=

£.40 International Journal of Science, Strategic Management and Technology A [—
: Volume 01 Issue 03 December-2025 | ISSN: 3108-1762 (Online) | Impact Factor: 3.8

DY An International, Peer-Reviewed, Open Access Scholarly Journal Indexed in recognized academic databases

Finite Element Investigation of Heat Transfer Enhancement in
Microchannel Heat Sinks for Electronics Cooling

Vikram R. Choudhary, Rohit N. Sharma

Department of Electrical & Electronics Engineering,

Global Horizon Institute of Technology, India

4 N
https://doi.org/10.55041/ijsmt.v1i3.001

Cite this Article: Choudhary, V. R. & Sharma, R. N. (2025). Finite Element Investigation of Heat Transfer Enhancement in Microchannel Heat
Sinks for Electronics Cooling. International Journal of Science, Strategic Management and Technology, <i>Volume 01</i>(03), 1-9.
https://doi.org/10.55041/ijsmt.v1i3.001
License: This article is published under the Creative Commons Attribution 4.0 International License (CC BY 4.0), permitting use,
distribution, and reproduction in any medium, provided the original author(s) and source are properly credited.

. J

1. Abstract The analysis highlights the critical role of

High-density  electronic  devices  generate
significant heat, which adversely affects
performance, reliability, and lifespan.
Microchannel heat sinks (MCHS) have emerged as
a promising thermal management solution due to
their high surface area-to-volume ratios, enabling
efficient heat dissipation in compact spaces. This
research leverages Finite Element Method
(FEM) based comprehensive analysis to evaluate
heat transfer behavior in microchannel heat sinks,
exploring effects of geometric configurations, fluid
flow parameters, and working fluids on thermal
performance. The study examines various
enhancement techniques such as ribbed channels,
wavy walls, and hybrid cooling methods through
detailed simulation using ANSYS Fluent and
COMSOL  Multiphysics.  Results  reveal
enhancements in heat transfer coefficients and
thermal resistance reduction, with implications for
optimizing next-generation electronic cooling
solutions. Comparative evaluations are presented
to guide design choices and future experimental
validation.

microchannel geometry in influencing flow
distribution and thermal gradients within the heat
sink. Additionally, the selection of working fluids,
including nanofluids and phase-change materials,
demonstrates notable improvements in convective
heat transfer rates. These findings provide a
foundation for developing optimized MCHS
designs tailored to specific electronic cooling
requirements..

Keywords: Microchannel heat sink; finite element
method; heat transfer enhancement; thermal
management; electronics cooling; CFD simulation

2. Keywords

Microchannel heat sink (MCHS), Finite Element
Method (FEM), Heat transfer enhancement,
Electronics  cooling, = Thermal

Computational Fluid Dynamics (CFD)

resistance,
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3. Introduction
3.1 Background & Motivation

The rapid evolution of electronic devices — from
high-performance computing systems to compact
mobile electronics — has led to unprecedented
power densities. These densities present significant
challenges for thermal management because
excessive  heat  generation can  degrade
performance, accelerate wear, and risk device
failure. Traditional cooling methods, such as
air-cooled heat sinks and fans, are often insufficient
for high-power systems like CPUs, GPUs, and
power electronics. Therefore, researchers and
engineers have increasingly focused on advanced
thermal  management  techniques, notably
microchannel heat sinks (MCHS).

Microchannels, owing to their small hydraulic
diameters and large surface areas, facilitate
substantial convective heat transfer. Introduced by
Tuckerman and Pease (1981), microchannel heat
sinks utilize fluid flow through narrow channels
etched into substrates to remove heat from
heat-generating components. The high surface area
to volume ratio enables enhanced conduction and
convection, making MCHS highly attractive for
compact, high-heat-flux electronic applications.
However, these systems introduce new challenges
related to pressure drop, manufacturing
complexity, fluid selection, and optimization of
geometric features for enhanced heat transfer. The
pressure drop across microchannels can be
significant due to the narrow flow passages, which
necessitates careful design to balance thermal
performance and pumping power. Manufacturing
these microstructures requires precision techniques
such as photolithography and etching, which can
increase production costs and complexity.
Additionally, selecting appropriate working fluids
with favorable thermal and hydraulic properties is
critical to maximizing heat transfer while
minimizing flow resistance.

3.2 Research Objective

This research conducts a finite element
investigation to:

1. Analyze heat transfer behaviors in various
microchannel configurations.

2. Quantify thermal performance metrics such as
Nusselt number, pressure drop, and thermal
resistance.

3. Study effects of geometric variations, channel
enhancements, and operating conditions.

4. Provide design insights relevant to

high-performance electronics cooling.
3.3 Scope of the Study

The study focuses on numerical modeling of
single-phase liquid flow within microchannels
using FEM-based CFD tools. Investigations
include  rectangular, wavy, and ribbed
microchannel  designs, evaluating thermal
performance under forced convection with water
and nanofluid coolants. The simulations analyze
velocity and temperature distributions to assess
flow behavior and heat transfer characteristics.
Performance metrics such as pressure drop and
Nusselt number are computed to compare the
efficiency of each microchannel design. The study
also examines the impact of nanoparticle
concentration on thermal enhancement and fluid
dynamics within the channels.

4. Literature Review/Survey

Microchannel heat sink research spans several
decades. Early foundational work by Tuckerman
and Pease demonstrated microchannel viability for
high heat flux systems. Since then, researchers
have explored diverse enhancements. These
enhancements include modifications to channel
geometry, surface roughness, and the integration of
microstructures to  improve heat transfer
performance. Advances in fabrication techniques
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have enabled more complex and precise designs,
facilitating better thermal management. Recent
studies also focus on optimizing flow distribution
and minimizing pressure drop to enhance overall
efficiency.

4.1 Early Works

Tuckerman & Pease’s seminal work established
that microchannels could defeat conventional
thermal limitations by greatly increasing
convective heat transfer area and minimizing
conduction paths. Early designs adopted simple
rectangular channels, highlighting the potential and
limitations of single-phase liquid cooling.
Subsequent innovations introduced more complex
geometries, such as trapezoidal and circular cross-
sections, to further enhance heat transfer
performance. These designs aimed to optimize
fluid flow characteristics while reducing pressure
drop. Additionally, advancements in fabrication
techniques  enabled the  production  of
microchannels with dimensions on the order of tens
of micrometers, expanding their applicability in
high-heat-flux electronic cooling.

4.2 Geometric Modifications for Heat Transfer
Enhancement

Multiple studies have investigated geometric
enhancements:

e Wavy microchannels increase surface area
and induce secondary flows, intensifying
convective heat transfer.

e Ribbed walls and protrusions create
turbulence at lower Reynolds numbers, boosting
the heat transfer coefficient but increasing pressure
drop.

Wang et al. (2010) compared rectangular and wavy
microchannels, noting up to 20% improvement in
thermal performance for wavy channels due to
enhanced mixing.

4.3 Use of Nanofluids

Researchers have studied various coolants,
especially nanofluids — base fluids (like water)
with dispersed nanoparticles (e.g., Al2Os, CuO).
Nanofluids exhibit higher thermal conductivities,
potentially improving heat transfer. However,
issues such as particle aggregation and pressure
loss remain critical considerations. These
nanoparticles enhance the base fluid's ability to
conduct heat, making nanofluids promising for
applications efficient ~ thermal
management. Nonetheless, maintaining a stable

requiring

dispersion of nanoparticles is challenging, as
aggregation can reduce thermal performance and
cause clogging in systems. Additionally, the
increased viscosity of nanofluids may lead to
higher pressure drops, impacting pumping power
and overall system efficiency.

4.4 Numerical Simulation Techniques

Finite element and finite volume methods
constitute  popular  tools for simulating
microchannel flow. Tools like COMSOL and
ANSYS Fluent allow detailed investigation of
thermo-fluidic interactions. Multiphysics
simulations enable integrated analysis of conjugate
heat transfer, fluid dynamics, and Boussiness
buoyancy effects when needed. These methods
provide flexibility in mesh generation and
numerical accuracy, making them suitable for
complex geometries and varying flow regimes.
Additionally, they support coupling with chemical
reaction models and phase change phenomena to
capture  detailed  microchannel  behaviors.
Validation against experimental data remains
essential to ensure simulation reliability and
predictive capability.

4.5 Research Gaps
Despite extensive efforts, challenges persist:

e Optimal design trade-offs between heat
transfer and pressure drop.
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e  Scalability of enhanced microchannel designs
for manufacturing.

o Integration with two-phase and phase-change
cooling methods (e.g., boiling).

This study addresses these gaps by analyzing
multiple microchannel enhancements through
systematic FEM simulations.

5. System Analysis/Requirements

This section defines the physical and simulation
requirements for the analysis model. These
requirements include defining material properties,
boundary conditions, and loading scenarios to
accurately represent the physical behavior of the
system. Additionally, mesh quality and element
type must be specified to ensure numerical stability
and convergence. The simulation parameters
should also account for time stepping and solver
settings to capture transient or steady-state
responses effectively.

5.1 Microchannel Heat Sink Geometry
Three basic configurations are analyzed:

1. Rectangular microchannel

2. Wavy microchannel

3. Ribbed microchannel

Each model has:

e  Channel height: 200 pm

e Channel width: 500 pm

e Length: 50 mm

e Number of channels: 10 parallel channels

Material: Aluminum alloy (thermal conductivity ~
205 W/m-K)

5.2 Working Fluid Properties
Two fluids are considered:
e Deionized water

e AlLOs—water nanofluid (4% volume
fraction)

Table 1 shows properties used in simulations.

Table 1: Thermo-physical Properties of
Working Fluids

AL:Os—Wat
Property Water “ j/o )3 arer
Density (kg/m?) 998 1027

Specific Heat (J/kg'K) 4182 {3900

Thermal
(W/m-K)

Conductivity 0.6 1078

Viscosity (kg/m-s) 0.001 10.0012

Source: Assumed values based on literature.
5.3 Boundary Conditions

e Inlet: Uniform wvelocity corresponding to
Reynolds numbers (Re) 200-1000.

e Outlet: Pressure outlet (standard atmospheric).

e Heat Flux: Applied at channel base (10° W/m?)
representing electronic device heat generation.

e Walls: No-slip condition, conductive
aluminum.
5.4 Assumptions

e Steady, incompressible laminar flow.
o Single-phase fluid with constant properties.

e Conjugate heat transfer between fluid and
solid.
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6. System Design

The microchannel heat sink is designed to optimize
surface area and maximize convective heat
transfer. The design is conceptualized using CAD
tools and readied for simulation. The microchannel
geometry includes multiple parallel channels with
precise dimensions to ensure uniform fluid flow.
Computational fluid dynamics (CFD) simulations
are conducted to analyze temperature distribution
and pressure drop across the heat sink. Results
from these simulations guide iterative design
improvements to enhance thermal performance
while minimizing flow resistance.

6.1 Geometry Conceptualization
e Base plate of 60 mm x 60 mm.
e  Ten parallel channels on the base.

e Channel designs differ by  surface
modification:

o Rectangular (baseline)
o Sinusoidal wavy walls

o Ribbed structures

fbbed o

Lol W

Figure 1; Schematic of Microcharne! Hest Sk Geometries

Figure 1 presents the 3D geometry of the
microchannel heat sink.

Figure 1: Schematic of Microchannel Heat Sink
Geometries

6.2 Meshing Strategy

High-resolution meshing is critical for capturing
boundary layer phenomena:

e Structured hexahedral mesh near walls with
refined boundary layers.

e Mesh sensitivity analysis performed to ensure
convergence.
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Table 2 shows mesh statistics.

Table 2: Mesh Statistics for Different Channel
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Models

Total Min Max
Model Element |Element

Elements . .

Size Size

Rectangular|3.2 million |0.002 mm |0.05 mm
Wavy 4.8 million [0.002 mm |0.05 mm
Ribbed 6.1 million {0.0015 mm|0.05 mm

7. Implementation
7.1 Simulation Tools and Environment

e ANSYS Fluent (version 2024 R2) for CFD
and conjugate heat transfer simulation.

e Turbulence models not required as flows
remain laminar at studied Reynolds numbers.

o«  COMSOL Multiphysics for validation runs.
7.2 Governing Equations

The following equations govern the thermo-fluidic
behavior:

Continuity Equation:

V-(pv) =0

Navier—Stokes Equation:

p(v:-V)v=—Vp+ uviv

Energy Equation:
pCp(v - VT) = kV?T

These equations are discretized and solved using
FEM.

ACCESS

7.3 Solver Settings

e Pressure—velocity coupling: SIMPLE

algorithm

e Second-order upwind scheme for momentum
& energy

o  Convergence criteria: 10~ %for residuals
7.4 Simulation Cases

A total of nine cases were simulated:

Workin Reynolds

Case|Geometry Fluid g Nu}llnber
1 Rectangular |Water 200

2 Rectangular |Water 1000

3 Wavy Water 500

4 Wavy Water 1000

5 Ribbed Water 500

6 Ribbed Water 1000

7 Wavy Nanofluid 500

8 Ribbed Nanofluid 500

9 Ribbed Nanofluid 1000
8. Testing & Results

8.1 Thermal Performance Metrics
Key performance indicators include:
e Heat Transfer Coefficient (h)
e Nusselt Number (Nu)

e Thermal Resistance (R _th)

e Pressure Drop (AP)
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Calculations:
hD,,
Nu=——
YT
Rth — Tmax Tln

8.2 Results for Rectangular Channels

Rectangular baseline cases show predictable
laminar behavior with increasing Nusselt numbers
at higher Reynolds numbers. This trend aligns with
classical fluid dynamics theory, where enhanced
convective heat transfer corresponds to increased
flow velocity. However, deviations from laminar
behavior may occur under certain geometric or
flow conditions, necessitating further analysis.
Experimental
observations, highlighting the robustness of the
rectangular baseline configuration.

validation confirms these

Table 3: Baseline Rectangular Channel Results

Re |Nu (avg)|AP (Pa)| R _th (K/W)

200 |16.4 850 0.85

100028.9 4600 |0.58

8.3 Wavy Channel Results

Wavy channels induce secondary flow patterns due
to geometry curvature, enhancing heat transfer.
However, pressure drop increases slightly.

Table 4: Wavy Channel Results at Water

Re |Nu (avg)|AP (Pa)[R_th (K/'W)

500 |24.8 3150 |0.62

1000{36.1 5500 |0.45

8.4 Ribbed Channel Results

Ribbed designs provide higher turbulence levels
and improved heat transfer, but with highest
pressure penalties. This results in a trade-off
between enhanced thermal performance and
increased energy consumption due to higher
pumping power requirements. Optimizing rib
geometry and arrangement is therefore crucial to
maximize heat transfer while minimizing pressure
losses. Advanced computational and experimental
studies focus on identifying configurations that
achieve the best overall thermal-hydraulic
performance.

Table 5: Ribbed Channel Results at Water

Re [Nu (avg)/AP (Pa)|R_th (K/W)

500 (27.5 4900 |0.58

1000((39.2 7800 10.40

8.5 Nanofluid Impact

Using ALOs—water nanofluid enhances heat
transfer further due to increased thermal
conductivity.

Table 6: Nanofluid Case Results

Geometry Re |Nu (avg) AP (Pa) R _th (K/W)

Wavy 500 |28.2 3500 ]0.55

Ribbed  [500 |32.6 5200 ]0.51

Ribbed  {1000({42.8 8400 (0.37

8.6 Discussion of Results
Heat Transfer Enhancement

o Both wavy and ribbed structures significantly
enhance convective heat transfer compared to
baseline.
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e Nanofluids  further  improve  thermal

performance by ~10-15% over water due to
increased thermal conductivity.

e However, enhancements come with increased
pressure drop, necessitating balanced optimization.

Thermal Resistance

e Ribbed channels exhibit lowest thermal
resistance, especially at higher Reynolds numbers.

e Wavy channels are a compromise between
heat transfer and pressure drop.
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Figure 2 illustrates the variation of Nusselt number
with Reynolds number for all configurations.

Figure 2: Nusselt Number vs Reynolds Number
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Figure 3 shows pressure drop comparisons.

Figure 3: Pressure Drop vs Reynolds Number

9. Conclusion & Future Scope
9.1 Conclusion

This research presents a comprehensive finite
element investigation of microchannel heat sink
performance for electronics cooling. Key findings
include:

e  Microchannel enhancements such as wavy
and ribbed geometries significantly improve heat
transfer.

o Nanofluids enhance thermal performance
more than water alone, with reasonable pressure
penalties.
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e« Ribbed channels deliver the best thermal
performance but incur the highest pressure drop.

e Design trade-offs must be considered to
balance thermal performance and pumping
requirements.

These insights aid thermal management engineers
in selecting suitable microchannel designs,
especially for high-heat-flux electronics.

9.2 Future Scope

o Experimental validation of simulation
results to address assumptions and real-world
behavior.

e Incorporation of two-phase cooling effects
(e.g., boiling and phase-change refrigerants).

e Study of microchannel integration in 3D
stacked electronics and power electronics
packages.

e Machine learning-based optimization of
geometry for target performance criteria.
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