base fluid. The overall goal is
to compare the two hybrid nanofluids and their impact on
fluid flow to select the best hybrid nanofluid for cooling
in terms of overall performance. To comprehensively
assess the thermal and hydraulic performance of the
microchannel, the performance evaluation coefficient is
calculated to identify the optimal condition, considering
both thermal and hydraulic aspects. A summary of the
results is provided below.
e The use of hybrid nanoparticles leads to an
improvement in heat transfer, which is attributed to
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the increased heat transfer coefficient when using
nanoparticles. The maximum temperature of the heat
sink when using water as a coolant at a flow
rate of 200 milliliters per minute is 354.44°C.
However, this value decreases when using hybrid
nanofluids. For the Fes04-MoS; and Fe;04-Al;03
hybrid nanofluids, the maximum temperatures are
352.8°C and 353.02°C, respectively, indicating a
slight improvement compared to the base case. The
use of hybrid nanofluids Fes04-MoS, and FezOs-
Al>Os leads to an improvement of 0.46% and 0.4% in
the maximum temperature of the heat sink,
respectively.

While the use of nanofluids improves heat transfer, it
also leads to an increase in pressure drop and,
consequently, an increase in pumping power. This
can be attributed to the increased viscosity and
density of the fluid flow. The pumping power for
water at a flow rate of 200 milliliters per minute is
8.17 mW. However, for the Fe304-MoS; and Fez0s-
Al;O3 hybrid nanofluids, the pumping powers are
8.94 and 8.65 mW, respectively. The use of hybrid
nanofluids Fes04-MoS; and Fe30s-Al;O; results in
an increase of 9% and 6% in the pumping power,
respectively. The results indicate that although the
heat transfer performance of the FesO4-MoS; hybrid
nanofluid is better than the other one, its pumping
power is also higher.

By examining the Performance Evaluation
Coefficient (PEC) for both hybrid nanofluids, it has
been determined that both nanofluids improve the
overall system performance, and the overall system
performance further improves with increasing inlet
flow rate. The Fe304s-M0S; hybrid nanofluid
enhances the overall system performance by 3.2% at
a flow rate of 200 milliliters per minute, while the
other hybrid nanofluid improves it by 3.1%.
Therefore, it is better to utilize the FesO0s-MoS;
hybrid nanofluid based on these results.

Suggestions
For future work, the following options may be helpful for
researchers interested in working in this field:

Investigation of two-layer and multilayer
microchannels and their effects on the overall system
performance.

Examination  of incorporating  fins
microchannels to enhance heat transfer.
Study of heat transfer under non-uniform heat flux
conditions.

Exploration of non-rectangular geometries for
microchannels and their impact on improving heat
sink performance.

Research on microchannels in turbulent flow regimes
at different Reynolds numbers.

inside
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