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This report investigates the theory and application of extended surfaces for heat transfer enhancement across three tasks. Task A reviews the historical development of fins in automotive design, their incorporation into microprocessor cooling systems, and recent advances including additive manufacturing, microchannel heat sinks, and phase change material integration. Task B presents a computational analysis confirming that the dimensionless fin parameter mL ≈ 2.65 represents the optimum finite fin length, beyond which additional length yields negligible improvement in heat transfer. Task C applies adiabatic tip fin theory to a copper saucepan handle manufactured from four different materials. Temperature distributions, tip temperatures and heat loss values were determined for both actual and optimum handle lengths. Results demonstrate that stainless steel is the only material producing a safe handle tip temperature of 29.4°C at the given 200mm length, making it the most suitable handle material from both a thermal and safety perspective.
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1.0 Introduction

Thermal management proves fundamental across all engineering systems and sectors. Poor temperature control reduces performance, shortens working life, and creates safety concerns during operation. Cooling fins, also known as extended surfaces, are one of the most widely used methods of heat dissipation and functions by increasing the external surface area available for heat transfer through convection. By conducting heat away from the base surface and exposing a larger area to the surrounding fluid, fins are capable of significantly improving cooling effectiveness. 

A fin’s performance is dictated by several factors. These include material conductivity, geometry, surface area, ambient conditions, and boundary conditions at the fin’s tip. Therefore, fin design therefore represents a balance optimising maximum heat transfer, manufacturing costs, packaging size, and structural practicality. 

This report examines the applications of fins both practically and theoretically. The first task studies the historical development of fins specifically in the automotive industry, their use in microprocessors, and recent advancements in extended surface design. Using Microsoft Excel, Task B analytically determines the relationship between finite and infinite fin performance through the parameter mL, finding the optimum value. Finally, Task C explores the design of a saucepan handle through adiabatic tip-theory. Suitable materials, temperature distributions, heat loss, and design practicality are examined in this section. 
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[bookmark: _Toc227563924]2.1 Historical Use of Fins in the Automotive Industry.

During the first development of early engines, air cooling was utilised over liquid cooling systems. Extended surfaces (fins) were cast directly into the engine’s barrel and head to promote heat rejection of ambient air through increased exposed surface area. Air cooled engines were first developed in the late 1800s with its first successful invention accredited to German engineer Karl Benz (Autodrain Auto Museum, 2020). This approach was favorable at the time in both aerospace and automotive sectors due to the reduced complexity, lighter mass, and the immaturity of liquid cooling at the time. This simplicity negated the need for additional components such as radiators, pumps, and coolants before engines increased in power and complexity. 

This significance of air cooling and the use of fins is exemplified through the VW beetle, the most popular car manufactured off a single platform of all time (Volkswagen, 2022). The Beetle utilised air-cooled engine designs from the 1930s up until the late 1970s, highlighting the effectiveness of air cooling (Lowe, 2025). Within these systems, cooling depends heavily on vehicle motion or fan-assisted airflow. Heat transfer rates were therefore strongly influenced by road speed, ambient temperature and fin cleanliness.

As engines increased in complexity and power during the mid-twentieth century, air cooling and its limitations became more apparent. Higher power outputs and densities generated greater thermal loads that fins alone could no longer reject adequately in most applications. This resulted in the fundamental shift from the use of extended surfaces directly cast onto the engine towards liquid cooling systems incorporating finned heat exchangers. 
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Figure 1- Heat Exchanger Diagram (Lee et al., 2023)
Finned radiator cores became the dominant cooling solution of this era. Fins were bonded onto coolant-carrying tubes, as illustrated in Figure 1, dramatically increasing the surface area exposed to ambient airflow. Fin optimisation also became a great topic of research during this era, exploring geometries from plain fins, corrugated, and louvered designs (Chang & Wang, 1997). Louvred fins disrupt the thermal boundary layer along the fin surface, repeatedly restarting it and maintaining higher local heat transfer coefficients compared to plain fin designs (Vaisi et al., 2011). Furthermore, research demonstrates a 5% to 13% increase in heat transfer through optimal geometry such as fin extensions (Sachar et al., 2023). 

Modern automotive applications have redefined the role of extended surfaces for thermal management. The current surge of electric vehicles (EVs) introduces an unfamiliar electrochemical heat generation challenge, different from traditional internal combustion engines (ICE). Fins now serve as critical components in battery pack cooling systems. Strategic implementation of fins to lithium-ion battery surfaces can reduce peak temperatures by up to 36.8% to 51.24% during normal discharge rates (Alma’asfa, 2025). Similarly, hydrogen fuel cell electric vehicles (HFCEVs) require precise thermal management in components such as the fuel cell stack, high voltage DC to DC converters, and motor traction control inverters. This is particularly critical for fuel cell stacks as they operate optimally in a narrow band around 60°C. Louvred fin heat exchangers have become a key solution in FCEV thermal management systems, with optimised designs demonstrating improved heat transfer rates of 1.6–5% through computational optimisation techniques such as genetic algorithms (Kwon et al., 2023).

[bookmark: _Toc227563925]2.2 Extended Surfaces in Microprocessors.

The utilisation of extended surfaces in microprocessors has become ever more critical due to the continuous increase in processor power density of electrical components. Without efficient heat transfer, component operating temperatures can exceed safe working limits. This results in thermal throttling, reduced performance, and accelerated degradation (Cheung, 2020). Early microprocessors such as the Intel 4004 required no active cooling due to low computing power, but as transistor counts increased in accordance with Moore’s Law, heat flux per unit area rose significantly. This phenomenon was termed as the ‘power wall’ where thermal design power heightened from negligible levels in the late 20th century to now over 300W in modern GPUs (Sun et al., 2020).

Heat generated in most air-cooled systems travels through the die, internal heat spreader, thermal interface material, finned heat sink, and then to the surrounding air. The heat sink behaves as the primary passive cooling component, increasing the surface area for convection. A fan is then used for forced convection, resulting in a much greater convective heat transfer coefficient in comparison to natural convection alone. 

Depending on airflow direction, packaging constraints, and manufacturing costs, several fin geometries can be utilised. Amongst the most common designs, straight plate (extruded) fin heat sinks perform optimally when airflow is directed through parallel channels by an axial fan. This design is widely used in desktop computers and power supplies. When flow direction is not accurately defined, pin fin arrays offer omnidirectional airflow advantages. Their open structure promotes mixing and turbulence to enhance heat transfer. In contrast, radial fin designs are employed in more constrained packaging envelopes where a central fan distributes air outwards using circumferential fins. Examples of common heat sink fins are highlighted in Figure 2 (Wellste et al., 2026) Each geometry therefore represents a deliberate engineering trade-off between surface area, airflow resistance and spatial constraints.
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Figure 2- Common Heat Sink Types (Wellste, 2026)

Performance is also strongly influenced by material selection. The most commonly used heat sink material is Aluminium due to its attractive balance of thermal conductivity, low density, and cost. Although Copper offers significantly higher thermal conductivity and is frequently used to rapidly extract heat from processor hotspots, its greater mass and cost often prohibit a full copper design. Critically, increasing fin surface area alone does not guarantee enhanced cooling. Fins spaced excessively close increases pressure drop, demands higher fan speeds, worsens noise, and increases energy consumption. Fin geometry, spacing, and airflow must therefore be optimised simultaneously by designers to minimize overall thermal resistance (Bar-Cohen, 2000).

Heat pipes and vapour chambers have further enhanced cooling in microprocessors through the decoupling of heat source from the fin array. Heat pipes utilise phase change of a working fluid to transport heat rapidly to fin stack, with effective thermal conductivities of up to 100,000 W/mK (Cheung, 2020). Vapour chambers further this function into two dimensions, uniformly spreading heat across the base and improving thermal performance by 10-30% in comparison to conventional copper designs (Radian Thermal, 2024).

[bookmark: _Toc227563926]2.3 Recent Advancements.

Escalating thermal demands across the electronics, automotive, and energy sectors have driven advancements in extended surface design in recent years. Three key developments are highlighted within this section of the report as particularly significant in defining what modern extended surfaces can achieve.

Additive manufacturing (AM) has fundamentally expanded the design freedom available to engineers. Conventional manufacturing processes such as casting or stamping impose geometric constraints. These traditional methods limit the ability to produce complex internal channels, branching structures, and organic profiles. Attempting to do so without additive manufacturing would be difficult, impossible, or costly. AM enables topology optimised fins where material is present only where it contributes most to heat transfer. Instead of uniform fins, topology optimisation produces organic fin geometries that maximise thermal performance with regard to mass. Pandey et al. have demonstrated in their research that topology optimised designs deliver a temperature decrease of 2-3°C in comparison to conventional straight channel designs whilst simultaneously reducing pumping power by 34-50% (Pandey et al., 2025). AM proves to be more sustainable and environmentally advantageous due to reduced material waste, producing lighter yet more thermally efficient components (Anwajler, 2024). On the other hand, AM is incredibly costly, difficult to scale, and has much longer lead-times to traditional manufacturing methods (Bloodworth, 2025). 

Another transformative advance is microchannel heat sinks, which were first proposed by Tuckerman and Pease in 1981. Microchannels exploit extremely small hydraulic diameters to dramatically increase the surface area to volume ratio for heat exchangers. This resulted in a more compact structure, reduced coolant requirements, and heat transfer coefficients far exceeding those from conventional fins (Yu et al., 2024). Experiments have demonstrated dissipation capabilities of up to 790W/ cm², ideal for applications where conventional fin designs cannot keep pace with thermal demands. This includes high heat flux electronics, power semiconductors, and laser cooling (Du & Hu, 2023). On the other hand, issues such as the need for higher pumping power, fouling, and flow distribution burden microchannel designs (PatSnapEureka, 2025). 

The integration of phase change materials (PCMs) represents the final area of development discussed in this section. PCMs absorb significant quantities of heat during phase transition through latent heat storage, enabling thermal energy buffering with minimal temperature rise. However, most PCMs exhibit low thermal conductivity, which limits the heat transfer rate. Extended surfaces such as fins are incorporated to enhance conductive heat transfer into the PCM, addressing this limitation. This increases the effective surface area, reduces thermal resistance, and improves charging and discharging rates under transient thermal loading. Therefore, thermal buffering is enabled without requiring additional energy input or moving components, making it a reliable and low-maintenance solution. Consequently, device temperatures can be maintained within safe operating limits during peak thermal demands that would otherwise cause thermal throttling (Ghufran & Huitink, 2025).


[bookmark: _Toc227563927]2.4 Task A Conclusion.

In summary, Section 2 of this report covers the evolution of extended surfaces from simple cast fins of air-cooled engines to the sophisticated thermal management solutions utilised across modern automotive, electronic, and energy systems. The fundamental principle of maximising surface area to enhance convective heat transfer remained constant throughout this evolution. However, the methods by which this is achieved have transformed drastically. This has been driven by increasing power densities, miniaturisation, and environmental pressures. Additive manufacturing, microchannel technology, and PCM integration represent the current advances in extended surface and thermal management design, each offering distinct performance advantages whilst presenting engineering trade-offs that continue to push research. Overall, the progression of extended surface technology highlights a shift towards highly optimised, application-specific thermal solutions driven by multi-disciplinary design requirements.
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Figure 3- Ratio of finite to infinite fin heat transfer as a function of mL, confirming optimum fin length at mL ≈ 2.65.
Figure 3 illustrates the relationship between the heat transfer ratio and the dimensionless fin parameter mL, confirming that the optimum fin length corresponds to mL ≈ 2.65. The hyperbolic tangent function, , governs the relationship between the heat transfer ratio and the dimensionless parameter mL. It reflects the balance of conduction along the fin and surface convection. The fin is relatively short or highly conductive at low values of mL. This results in rapid increases in heat transfer as fin length increases. However, as mL increases, the curve begins to plateau, highlighting diminishing returns in thermal performance. 

This occurs due to the temperature gradients along the fin which reduce greatly with length. Therefore, additional surface area contributes less and less to total heat transfer. A finite fin can approach the performance of an infinitely long fin without requiring excessive material usage, which is highlighted by the asymptotic nature of the curve. 

The commonly accepted design limit of mL ≈ 2.65 as indicated in red within Figure 3, corresponds to approximately 99% of the infinite fin heat transfer rate. Beyond this, increases in fin length return negligible benefits while increasing mass, cost, and flow resistance.
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Figure 4 – Hand Calculations for Tip Temperature
Figure 4 highlights the hand calculations for the differing material’s tip temperatures. Research states that the pain threshold for human skin generally begins at approximately 43°C (Martin & Falder, 2017). Therefore, only stainless-steel passes as its tip temperature of 29.4°C would be safe for handling. 

[bookmark: _Toc227563931]4.2 Question 2 
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Figure 5- Temperature Distribution Along Saucepan Handles
Figure 5 displays the temperature distribution along each handle from base to tip. This was using adiabatic tip temperature distribution and calculated at 10mm increments. The temperature drops more steeply along the handle of the length as thermal conductivity decreases. The greatest temperature gradient can be seen in the stainless-steel handle, falling to 29.4°C. On the other hand, the copper handle remains hot throughout, aligning with its high thermal conductivity which allows heat to conduct more freely along its length. 

[bookmark: _Toc227563932]4.3 Question 3
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Figure 6 - Hand Calculations for Heat Loss in the Four Materials.
Figure 6 displays the working for heat loss using the adiabatic tip heat transfer equation. Heat loss decreases significantly with thermal conductivity, with copper dissipating the most heat at 7.705 W and stainless steel with the least at 2.666 W.

[bookmark: _Toc227563933]4.4 Question 4. 

Table 1 - Optimal Handle Lengths for Each Material
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Figure 7 - Heat Loss at Optimum Lengths for Each Material
Table 1 presents the optimum handle lengths and respective heat loss value for all four materials. Copper, aluminium, and brass all have optimal lengths far greater than 200mm, indicating how their current lengths underperform relative to their optimum and that the heat loss at optimum is higher. Stainless steel is the sole exception with its optimum length at 173mm, shorter than the handle. This results in almost identical heat values between both cases.

[bookmark: _Toc227563934]4.5 Question 5
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Figure 8 - Temperature Distribution at Optimum Handle Lengths
Figure 8 present the temperature distribution of each handle at its corresponding optimum length. In comparison to Figure 5, all gradients are considerably steeper due to higher conductivity materials requiring longer handles to reach mL=2.65. All four plots converge at approximately 33° at their tips. This differs from Figure 5 where tip temperatures varied significantly between materials. 

For copper and aluminium, optimum lengths of 879 mm and 641mm are impractical. A length of 200-250mm is suggested as it is the maximum ergonomically practical length. Although this falls far from the theoretical maximum and still remains unsafe for use. 

For brass, the optimum length of 446mm is impractical in a similar manner to the previous two elements. A suggested length of 200mm is recommended, noting the tip temperature of 64.7°C may still be a burn risk. 

Stainless steel is the most practically suited material, with an optimum length of 173mm closely aligning with realistic handle dimensions. A recommended length of 175-200mm is suggested, approaching the theoretical optimum whilst producing a tip temperature of 29.4°C, which is safely below the pain threshold of 43°C (Moritz and Henriques, 1947).


[bookmark: _Toc227563935]5.0 Conclusion

In conclusion, this report has examined the application and theory of extended surfaces across three tasks. Task A demonstrated the historical evolution of fin design from simple cast surfaces in early air-cooled engines to sophisticated modern applications in microprocessors and emerging technologies such as additive manufactured fins and microchannel heat sinks. Task B confirmed analytically that mL ≈ 2.65 represents the optimum fin parameter for a finite adiabatic tip fin, beyond which additional fin length yields negligible thermal benefit. Task C applied adiabatic tip fin theory to a practical saucepan handle design, demonstrating that material selection critically governs both thermal performance and user safety. Of the four materials analysed, stainless steel proved the only safe and practically optimised handle material at the given dimensions. Collectively, these tasks illustrate that fin design represents a balance between thermal performance, material selection, geometry and practical constraints. 
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