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[bookmark: _Toc227008431]Introduction
Heat transfer enhancement is a fundamental consideration in systems where efficient dissipation of heat is essential for performance, safety and longevity. One of the most widely adopted methods of enhancing convective heat transfer is the use of extended surfaces, or fins. Fins protrude from the surface of the body in need of cooling, increasing the effective surface area available for heat exchange with the surrounding fluid (i.e. air or water) (Guo, et al., 2020). 
This report explores both the theoretical and practical aspects of fin design and application. Task A focuses on the development of fin application in the automotive industry, before looking at micro- and nano-scale applications, and recent advancements.
Task B investigates the relationship between fin length and heat transfer performance in adiabatic fins, using computational tools and analytical analysis to prove that the optimal value of fin parameter  should not be a greater value than 2.65.
Finally, Task C is an analytical analysis of heat conduction along a saucepan handle with different materials. They will be compared and then evaluated to determine whether or not he handle will be safe to use when boiling water, a key consideration in the design of a saucepan. By linking theoretical principles with real-world design considerations, the best material for a saucepan handle will be confirmed, as well as the optimum length of the handle for each material.
  

[bookmark: _Toc227008432]Task A
[bookmark: _Toc227008433]Introduction to extended-surface heat transfer
Extended-surface fins and other extended-surface concepts have been central to thermal management since the early mid-20th century, evolving from simple fins on radiators to highly integrated micro – and even nano – scale heat-transfer devices embedded in microprocessors. They are used to enhance heat transfer by increasing the effective surface area available for convection and radiation. This section of the report will trace the historical trajectory of automotive fin design for heat transfer, investigate the incorporation of extended-surface design in microprocessor cooling, and will survey recent advances in extended-surface design focussing on advantages and remaining uncertainties.

[bookmark: _Toc227008434]Historical development of fins in automotive heat transfer
[bookmark: _Toc227008435]Early development (1900s – 1940s)
The application of fins in automotive engineering first emerged in air-cooled combustion engines, which relied on natural or forced convection over finned cylinder surfaces to dissipate heat. Liquid cooling was a costly and impractical method, making fins a simple and cost-effective solution for manufacturers (Incropera, et al., 2017).
Early designs featured straight, rectangular fins cast integrally with engine cylinders, primarily from cast iron before bring replace with lightweight aluminium alloys with superior conductivity over time, as understanding of heat transfer improved and progressed (Sagar, et al., 2017). [bookmark: _Toc227008470]Figure 1 1915 Ford T Model grill with rectangular fins (inkknife_2000, 2012)

[image: ]This was a period of trial and error, as opposed to modern analytical optimisation methods, relying on empirical fin design. It was observed that an increase in fin density improved heat transfer at the cost of higher pressure drop, which was a consistent theme with early radiator fin design trade-offs (Fetuga, et al., 2022). This led to honeycomb fin designs with varying densities aimed at maximising cooling while controlling pressure losses (Katz, 2006). [bookmark: _Toc227008471]Figure 2 Buick honeycomb radiator grill (Hubert_25-25, 2017)

[image: ]
[bookmark: _Toc227008436]Mid-20th century (1950s – 1980s)
The post-war era saw rapid growth in automotive technology, with a more scientific and systematic approach to heat transfer research. Fins became standard in both radiator systems and air-cooled engines (Webb & Kim, 2005), with advances including improved geometries like tapered annular fins and enhanced manufacturing methods such as extrusion and stamping.
[image: ]A more analytical and scientific approach to fin performance and design led to the introduction of engineering concepts such as fin efficiency and effectiveness (Incropera, et al., 2017). There was also a greater expansion of study into materials during this time, with great bounds in the manufacture and understanding of aluminium alloys, with literature highlighting the positive effects of aluminium fins and the industry adopted and optimised aluminium fans as standard (Bentrcia, et al., 2017).[bookmark: _Toc227008472]Figure 3 1950s Triumph motorcycle engine showing extended-surface fins (H. J. Pugh & Co, 2023)



[bookmark: _Toc227008437]Late 20th century to early 2000s
As with all engineering fields, this period saw automotive design transformed by the expansion of computational tools. Fin design was longer purely geometric additions but were now a part of an optimised thermal structure. Innovations in manufacturing meant that complex fin shapes such as louvered and pin fins were now attainable for mass production (Aoki, et al., 1989), there were developments in compact heat exchangers within components (such as in radiators and intercoolers) (Hesselgreaves, et al., 2016), and yet more advancements in aluminium alloys.[bookmark: _Toc227008473]Figure 4 Automotive HEX (a) HEX. (b) Louvered fin (Pae, et al., 2021)

[bookmark: _Toc227008438][image: ]Modern application (2000s – present)
Much like previous advancements in extended-surface automotive fins, there were enhancements made in the geometry of the fins (louvered, wavy, and pin fins), and there were advances in the aluminium alloys used, but there have been many more significant changes than during all of the previous historical developments.
[image: ]One of those advances comes in the form of the new heat exchangers – plate-fin and fin-and-tube heat exchangers – utilised in applications such as radiators, intercoolers, and air-conditioning systems. Utilising a dense array of fins they significantly increase surface area and convective heat transfer rates (Roetzel, et al., 2019).[bookmark: _Toc227008474]Figure 5 Examples of finned plate (fin-and-plate) and plate-fin heat exchangers (Kays & London, 1984)

Advances in computational fluid dynamics (CFD) has shifted all of the fin design from empirical approaches to numerical optimisation, by using simulation-driven geometry optimisation, analysing flow behaviour, turbulence, and thermal boundary layers, and allowing the computation of multi-objective optimisation by balancing heat transfer against pressure drop. This all led to the realisation that optimal fin design is not simply maximising surface area, but achieving the best trade off between surface area, pressure losses, and fluid flow characteristics (Nagarani, et al., 2014).[bookmark: _Toc227008475]Figure 6 CFD simulation of a staggered elliptical tube fin heat exchanger (Yogesh, et al., 2018)

[image: ]Advanced materials and surface treatments have revolutionised fin design. For example, porous fin composite structures allow fluid to penetrate the surface which increases the convective heat transfer substantially (Deshamukhya, et al., 2021). Also, new materials such as metal foams, hybrid materials, and high-conductivity composites are utilised to reduce weight and improve thermal performance, while surface coatings are applied to improve corrosion resistance, promote phase-change heat transfer, and enhance thermal conductivity (Hajabdollahi, et al., 2017).[bookmark: _Toc227008476]Figure 7 Physical depiction of pin fin structures: (a) cylindrical spine, (b) conical spine, and (c) convex parabolic spine (Manvitha, et al., 2025)

[image: ]Other advances include micro- and nano-scale surface enhancements in high-performance automotive systems (GaneshKumar, et al., 2024), vortex generator fins to create secondary flows to reduce pressure loss while enhancing heat transfer (He & Zhang, 2012), and also the use of additive manufacturing and topology optimisation to create complex geometries to maximise surface area and improve airflow characteristics (Göltaş, et al., 2022). 

[bookmark: _Toc227008439]Utilisation of Extended Surfaces in Micro-Processors
Micro- and nan-scale surface enhancements have emerged as a key component in addressing core performance, thermal management, energy efficiency, and reliability challenges in modern microprocessors. There have been great advances in microprocessors in recent years and as the performance has increased, so has the power density causing thermal management to become a critical constraint. To avoid thermal bottlenecks and enhance convective heat transfer via heat dissipation, various designs and geometries of Pin-Fin heat sinks have been implemented (Yu, et al., 2005).

[bookmark: _Toc227008440]Pin-Fin Heat Sinks
[image: ]A pin-fin heat sink consists of a solid base (usually aluminium or copper) with many short, cylindrical – or non-cylindrical – pins arranged across its surface. Unlike straight or plate fins, pin-fins are three dimensional and separated, to allow fluid to flow around them in multiple directions (Sekulic & Shah, 2024).[bookmark: _Toc227008477]Figure 8 Pin-fin heat sinks (Radian, no date)


[image: ]Pin fins enhance heat transfer through increasing the surface area, boundary layer disruption, and turbulence generation, but they also introduce higher pressure drop when compared to straight fins, due to the flow obstruction (Filomeno, et al., 2020).[bookmark: _Toc227008478]Figure 9 CFD analysis of pin fin heat sink with different designs (Bahiraei, et al., 2019)

[bookmark: _Toc227008441]Recent Advances in Extended Surfaces
[bookmark: _Toc227008442]Additive manufacturing and complex 3D structures
[image: ]As the additive manufacturing (AM) field has advanced, it has become a commonplace engineering tool that enables the manufacture of very complex geometries that would have been previously impossible to fabricate, like lattice and porous structures. This technology can also be coupled with software to produce topology-optimised and/or generatively designed fins. AM also enables integrated multi-scale designs, where the fluid flow can be optimised by adding an inherent roughness to the surface, or building complex pathways, to enhance turbulence and heat transfer (Garg, et al., 2024).[bookmark: _Toc227008479]Figure 10 Examples of 3D printed (AM) geometries and lattice structures (Ali, et al., 2023)


[bookmark: _Toc227008443]Geometric optimisation of fin structures
[image: ]Modern research has shown that the performance of fin structures is not achieved by simply increasing surface area, but are made by tailoring the geometry to control fluid flow and thermal behaviour, by disrupting the thermal boundary layer and increasing turbulence (Yan, et al., 2025). Recent optimisation strategies include perforated fins, corrugated and wavy surfaces, and segmented or interrupted fins.[bookmark: _Toc227008480]Figure 11 Examples of geometrically optimised fins (Hesselgreaves, et al., 2016)

[bookmark: _Toc227008444]Integration of vortex generators and turbulators
The purpose of vortex generators and turbulators is to generate secondary flows that significantly enhance convective heat transfer (Yan, et al., 2025). By implementing ribs, baffles, or winglets, the turbulence can be increased without a drastically increasing the fin surface area, improve heat transfer in compact systems (e.g. microprocessors), and they offer better performance at lower flow velocities.[bookmark: _Toc227008481]Figure 12 CFD analysis demonstrating how vortex generators work on a wing (Parra, et al., 2023)

[image: ]
[bookmark: _Toc227008445]Micro- and nano-scale surface enhancements
[image: ]The incorporation of micro- and nano-scale features on fin surfaces has been a popular recent breakthrough, utilising processes such as micro-textured surfaces, surface roughness engineering, and nano-coatings. These modifications improve thermal performance by increasing turbulence at the microscopic level, offering significant improvement in heat transfer rates without having a large increase in size. As with many of the other advances mentioned in this section, they are often used in conjunction with other extended surfaces to further heat transfer (GaneshKumar, et al., 2024). [bookmark: _Toc227008482]Figure 13 Diagram demonstrating the effect of a micro/nano structure coating (Nguyen & Ahn, 2021)

[bookmark: _Toc227008446]Task B
This section will confirm that the optimum fin length of a finite length (i.e. one exhibiting an adiabatic tip boundary condition), should not have value greater than 2.65 for the fin parameter ; simply stated as .
This can be achieved by plotting the ratio of heat transfer for a fin with an adiabatic tip  with the heat transfer rate for an infinitely long fin  against a function of .

[bookmark: _Toc227008447]Analytical Approach
The rate of heat transfer from an adiabatic fin is given by (Lienhard & Lienhard, 2019);


And the rate of heat transfer from an infinitely long fin is given by (Holman, 1986);


Where  is the convective heat transfer coefficient,  is the perimeter of the fin,  is the thermal conductivity of the fin material,  is the cross-sectional are of the fin,  is the temperature between the base  and the surroundings ,  is the fin parameter,  is the length of the fin, and  is the hyperbolic tangent function.
For reference,

Therefore, the ratio of heat transfer for a fin with an adiabatic tip with the heat transfer rate for an infinitely long fin can be written as; 



[bookmark: _Toc227008448][image: ]Confirming that  is the optimum length for a finite length fin[bookmark: _Toc227008483]Figure 14 Graph confirming mL ~= 2.65 as the optimum fin length for a finite length fin


From Figure 1, above, the plotted results demonstrate that the heat transfer ratio gradually approaches unity in an asymptotic manner, as  increases. Beyond , the increase in fin length yields negligible returns, as indicated by the curve levelling off after a quick initial rise.
At ,
[image: ]Therefore, the fin is already achieving  of the maximum possible heat transfer when , thus it can be considered the optimum length for an adiabatic fin.[bookmark: _Toc227008484]Figure 15 Graph highlighting 99% of the maximum heat transfer

[bookmark: _Toc227008449]Task C
This section of the report consists of analytically solving five questions posed by the assignment brief, where a saucepan has geometrically identical handles that are made from the following four different materials:
· Copper:			 = 385 W/m K
· 2024 Aluminium alloy: 	 = 205 W/m K
· Brass (70 Cu/30 Zn):		 = 99 W/m K
· 304 Stainless Steel:		 = 15 W/m K

[bookmark: _Toc227008450]When boiling water, which material handles are safe to handle?
[bookmark: _Toc227008451]Design parameters
·  
·  
·  
· 
· 
· 

[bookmark: _Toc227008452]Determining a safe temperature for manual handling
There is no single, legally defined maximum temperature for handling objects with bare hands in the UK, as defined by the Health and Safety Executive (HSE). Instead, as per the Management of Health and Safety at Work Regulations 1999, an employer must conduct a risk assessment to ensure that any contact with hot surfaces is safe and “reasonably practicable” for the worker (Park, et al., 2024). Although, HSE guidance and accepted industry standards state tat surfaces above 43°C can cause injuries, especially with prolong contact (Health and Safety Executive (HSE), no date), so that is the safe limit that will be used in this report.


[bookmark: _Toc227008453]Analytical Solution
Copper Handle
Firstly,  must be determined using, 

 Using, 


As 87.66°C > 43°C, handle is too hot to handle.

2024 Aluminium Alloy Handle
Firstly,  must be determined using, 

 Using, 

 As 79.31°C > 43°C, handle is too hot to handle.

Brass (70 Cu / 30 Zn) Handle
Firstly,  must be determined using, 

 Using, 

 As 65.44°C > 43°C, handle is too hot to handle.

304 Stainless Steel Handle
Firstly,  must be determined using, 

 Using, 

 As 29.33°C < 43°C, handle is not too hot to handle.

[bookmark: _Toc227008454][image: ]Determining the temperature distribution along the handles[bookmark: _Toc227008485]Figure 16 Graph showing the heat distribution along the handles using different materials







[bookmark: _Toc227008455]Determining the corresponding values of heat loss for the four handles
In this section the ‘ values used are the values derived in Section 4.1.3.

[bookmark: _Toc227008456]Heat loss in copper handle
Using,


[bookmark: _Toc227008457]Heat loss in aluminium handle
Using,


[bookmark: _Toc227008458]Heat loss in brass handle
Using,


[bookmark: _Toc227008459]Heat loss in stainless steel handle
Using,



[bookmark: _Toc227008460]Determining optimum length handles and estimating the heat loss
For an infinitely long fin, , 



[bookmark: _Toc227008461]Copper Handle

& using,


[bookmark: _Toc227008462]Aluminium Handle

& using,


[bookmark: _Toc227008463]Brass Handle

& using,


[bookmark: _Toc227008464]Stainless Steel Handle

& using,


[bookmark: _Toc227008465]Observation
The greater the value of  the longer the optimum handle and with the increase in length comes a large increase in heat loss. For example, the copper handle heat loss almost doubled at the optimum handle length . As the  values decreased in the materials, the optimum handle lengths and heat loss gradually decreased with it:
· Aluminium handle heat loss: 
· Brass handle heat loss: 
· Stainless Steel handle heat loss: 


[bookmark: _Toc227008466][image: ]Temperature distribution for optimum length handles[bookmark: _Toc227008486]Figure 17 Graph displaying temperature distribution across optimum length handles


As Figure 4, above, shows, the optimum length handles all approach ambient temperature at the fin tip, indicating maximum effective heat dissipation. The high-conductivity materials require significantly longer handles than the lower-conductivity handles to achieve this condition, which makes them impractical in design. For example, the copper handle being 880mm means that it would be unusable in a kitchen, with a handle nearly 1m long.

[bookmark: _Toc227008467]Suitable optimised length saucepan handles
Copper Handle
As stated in Section 4.1.2, previous, the maximum allowable surface temperature of 43 °C, means that the copper handle length must be restricted to the length at that temperature, which would be 500mm (see Figure 4, above). That is still an impractical length for saucepan handle, so it may well have to be reduced to 200mm with a warning that an oven glove must be used to handle the saucepan when in use.

Aluminium Handle
As with the copper handle (see 4.5.1.1, above), the optimum length for the aluminium handle is also too long for the saucepan to be practical. At the 43°C point, the handle length is approximately 340mm, which is still an excessively long handle. It would be worth having either a 340mm handle, or a 200mm with a warning that an oven glove must be used to handle the saucepan when in use.

Brass Handle
At 200mm, the handle is still above 43°C, but it will be safe to handle at 250mm, which is still a practical length for a saucepan handle, so that will be the length for the brass handle.

Stainless Steel Handle
The length of the handle at the optimum length of 170mm would be best for stainless steel. Even though it could be as short as 90mm, having a 170mm will allow people with bigger hands to use it and make it easier to lift when full as the lifting point is further from the fulcrum.





[bookmark: _Toc227008468]Conclusion
In conclusion, this report has demonstrated the importance of extended surfaces in enhancing heat transfer across a range of engineering applications, and the importance of an analytical and optimised approach to fin design. Early fins focussed solely on increasing surface area, but this report highlights how that is only one aspect of fin design and that it is relatively minor if the material properties, flow conditions, and balancing of the geometric configuration are not considered. The only way to maximise heat transfer efficiency is to consider all of these parameters in the design.
The analytical investigation in Task B successfully confirmed that an adiabatic fin achieves 99% efficiency at a finite length when , with any additional length garnering negligible gains. In Task C, it was demonstrated that saucepan handles with lower conductivity materials (e.g. stainless steel) offered safer and more practical design solutions. The highly conductive materials were proven to be too impractical for use as saucepan handles, though there were handle lengths stated for safe use, as they were too long and ungainly for use in the real-world.
By using both theoretical principles and practical considerations, this report has illustrated the key role that extended surfaces play in the enhancement of heat transfer by maximising heat dissipation by increasing convection in a simple, cost-effective, and efficient manner. 
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