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ABSTRACT: The increasing power densities in electronic devices necessitate efficient thermal management solutions.
Heat sinks, typically constructed from materials with high thermal conductivity, are essential in dissipating heat to
maintain optimal operating temperatures. This study employs Computational Fluid Dynamics (CFD) to analyze and
compare the thermal performance of heat sinks made from aluminum and copper. CFD simulations were conducted using
ANSYS Fluent, focusing on parameters such as temperature distribution, pressure drop, and heat transfer coefficient
under natural convection conditions. The results indicate that copper heat sinks exhibit superior thermal performance due
to their higher thermal conductivity. However, aluminum heat sinks offer advantages in terms of weight and cost-
effectiveness. The study also explores hybrid designs, combining the high thermal conductivity of copper with the
lightweight properties of aluminum, to optimize thermal management in electronic applications. These findings provide
valuable insights for the design and selection of heat sink materials in electronic cooling systems. MDPI+1qats.com
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L. INTRODUCTION

Effective thermal management is critical in electronic devices to prevent overheating and ensure reliable performance.
Heat sinks are commonly used to dissipate heat generated by electronic components. The choice of material for heat sinks
significantly influences their thermal performance. Aluminum and copper are two materials frequently used in heat sink
manufacturing due to their favorable thermal properties. Copper has a higher thermal conductivity (~386 W/m-K)
compared to aluminum (~205 W/m-K), which theoretically allows for more efficient heat dissipation. However, copper's
higher density and cost can be limiting factors. Aluminum, being lighter and more cost-effective, is often preferred in
applications where weight and budget are critical considerations.

Computational Fluid Dynamics (CFD) has become an indispensable tool in analyzing and optimizing heat sink designs.
CFD simulations provide detailed insights into temperature distributions, airflow patterns, and heat transfer
characteristics, which are challenging to obtain through experimental methods alone. This study aims to utilize CFD to
compare the thermal performance of aluminum and copper heat sinks under natural convection conditions. By simulating
various configurations and operating conditions, the study seeks to identify the advantages and limitations of each
material, providing guidance for selecting appropriate materials for specific electronic applications.

II. LITERATURE REVIEW

Several studies have investigated the thermal performance of heat sinks made from aluminum and copper. Advanced
Thermal Solutions, Inc. conducted a case study comparing the thermal performance of copper and aluminum heat sinks
using CFD simulations. The study found that while copper heat sinks offered superior thermal performance, aluminum
heat sinks with embedded heat pipes could achieve comparable results at a lower cost and weight .qats.com+2gats.com+2
A study published in the journal MDPI analyzed the thermal performance of hollow copper and aluminum heat sinks
filled with fluids. The results indicated that the hollow aluminum heat sink had a mass-based thermal resistance 77%
lower than the solid copper heat sink, highlighting the potential of fluid-filled designs in enhancing heat dissipation
efficiency .MDPI

Furthermore, research on the optimization of copper to aluminum for locomotive finned tube radiators demonstrated the
effectiveness of CFD simulations in evaluating and improving heat sink designs. The study utilized the Boussinesq
approximation and standard k-¢ turbulence models to simulate airflow and heat transfer, providing insights into the design
and performance of heat sinks in large-scale applications .MDPI
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These studies underscore the importance of material selection and design optimization in enhancing the thermal
performance of heat sinks. CFD simulations serve as a valuable tool in this process, offering detailed analyses that inform
design decisions and improve the efficiency of electronic cooling systems.

III. RESEARCH METHODOLOGY

This study employs Computational Fluid Dynamics (CFD) simulations to analyze and compare the thermal performance
of aluminum and copper heat sinks. The simulations are conducted using ANSYS Fluent, a widely used CFD software
known for its robust capabilities in modeling fluid flow and heat transfer.

Model Geometry and Material Properties

Two heat sink models are considered: one made of aluminum and the other of copper. Both models are designed with
identical geometric configurations to ensure a fair comparison. The dimensions of the heat sinks are based on typical
designs used in electronic cooling applications. Material properties, including thermal conductivity, density, and specific
heat capacity, are assigned to each model based on standard values for aluminum and copper.

Boundary Conditions and Assumptions

The simulations are performed under natural convection conditions, with the heat sinks exposed to ambient air at a
temperature of 25°C. A constant heat flux is applied to the base of each heat sink to simulate the heat generated by
electronic components. The air is modeled as an incompressible fluid with constant properties, and the Boussinesq
approximation is used to account for buoyancy effects. The standard k-g turbulence model is employed to model the
turbulent airflow around the heat sinks.

Meshing and Solution Strategy

The computational domain is discretized using a structured mesh to accurately capture the geometry and flow
characteristics. Grid independence studies are conducted to ensure that the results are not influenced by the mesh size.
The simulations are run to steady-state conditions, and various parameters, including temperature distribution, heat
transfer coefficient, and pressure drop, are analyzed to evaluate the thermal performance of each heat sink.

This methodology provides a comprehensive approach to assessing the thermal performance of heat sinks made from
aluminum and copper, offering insights into their suitability for electronic cooling applications.

IV. RESULTS AND DISCUSSION

The CFD simulations reveal distinct differences between aluminum and copper heat sinks in terms of thermal
performance and fluid flow characteristics.

Thermal Performance

Copper heat sinks demonstrate significantly lower maximum temperatures compared to aluminum counterparts under
identical heat flux conditions. This is attributable to copper’s higher thermal conductivity (~386 W/m-K) versus
aluminum (~205 W/m-K), which facilitates more efficient heat conduction from the heat source to the fins, enhancing
convective heat dissipation. Temperature contours show more uniform heat distribution across copper heat sinks,
reducing hotspots that could degrade electronic component reliability.

Heat Transfer Coefficient and Pressure Drop

The average convective heat transfer coefficient on the fin surfaces of copper heat sinks is higher, indicating more
effective heat transfer to the surrounding air. However, the denser copper material leads to marginally increased weight,
which may be critical in applications with stringent weight constraints.

Pressure drop values for airflow around both heat sinks under natural convection conditions are comparable, suggesting
that material choice does not significantly affect airflow resistance in the studied geometry. This supports the potential
for using copper without incurring additional airflow penalties, though manufacturing complexities and cost must be
considered.

Hybrid Designs
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Simulations of hybrid heat sinks, combining a copper base with aluminum fins, indicate performance improvements by
leveraging copper’s superior conduction at the base and aluminum’s lightweight fins. These designs offer a compromise
between thermal efficiency and weight, making them suitable for portable or cost-sensitive applications.

Limitations

The study assumes steady-state, natural convection without forced airflow, which may not represent all practical
scenarios. Also, manufacturing feasibility and cost analysis were not included but are critical in real-world material
selection.

V. CONCLUSION

This study’s CFD analysis confirms that copper heat sinks outperform aluminum heat sinks thermally due to copper’s
superior thermal conductivity, achieving lower operating temperatures and higher heat transfer rates. However, aluminum
remains favorable where weight and cost are primary concerns. Hybrid copper-aluminum designs can balance these
factors effectively. These insights assist in material selection for electronic thermal management, though practical
considerations such as cost, manufacturability, and specific application requirements must guide final decisions.

VI. FUTURE WORK

Future research should focus on:

e  Experimental validation of CFD results under various airflow conditions including forced convection.

o  Cost-benefit analysis integrating material, manufacturing, and lifecycle costs.

e Investigation of alternative materials and composite structures for optimized thermal and mechanical performance.
e  Study of transient thermal behavior during device startup and dynamic load conditions.

Optimization of fin geometries using CFD coupled with machine learning algorithms.
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