



Executive Summary

Extended surfaces, commonly referred to as fins, are widely used in engineering systems to enhance heat transfer by increasing the available surface area for convection. These components play a critical role in applications such as automotive cooling systems, electronic heat sinks, and industrial heat exchangers. Efficient thermal management is essential to maintain safe operating temperatures, improve system efficiency, and prolong the lifespan of engineering components.
This report investigates the design and performance of extended surfaces through three main analytical tasks. The first task reviews the historical and modern applications of fins in automotive engines and electronic cooling systems, highlighting how fin geometry and material selection influence thermal performance. The second task analyses the relationship between the heat transfer rate of a finite fin and that of an infinitely long fin using the dimensionless parameter . Graphical analysis demonstrates that when mL ≈ 2.65 the heat transfer rate of a finite fin approaches approximately 98.9% of the infinite fin value — specifically, tanh(2.65) = 0.9888 — indicating an optimal practical fin length.
The third task applies fin theory to analyse the thermal behaviour of a saucepan handle modelled as a rectangular fin constructed from four candidate materials: copper, aluminium alloy, brass and stainless steel. Temperature distributions and heat transfer rates were calculated for each material. The results show that copper and aluminium provide the highest heat transfer rates but also result in excessively high handle temperatures. Stainless steel exhibits the largest temperature drop along the handle due to its lower thermal conductivity, producing the lowest temperature at the handle tip.
The findings demonstrate that while high thermal conductivity improves heat transfer performance, it can also create unsafe surface temperatures in applications involving human contact. The threshold for safe prolonged skin contact is generally accepted to be approximately 48°C (Thirumaleshwar, 2020). Stainless steel is the only material that produces a tip temperature approaching this threshold, making it the most suitable choice for cookware handles.
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Acronyms

 – Cross-sectional area of the fin (m2)
 –  Convective heat transfer coefficient (W/m2K)
 – Thermal conductivity of material (W/mK)
 – Length of the fin (m)
 – Optimum fin length (m)
 – Fin parameter representing conduction-convection interaction
 – Dimensionless fin parameter
 – Perimeter of the fin cross-section (m)
 – Heat transfer rate (W)
 – Heat transfer rate from a finite fin
 - Heat transfer rate from an infinitely long fin
 – Temperature at position x along the fin
 – Base temperature of the fin (°C)
 - Ambient fluid temperature (°C)
 – Distance from the base of the fin (m)
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1.0 Introduction

Heat transfer plays a fundamental role in many engineering systems where excess thermal energy must be removed to maintain safe and efficient operation. Thermal energy is transferred through three primary mechanisms: conduction, convection and radiation. 
In many engineering applications, heat must be dissipated to air. However, air has a relatively low convective heat transfer coefficient compared with liquids, which limits the rate at which heat can be removed from a surface. One of the most effective methods of improving heat dissipation under these conditions is to increase the available surface area for convection.
Extended surfaces, commonly known as fins, are widely used to enhance heat transfer by increasing the surface area available for heat exchange with the surrounding environment. Heat is conducted from the base of the fin into the extended surface and is subsequently dissipated into the surrounding fluid through convection. The effectiveness of a fin depends on several parameters including the thermal conductivity of the material, the geometry of the fin, and the convective heat transfer coefficient of the surrounding fluid. For the one-dimensional fin model to be valid, the Biot number criterion hδ/k < 0.2 must be satisfied, where δ is the fin thickness (Bergman et al., 2017). When this condition is met, temperature gradients across the fin cross-section are negligible and temperature may be treated as a function of length alone.








2.0 Applications of Extended Surfaces	

2.1 Air-Cooled Automotive Engines

Early internal combustion engines often relied on air-cooling systems to dissipate heat generated during combustion. In these systems, heat produced in the engine cylinder is conducted through the cylinder wall and dissipated into the surrounding air through extended surfaces attached to the cylinder .
Cylinder fins significantly increase the heat transfer surface area, allowing heat to dissipate more efficiently to the surrounding environment. According to Sroka et al. (2024), cylinder fins play a fundamental role in air-cooled engines because they accelerate heat transfer from the engine to the atmosphere, thereby reducing thermal stress and improving engine efficiency. The same study demonstrated that a redesign of fin geometry can improve heat dissipation by over 8%, though this comes at the cost of increased component mass. This trade-off between thermal performance and power-to-weight ratio is a recurring design challenge in air-cooled engine development.
Air-cooled engines were widely used in early vehicle designs, particularly motorcycles and small vehicles. Aluminium alloys were frequently used for finned engine cylinders because they provide a combination of high thermal conductivity, low density, and good corrosion resistance. The thermal conductivity of aluminium is approximately five times greater than that of cast iron, making it highly effective for heat dissipation in cylinder head applications (Bergman et al., 2017).

2.2 Automotive Radiators
 
Modern automotive engines primarily use liquid-cooled systems where coolant absorbs heat from the engine block and transports it to a radiator. Radiators typically consist of finned tube heat exchangers that increase the surface area available for heat transfer (Ghajar, 2021).
In these systems, coolant flows through metal tubes while thin metallic fins are attached to the external surfaces of the tubes. These fins increase the available surface area and allow heat to dissipate more efficiently to the surrounding air.
Different fin geometries are used to optimise radiator performance, including straight fins, wavy fins and louvered fins. Louvered fins improve heat transfer by disrupting the thermal boundary layer and increasing turbulence, which increases the convective heat transfer coefficient (Ghajar, 2021) . Louvered fins have been shown to improve heat transfer performance by 50–100% compared with plain fins of equivalent geometry, due to their ability to repeatedly restart the thermal boundary layer along the fin surface (Chang, 1997).
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[bookmark: _Toc227325484]Figure 1 - Louvered Fin Fan Bank on Valero Pembroke (Authors own photograph,2026)

[bookmark: _Toc227322201]2.3 Electronic Heat Sink Applications

The rapid advancement of computing technology has created significant thermal management challenges. Modern microprocessors generate large heat fluxes due to increased transistor density and higher processing speeds.
To maintain safe operating temperatures, processors are typically cooled using heat sinks. A heat sink consists of a thermally conductive base plate attached to the processor and an array of fins extending into the surrounding air.
Heat generated by the processor is conducted through the base plate and distributed throughout the fin structure. The fins increase the available surface area for convection, allowing heat to dissipate into the surrounding air. In many electronic cooling systems, forced convection using cooling fans is employed to increase airflow across the fins and improve heat transfer performance (Avram Bar Cohen, 1998). 
Fin efficiency is a key performance measure in heat sink design. It is defined as the ratio of actual heat transfer from the fin to the maximum possible heat transfer if the entire fin were maintained at the base temperature. High efficiency fins maximise heat dissipation for a given material volume, which is particularly important in space-constrained electronic applications.

[bookmark: _Toc227322202]2.4 Advances in Geometry and Design

Recent research has investigated ways to optimise fin geometry to improve heat transfer efficiency. The number, spacing, and geometry of fins significantly influence heat dissipation performance.
Increasing the number of fins increases the available surface area for heat transfer. However, additional fins also increase the overall mass of the component. Research by Sroka et al. (2024) demonstrated that increasing the number of cylinder fins can improve heat dissipation by over 8%, but this also increases the mass of the engine component, which may negatively affect the power-to-weight ratio.
Researchers have also investigated perforated fins as a method of improving heat transfer performance. Perforations can disrupt the thermal boundary layer and enhance airflow mixing around the fin surface. Studies have shown that circular perforations can improve heat transfer rates while simultaneously reducing the overall mass of the component (Sroka, 2024).
Advances in manufacturing techniques such as additive manufacturing have further expanded the range of possible fin geometries. Complex lattice structures and micro-channel heat sinks can now be produced to maximise heat transfer performance while minimising material usage. Lattice structures are particularly advantageous because they provide extremely high surface-area-to-volume ratios, enabling significantly greater convective heat dissipation within a compact volume (Kim et al., 2023). Kaur (2021) demonstrated that additively manufactured heat exchangers can achieve surface area densities up to ten times greater than conventionally manufactured equivalents, representing a transformative advance in compact thermal system design. Micro-channel heat sinks work by forcing coolant through very narrow internal passages, achieving convective heat transfer coefficients several orders of magnitude higher than conventional air-cooled fins. These developments demonstrate the importance of fin geometry optimisation in modern thermal engineering applications.














[bookmark: _Toc227322203]3.0 Fin Parameter Analysis

The Performance of a fin is influenced by the dimensionless parameter , where m is the fin parameter and  is the fin length.
 
The fin parameter  represents the relative influence of convection and conduction within the fin. Larger values of  indicate stronger convective heat loss relative to conduction along the fin, resulting in a more rapid temperature decrease along the fin length (Loghmani, 2020).

For a finite fin with an adiabatic tip condition, the heat transfer rate is given by:
 

For an infinitely long fin:
 

The ratio between these heat transfer rates is therefore:
 

As shown in Figure 2, the ratio of heat transfer from a finite fin compared to an infinite fin increases rapidly at small values of  and gradually approaching unity. When 2.65, the heat transfer rate from the finite fin reaches tanh (2.65) = 0.9888, meaning the finite fin achieves 98.9% of the heat transfer from an infinitely long fin (Bergman et al., 2017). MATLAB was used to generate the code for the graph and is shown in Appendix 1. 
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[bookmark: _Toc227325485]Figure 2 - Heat Transfer Ratio: Qfinite / Q∞ = tanh(mL) versus mL (Author's own MATLAB output, 2026)

This value represents the practical optimum fin length because increasing the fin length beyond this point provides minimal additional heat transfer while increasing material usage and weight. For context, tanh (4) = 0.9993, meaning extending the fin from  = 2.65 to  = 4.0 yields only an additional 0.05% improvement in heat transfer — negligible compared to the additional material and manufacturing costs involved.
When  exceeds approximately 2.65, further increases in fin length provide negligible improvement in heat transfer while increasing material cost, weight and manufacturing complexity. Consequently, many practical heat exchanger and heat sink designs aim to operate close to this optimum value to maximise thermal performance while maintaining efficient material utilisation.
It is important to recognise that the mL ≈ 2.65 criterion is derived specifically for a rectangular fin with an adiabatic tip boundary condition and uniform cross-section. In practice, fins rarely conform perfectly to these idealisations. Variable cross-section fins, such as trapezoidal or triangular profiles, exhibit different optimum mL values because the cross-sectional area changes along the fin length, altering the local heat conduction rate. Furthermore, the criterion assumes a constant and uniform convective heat transfer coefficient h across the entire fin surface, whereas in reality h varies with position depending on the local fluid velocity and thermal boundary layer development. Despite these limitations, the mL ≈ 2.65 criterion remains a widely used and practically validated design guideline because it provides a conservative and computationally simple estimate of the optimum fin length across a broad range of engineering geometries and operating conditions (Bergman, 2017).

















[bookmark: _Toc227322204]4.0 Saucepan Handle Thermal Analysis

The saucepan handle is modelled as a rectangular fin with an adiabatic tip condition.
Handle dimensions:
Length = 0.20 m
Width = 0.03 m
Thickness = 0.005 m 
Cross-sectional area:
 
Perimeter:
 
Ambient Temperature:
 
Base Temperature:
 
Convective heat transfer coefficient:
 

[bookmark: _Toc227322205]4.1 Temperature Distribution

The temperature distribution along the fin is described by:
 

This equation describes the variation in temperature along the fin as heat is conducted from the base and dissipated through convection (Kanoglu, 2008).
The calculated fin parameters, free-end temperatures and heat transfer rates for each candidate material are summarised in Table 1.
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[bookmark: _Toc226452138]Table 1 - Free-end Temperature and Heat Loss for the 200mm Saucepan Handle

Table 1 shows that copper and aluminium maintain very high temperatures along the handle due to their high thermal conductivity. The threshold for safe prolonged skin contact is generally cited as approximately 48°C (Thirumaleshwar, 2020). All four materials produce tip temperatures above this threshold, however stainless steel produces the lowest tip temperature and therefore provides the safest option for cookware handles.
The temperature distribution along the saucepan handle was calculated at 10 mm intervals from the base to the free end, and the results are presented in Table 2.

[image: ]
[bookmark: _Toc226452139]Table 2 - Temperature Distribution Along the Saucepan Handle at 10mm Intervals

[bookmark: _Toc227325486]Figure 3 – Temperature Distribution Along the Saucepan Handle at 10mm Intervals

[bookmark: _Toc227322206]4.2 Heat Loss Comparison


The heat transfer from the fin is calculated using:
 
Where  is the convective heat transfer coefficient, is the perimeter of the fin, is the thermal conductivity, and is the cross-sectional area.
Although higher heat transfer rates are desirable in cooling systems such as radiators or electronic heat sinks, they are not desirable for cookware handles where excessive heat transfer may lead to unsafe surface temperatures. Therefore, while copper provides the highest heat transfer efficiency, stainless steel provides the most practical material choice for applications where safe handling is required, owing to its low thermal conductivity limiting heat conduction to the handle tip.

[bookmark: _Toc227322207]4.3 Optimum Fin Length

Using the optimal fin condition:
 
The optimum fin length can be calculated using:
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[bookmark: _Toc226452140]Table 3 - Optimum Fin Length and Heat Loss for Each Material

The results show that copper, aluminium and brass require significantly longer handles to reach optimal heat transfer conditions. Stainless steel reaches its optimum length at approximately 174 mm, which is close to the actual handle length of 200 mm, meaning its design is near-optimal. For copper, the optimum length is approximately 879 mm — clearly impractical for a cookware handle and confirming that copper is entirely unsuitable as a handle material. Aluminium requires an optimum length of approximately 641 mm and brass approximately 446 mm; both are far beyond the standard 200 mm handle, and operating below optimum. For these materials, the 200 mm handle dissipates significantly less heat than a fully optimised fin would, but this is actually beneficial from a safety perspective as it reduces the tip temperature relative to an optimum-length fin.



[bookmark: _Toc227322208]4.4 Fin Efficiency

Fin efficiency η is defined as the ratio of the actual heat transfer from the fin to the maximum possible heat transfer if the entire fin surface were maintained at the base temperature:
η = tanh(mL) / (mL)
For the 200 mm handle the fin efficiencies are:
· Copper: η = tanh (0.603) / 0.603 ≈ 92.9%
· Aluminium 2024: η = tanh (0.826) / 0.826 ≈ 88.3%
· Brass 70/30: η = tanh (1.189) / 1.189 ≈ 72%
· 304 Stainless Steel: η = tanh (3.055) / 3.055 ≈ 32.6%
[bookmark: _Toc227322209]
4.5 Engineering Discussion

Before applying the 1D fin model, the Biot number criterion must be verified. For the worst case — stainless steel, the lowest conductivity material — Bi = hδ/k = 7.5 × 0.005 / 15 = 0.0025, which is well below the 0.2 threshold (Bergman, 2017). The 1D assumption is therefore valid for all four candidate materials.
From an engineering perspective, material selection for a saucepan handle must consider both thermal performance and user safety. Although copper and aluminium provide the highest heat transfer rates, their high thermal conductivity allows heat to travel rapidly along the handle, resulting in very high surface temperatures that will cause burns during use. The safe prolonged contact temperature is approximately 48°C (Thirumaleshwar, 2020); copper and aluminium tip temperatures remain near 100°C, making them entirely unsafe. Brass also remains well above the safe threshold. Stainless steel, despite having the lowest heat transfer rate, produces the greatest temperature drop along the handle due to its lower thermal conductivity. This significantly reduces the temperature at the gripping point and therefore provides a safer and more practical design solution for cookware handles.
These results demonstrate that optimal thermal design often requires a balance between heat transfer efficiency and practical design constraints such as safety, manufacturability and material cost. Material selection for cookware handles must therefore balance thermal resistance with mechanical durability, corrosion resistance and manufacturing cost — criteria that are well established in standard heat transfer design practice (Mills, 2015).
Although the analytical fin model provides valuable insight into the thermal behaviour of the handle, several simplifying assumptions were made in the analysis. The model assumes steady-state heat transfer, constant material properties and an adiabatic fin tip. In practice, cookware handles may experience transient heating conditions and additional heat transfer mechanisms such as radiation. Furthermore, the convection coefficient may vary depending on airflow around the handle and user interaction. Despite these limitations, the analytical fin model provides a reliable approximation of temperature distribution and remains widely used in engineering design for estimating the performance of extended surfaces.
A more rigorous analysis would employ CFD to account for variable convection coefficients, contact resistance at the handle-pan junction, and transient thermal response. Alternatively, a thermal resistance network approach could quantify the effect of composite handle materials such as a stainless-steel core with a polymer over-mould analytically. Such composite designs have been shown to reduce handle tip temperatures by up to 60% compared with solid metal handles of equivalent geometry (Kim, 2023), demonstrating that material geometry and composite construction together offer far greater thermal control than material selection alone.





[bookmark: _Toc227322210]5.0 Conclusion


This report investigated the design and thermal performance of extended surfaces used in engineering applications. Extended surfaces are widely used to enhance heat transfer by increasing the available surface area for convection, making them essential components in automotive cooling systems, electronic heat sinks and industrial heat exchangers.
The theoretical analysis of the dimensionless parameter  showed that the heat transfer rate of a finite fin approaches that of an infinitely long fin as  increases. Graphical analysis demonstrated that when , the heat transfer rate reaches approximately 98.9% of the infinite fin value. This represents the practical optimum fin length because further increases in fin length provide minimal additional heat transfer while increasing material cost and weight.
From a practical engineering perspective, stainless steel provides the most suitable material choice for cookware handles. Although it offers lower heat transfer performance, its reduced thermal conductivity limits heat conduction to the handle tip, improving user safety while maintaining adequate structural strength.
Ultimately, this analysis demonstrates that fin design is rarely an optimisation of heat transfer alone — safety, manufacturability and material cost must be considered together to arrive at an effective engineering solution.
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[bookmark: _Toc227322213]Appendix 1 – MATLAB Code

% Q_finite / Q_infinite = tanh(mL)
clc;
clear;
close all;
% Define mL range
mL = 0:0.1:4;
% Heat transfer ratio
Q_ratio = tanh(mL);
% Plot graph
figure
plot(mL, Q_ratio,'b','LineWidth',2)
hold on
% Mark optimum point
mL_opt = 2.65;
Q_opt = tanh(mL_opt);
plot(mL_opt, Q_opt,'ro','MarkerSize',8,'MarkerFaceColor','r')
% Labels
xlabel('mL')
ylabel('Q_{finite} / Q_{\infty}')
title('Heat Transfer Ratio for Fin with Adiabatic Tip')
% Grid
grid on
% Annotation
text(2.7,0.95,'mL \approx 2.65','FontSize',10)
% Axis limits
xlim([0 4])
ylim([0 1.05])
legend('Q_{finite}/Q_{\infty}
 = tanh(mL)','Optimum

[bookmark: _Toc227322214]Appendix 2 – Graphs (Holmes, 2026)
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Material k(W/mK)

m (m

-1

)

mL

Free-end Temperature

(°C)

Heat Loss, Q (W)

Copper 385 3.015 0.603 87.69 7.32

2024 Aluminium Alloy 205 4.132 0.826 79.3 6.72

Brass (70Cu/30Zn) 99 5.946 1.189 65.47 5.72

304 Stainless 15 15.275 3.055 29.33 2.67
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0.1 90.7 84.13 73.38 39.69

0.11 90.12 83.26 71.84 37.43

0.12 89.61 82.5 70.48 35.53
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0.14 88.77 81.29 68.26 32.64

0.15 88.44 80.84 67.4 31.58

0.16 88.18 80.49 66.7 30.75

0.17 87.96 80.24 66.16 30.12

0.18 87.81 80.09 65.78 29.68

0.19 87.72 79.99 65.54 29.42

0.2 87.69 79.3 65.47 29.33
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Heat Loss at Optimum Length

(W)

Copper 3.015 0.879 879 13.45

2024 Aluminium Alloy 4.132 0.641 641 9.81

Brass (70Cu/30Zn) 5.946 0.446 446 6.82

304 Stainless 15.275 0.174 174 2.65
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