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Abstract

This report examines the historical evolution, modern applications, and thermal optimisation of
extended surfaces, commonly referred to as fins, which are crucial in enhancing heat transfer
performance across various engineering systems. Initially exploring fins in automotive applications,
the report traces their development from early 20th-century water-cooled and air-cooled designs to
sophisticated contemporary implementations utilising aluminium, louvred fins, and advanced
simulation tools. It further examines fin applications in microprocessor cooling, detailing
advancements from passive cooling solutions to advanced materials, such as graphite and graphene,
and innovative designs, including heat pipes and additive-manufactured lattice structures.

The analysis encompasses both theoretical and practical evaluations of fins, including temperature
distribution, heat transfer optimisation, and material effectiveness. Computational techniques
confirm theoretical predictions regarding optimal fin dimensions, emphasising the diminishing
returns associated with extended lengths beyond optimal criteria. Comparative assessments of
aluminium alloy, brass, copper, and stainless steel rods under controlled conditions validate
theoretical expectations, highlighting copper and aluminium as superior conductors due to their
thermal properties.
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Introduction

Engineering systems rely heavily on effective heat transfer, which is crucial to performance, reliability,
and system longevity. Devices such as heat exchangers and heat sinks utilise extended surfaces,
commonly referred to as fins, to enhance convective heat dissipation. These fins significantly enhance
heat transfer by increasing the available surface area, thereby improving overall system efficiency.
The effectiveness of extended surfaces, however, depends on their specific operating conditions,
where efficient design and materials are key in maintaining this heat transfer to promote optimal

operation.

This report investigates the design and performance of extended surfaces, emphasising historical and
contemporary applications, optimisation techniques, and comparative material performance
analyses. Section 1 examines the historical evolution and integration of fins within automotive cooling
systems, highlighting notable advancements and extending the analysis to their contemporary
utilisation in microprocessor cooling. Section 2 discusses optimising fin dimensions for optimal heat
transfer effectiveness. Finally, section 3 presents a detailed thermal analysis of rods composed of four
distinct materials. The analysis investigates temperature distributions, calculates optimal fin lengths,

and assesses heat transfer performance against theoretical predictions.



1. Historical development and modern application of fins

Extended surfaces, commonly referred to as fins, enhance heat transfer by significantly increasing
the surface area. This report section reviews the historical evolution of automotive heat sinks and
microprocessor cooling, detailing key developments and recent innovations.

1.1 Development of fins in automotive applications

1.1.1 Early 20" Century developments

1.1.1.1 Water cooled
The early 1900s witnessed significant advancements in automotive industry vehicle cooling

technology, laying the groundwork for modern radiator technology. Wilhelm Maybach’s introduction
of the honeycomb radiator represented a pivotal advancement and early application of extended
surfaces within automotive applications(Newcomb et al., 1989). The radiator, constructed
predominantly from brass and copper square tubing soldered to prevent leakage, substantially
improved convective heat transfer by vastly expanding the surface area available for heat exchange.
This innovation dramatically enhanced radiator efficiency and reliability, although it was further

improved by the addition of fans in subsequent years, increasing turbulent air flow (Hoyt, 1919).
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Figure 1-Maybach honeycomb radiator-Source:(‘Honeycomb’ radiator, 2025)

By the 1930s and 1940s, automotive manufacturers had refined radiator designs, transitioning
toward simpler and more reliable tube-and-fin configurations(Saunders, 1936). These radiators
operated on a downflow principle and typically featured vertically aligned tubes combined with

horizontal copper fins, striking a balance between efficiency and manufacturing practicality.



Figure 2-Tube and fin radiator-Source:(Flat Tube and Fin Radiator Cores, 2025)
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Figure 3-Representation of a top-down radiator- Source:(Gulhame, 2015)



1.1.1.2 Air cooled
The applications of fins in air-cooled combustion engines in motor vehicles have been noted as early

as 1884 (Abrams, 2012). Though not as popular as water-cooled engines, these saw parallel
development in the early 20'" century. Driven by the advancement of aircraft engines post-WWI,
research shows that during the 1920s, air-cooled engines were approaching the efficiency of their
water-cooled counterparts while remaining more compact due to the need for fewer ancillary parts
such as pipes and radiators(Lawrence, 1922). However, these findings are disputed by some who
argue that air cooling is far less efficient(Diamant, 1924). Early commercial examples existed from
around this time, such as the BSA Ten(Lawrence, 1922), which harnessed cast Iron cylinder heads

with deep fins to remove the heat from combustion(Baker, 2024).

SECTION THROD
ROCKER PIN

"Tur Ewgeomrcn®

Figure 4-BSA Ten V-Twin air cooled engine-Source:(Baker, 2024)



Further examples include the Copper cooled Chevrolet M. Rather than the traditional cast fin
approach, this design incorporated copper plates brazed to cast iron cylinders and used a large fan
and shroud to aid in cooling- a feature not present on the BSA(Leslie, 1979). Air-cooled vehicles

continued to be developed post-WWII with success, such as the VW beetle(Volkswagen, 2003), but

were eventually superseded by water cooling.

Figure 5-Chevrolet Copper cooled M engine-Source:(MCG, 2022)

1.1.2 Mid-20t Century Developments

The 1950s and 60’s witnessed the widespread standardisation of copper-brass radiators within the
automotive industry. This era marked a period of increased production efficiency and the
introduction of new, more cost-effective radiators, such as tube-to-centre with more robust
construction methods improving heat dissipation and radiator durability(Beatenbough, 1968). This
period also saw the introduction of innovative radiator architecture, such as the cross-flow radiator
design. The crossflow radiator became widely adopted, reflecting manufacturers’ increasing

emphasis on performance and efficiency.
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Figure 6-representation of a cross-flow radiator-Source:(Gulhame, 2015)

The oil crises of the 1970s triggered considerable shifts within the automotive sector, compelling
manufacturers to prioritise lighter, more fuel-efficient materials, including aluminium(Shariff et al.,
2018). Aluminium, despite having lower thermal conductivity compared to copper-brass, offers
substantial weight savings, which are critical for improving overall vehicle fuel efficiency. To
counteract aluminium’s inherently lower heat transfer capabilities, specialised louvred fins were
designed(Shah, 2003). The fins create turbulent airflow across the radiator surface. These
developments, coupled with advances in cooling fan technology, significantly increase heat

dissipation efficiency(Chiou, 1975).

lowvered fins

Figure 7-Louvred radiator fins-Source:(Mohamed et al., 2019)



Figure 8-1970s engine fan-Source:(1970 - 1972 Camaro Engine Cooling Clutch Fan Blade, 2025)

1.1.3 Late 20 Century development

Consequently, by the 1980s, aluminium radiators became firmly established as the industry
standard(Fortin et al., 1985). Manufacturers continually improved aluminium radiator designs,
introducing vacuum brazed examples which were easier to manufacture, incorporating increased fin
densities and multi-row cores, all contributing to enhanced cooling system performance and

reliability(Shah, 2003).
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Figure 9-Brazed aluminium radiator-Source:(Shah, 2003)

Throughout the 1990s, vehicle performance improvements and the widespread adoption of
technology such as turbochargers saw the need to provide further thermal management solutions,
Including Intercoolers and oil coolers(Shibata et al., 1990). Due to an increased presence and limited
engine space, more compact radiator solutions were needed, leading to research with

computational simulation(Hyun and Pil, 1996).



Figure 10-Aluminium intercooler(bottom) and oil cooler(top)-Source:(‘Litchfield Toyota GR Yaris Intercooler with Engine Oil
Cooler | Litchfield Motors’., 2025)

1.1.4 215t Century development

Entering the 2000s, aluminium fins bonded to flat tubes became a standard design approach, greatly
facilitated by advancements in computer-aided design (CAD) and Computational Fluid Dynamics
(CFD) simulation(Ramesh Kumar et al., 2024). These tools enabled the precise engineering and
optimisation of fin geometry, tube arrangements, and airflow dynamics, thereby enhancing radiator

performance while reducing production costs(Uhl et al., 2002).

Figure 11-CAD drawing of automotive radiator-Source:(Radiator cooling for car | 3D CAD Model Library | GrabCAD, 2025)
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Figure 12-CFD analysis of an automotive radiator-Source:(ANSYS FLUENT: CFD simulation for 3D radiator - YouTube, 2022)

During this era, automotive cooling solutions expanded significantly to accommodate emerging
vehicle technologies, particularly hybrid and electric vehicles (EVs)(Piao et al., 2020). These newer
vehicle platforms require unique thermal management solutions beyond traditional engine cooling.
Consequently, innovative cooling technologies, such as microchannel cold plates and micro-fin

configurations, have been designed explicitly for battery thermal management(Dede, 2014).

Figure 13-Representation of EV battery cooling radiators-Source:(Do Electric Vehicles Have Radiators? - CHAL, 2024)

11



1.2 Development of fins in microprocessor applications

1.2.1 Early microprocessor development late 20t Century

Microprocessor cooling technology has undergone significant developments since its introduction
during the 1970s, driven by increasing processor performance and heat generation
requirements(Furber, 2017). Initially, Central Processing Units (CPU) required minimal cooling due to
their relatively low thermal output(Westcott, 1979), and were passively cooled using their body

alone(Hirasawa et al.,2005).

Figure 14-Intel 4004 the first commercial microprocessor-Source:(Anthony, 2011)

However, as microprocessor capabilities expanded dramatically through the 1990s, the heat
produced by CPUs increased correspondingly, necessitating more advanced active cooling
solutions(Cheung, 2020). Straight-finned heat sinks were employed, made of diecast or extruded
aluminium, and occasionally copper if extra cooling performance was required. Initially, these heat
sinks relied on ambient air flow (Fig. 14), but as computational power increased, forced convection

fans became standard (Fig. 15), significantly improving cooling efficiency. Additionally, integrated

12



heat spreaders were introduced to distribute heat evenly across the fins, enhancing overall thermal
management(Katsutani et al., 2016).
Ambient

Air
Flow

Heatsink

Figure 15-Depiction of a passive heat sink-Source:(Cheung, 2020)

Figure 16-Fan-assisted heat sink-Source:(Baknor Thermal Management, Heat Sinks, Liquid Cold Plates & More., 2025)

1.2.2 Further microprocessor development 215 Century

In the early 2000s, technological advancements continued with the introduction of copper cores
embedded within aluminium fins, offering superior thermal conductivity and improved
efficiency(Noda et al., 2005). Concurrently, heat pipes emerged as a critical innovation, effectively
transferring heat from processors to fin arrays(Hirasawa et al., 2005). Furthermore, heat sink designs
diversified into pin-fin and radial-fin configurations, which maximised the available surface area and

enhanced overall cooling performance(Budimir, 2000) .
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Figure 17-Copper core heat sink-Source:(Noda et al., 2005)
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Figure 18-Heat pipe stacked fin cooler-Source:(Aslan et al., 2018)

The 2010s brought further innovations in microprocessor cooling technology. Advances in
manufacturing processes, such as skiving and bonding, facilitated thinner and denser fins, increasing
the surface area available for heat dissipation(Mochizuki et al., 2011). Vapor chamber technology
was adopted more widely, significantly enhancing heat spreading capabilities(Reyes et al., 2012).
Additionally, fins began incorporating nanoscale textures, which significantly improved convective

heat transfer(Pongiannan et al., 2019).
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Figure 19-Skived aluminium fins-Source:(finskiving.com, 2025)

1.2.3 Latest advances in fin development

Recent developments have marked significant progress through the application of advanced
materials and manufacturing techniques. Graphite-based fins have emerged as superior alternatives
to traditional metals, providing enhanced thermal conductivity alongside substantial weight

reductions(Cermak et al., 2017).

15
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Figure 20-Graphite heat sink-Source:(SIGRATHERM, 2025)

Graphene coatings have further increased thermal performance(Amirpour et al., 2024). Additionally,
nanotechnology has enabled surface enhancements, including carbon nanotube arrays(Farzanehnia
et al., 2019), substantially increasing fin surface area and inducing beneficial airflow turbulence,

which improves convective heat transfer(Shamsuddin et al., 2021).

16



Figure 21-Graphene-coated heat sink-Source:(Nicol, 2024)

Moreover, additive manufacturing (3D printing) technologies have facilitated the creation of
complex cooling geometries, such as lattice structures, optimising cooling performance within
constrained spaces and enabling multi-material integration(Guo et al., 2021). Fluid-filled and
oscillating heat pipes represent another notable innovation, improving heat transport efficiency

within compact microprocessor environments(Li et al., 2024).

Figure 22-Additive manufactured 3D lattice structure heat sink-Source:(Guo et al., 2021)

17
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Figure 23-Fluid-filled oscillating heat pipes-Source:(Chen et al., 2023)

These recent advances offer numerous practical advantages. Enhanced thermal performance from
advanced materials and design optimisation significantly reduces thermal resistance, thereby
enhancing reliability and overall system performance. The adoption of graphite and other
lightweight composites significantly reduces component weight(Cermak et al., 2017). Lastly,
sustainability and cost efficiency have notably improved through innovations in materials, precision
manufacturing, and additive production processes(Guo et al., 2021). These advancements
collectively reduce environmental impact, minimise production costs, decrease material wastage,
and extend component lifespan, reflecting the broader industrial trend towards sustainable and

economically viable technology solutions(Chen et al., 2025).

18



2. Plotting the Heat transfer for a fin with an adiabatic tip with the heat transfer

rate for an infinitely long fin

The heat transfer of a fin was plotted to demonstrate the relationship between the ratio of heat
transfer rates for a fin with an adiabatic tip versus that of an infinitely long fin as a function of the
parameter mL. The graph was generated using Excel, plotting values of the hyperbolic tangent term
of mL from 0 to 4 in increments of 0.1. The resulting plot confirms that the optimal fin length
corresponds to an mL value of approximately 2.65, which is consistent with theoretical

expectations(Incropera et al., 2007).

Heat transer plot depicting the optimum mL criteria for an adiabtic fin.
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Figure 24-Optimum mL criteria plot.

3. Practical Analysis of Extended Surfaces for Varying Materials

This section examines the temperature distribution and heat loss characteristics of four different rod

materials, each exposed to convective heat transfer with ambient air.

A cylindrical rod with a diameter of 7.5 mm is considered, with one end attached to a heated surface
at 110°C, while the surrounding air is maintained at 18°C. The objective of this study is to analyse
how heat dissipates along the length of the rod and how varying material properties (Tab.1) affect

the temperature distribution and heat dissipation.
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Material h(W/m?K) K (W/m K)

2024 Aluminium alloy 30 186
Brass (70 Cu/30 Zn) 30 99
Copper 15 398
304 Stainless Steel 7.5 16

Table 1- Material properties

3.1 Methodology and calculations

3.1.1 Calculating the temperature distribution of an adiabatic tip fin

The temperature variation along the rod length is computed and plotted for a length of 0.4 m, using
increments of 10 mm, enabling a direct comparison among the materials. As a finite length
parameter is provided in this case, an adiabatic tip boundary condition applies expressed

as(Lienhard, 2020):

cosh[m(L — x)]
cosh(mlL)

T(X) =T + (Tb - Too) '

Equation 1-Temperature distribution of an adiabatic tip

Where:

T (x) = Temperature at position x Along the fin.

T, = Ambient temperature (temperature of the surrounding fluid).

T, = Base temperature (temperature at the base of the fin, x = 0)

L = Length of the fin.

x = Position along the fin, measured from the base (x = 0 is at the base, x = L Is at the tip).

cosh = Hyperbolic cosine function.

m = A dimensionless parameter that depends on the fin’s material properties and heat transfer

characteristics and is given by(Lienhard, 2020):

20



hP

Equation 2- m equation

Where:

h = Convective heat transfer coefficient.

P = Perimeter of the fin.

k = Thermal conductivity of the fin material.

A, = Cross-sectional area of the fin.

3.1.2 Calculating Perimeter of the fins

Equation 3 shows the formula for calculating the perimeter of the rods(Bird, 2021):
P =2nr

Equation 3-Perimeter of a circle

P=2xmx(3.75%x1073)
P=263 x 102%m

3.1.3 Calculating cross sectional area of fins

Equation 4 shows the formula for calculating the cross-sectional area of the rods(Bird, 2021):
2

A, =mr

Equation 4-Cross sectional area of a circle

A, =mx (3.75 x 1073)2

A, =442 x 1075 m?

21



3.1.4Calculating the rate of heat transfer of an adiabatic tip fin

To determine the heat loss for the four materials, it is necessary to calculate the heat transfer of an

adiabatic fin expressed as(Lienhard, 2020):

0 = /hPkA (T, — T.,) - tanh(mL)

Equation 5-Heat transfer of an adiabatic fin

Where:
Q= Heat transfer rate from the fin.

tanh = Hyperbolic tangent function.

3.1.5 Calculating m values for rods

The material properties shown in Tab.1 were defined in a Microsoft Excel file to allow for the
calculation of the m value, as well as the plotting of the temperature distribution using the formulae

given in Section 3.1.1.

3.1.5.1 Aluminium alloy

| 30%0.263
™= 1186 x 0.0375
m = 9.2748
3.1.5.2 Brass
30 % 0.263
m=

99 x 0.0375

m =12.7128
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3.1.5.3 Copper

| 15x 0263
™= 1398 % 0.0375

m =4.4834

_[7.5%0.263
™= 116 x 0.0375

m = 15.8114

3.1.5.4 Stainless steel

3.1.6 mL values calculated using original values

Material mL =

2024 Aluminium alloy 9.2748 X 0.4 3.71
Brass (70 Cu/30 Zn) 12.7128 X 0.4 5.09
Copper 4.4834X0.4 1.79
304 Stainless Steel 15.8114X 0.4 6.32

Table 2-Calculation of the mL values for the 4 rods.
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3.1.7 Temperature distribution plot for 0.4m rods

The full data range is provided in App.1.

Temperature distribution of 7.5mm rods at 0.4m in length
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Figure 25-Plot showing the temperature distribution of 0.4m metal rods.

Material Temperature distribution at 0.4m (°C)
Aluminium 22.50
Brass 19.14
Copper 47.79
Stainless steel. 18.33

Table 3-Temperature distribution at 0.4m
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3.1.8 Calculation of heat transfer for each material

Using the adiabatic fin approximation expressed in Eq.1 the heat loss for the four 0.4m rods are

calculated:

3.1.8.1 Aluminium alloy

Q = /30 x (0.236) x 186 x (0.0375)(110 — 18) - tanh(9.2748 x 0.4)

Q=700W
3.1.8.2 Brass
Q = /30 % (0.236) x 99 x (0.0375)(110 — 18) - tanh(12.7128 x 0.4)
Q0=511Ww
3.1.8.3 Copper

Q = /15 % (0.236) x 398 x (0.0375)(110 — 18) - tanh(4.483 x 0.4)

0=686W

3.1.8.4 Stainless Steel
Q =+/7.5 % (0.236) X 16 X (0.0375)(110 — 18) - tanh(9.2748 x 0.4)

0=103W
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3.1.9 Data Analysis of the 0.4m Rods

Fig.25 clearly illustrates an exponential decay curve along each rod. Copper and Aluminium rods

maintain a higher temperature further from the base(Tab.3) due to their higher thermal conductivity
and lower m values compared to brass and stainless steel. This correlates with the results shown
here, as both latter materials experience the steepest drop, with stainless steel reaching near-
ambient temperature the fastest. This suggests that their lower thermal conductivity results in less
effective heat conduction. Furthermore, the plot indicates that the fin length for copper is not at an
optimal level, as the temperature has not dropped to a near-ambient temperature(Tab.3). The
adiabatic boundary condition insulates the tip, which means no heat escapes from the very end of
the fin. Therefore, all the heat that enters at the base must exit along the fin’s lateral surface by
convection. The hyperbolic tangent factor accounts for the fact that longer fins eventually deliver
nearly the same heat transfer as a fin with an infinite boundary length, while shorter fins never reach

their maximum potential(Incropera et al., 2007).

3.2 Optimum Length Determination

Using the optimum mL parameter expressed in 3.1, an optimum length can be determined

using(Incropera et al., 2007):

Equation 6-Optimum fin length equation.
Where:

Lyp¢ = Optimum length of fin

3.2.1 Calculation of Optimum Fin Length

Using Eq.6, the optimum fin lengths for each material are calculated as:

3.2.1.1 Aluminium alloy

L 2.65
oPt T 92748
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3.2.1.2 Brass
L 2.65
°Pt 7 12.7128

Lope = 0.2085 m

3.2.1.3 Copper
2.65

Ly, =—
oPt T 4.4834

Lopt = 0.5911m

3.2.1.4 Stainless steel

Lo 2.65
°rt 7 15.8114

Lope = 0.1676 m

3.2.2 Recalculated mL using optimum lengths

Material mL =
2024 Aluminium alloy 9.2748 X 0.2857 2.65
Brass (70 Cu/30 Zn) 12.7128 X 0.2085 2.65
Copper 4.4834 X 0.5911 2.65
304 Stainless Steel 15.8114 X 0.1676 2.65

Table 4-Recalculated mL using optimum lengths for the four rods.

3.2.3 Heat Loss calculation using optimum lengths

Using the adiabatic fin approximation expressed in Eq.1 the heat loss for the four optimum length

rods are calculated:

3.2.3.1 Aluminium alloy
Q = /30 % (0.236) x 186 x (0.0375) - (110 — 18) - tanh(9.2748 x 0.2857)

Q=694W

27




3.2.3.2 Brass
Q = \/30 % (0.236) X 99 x (0.0375) - (110 — 18) - tanh(12.7128 x 0.2085)

Q0 =506W

3.2.3.3 Copper
Q = \/15 % (0.236) x 398 x (0.0375) - (110 — 18) - tanh(4.483 x 0.5911)

Q=718W

3.2.3.4 Stainless Steel
Q = \/7.5 % (0.236) X 16 x (0.0375) - (110 — 18) - tanh(9.2748 x 0.1676)

0=102W

3.2.4 Temperature Distribution Plots for Optimum Lengths

The full data range is provided in App.2.

Optimum fin length temperature distribution
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100.00
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50.00 e rass

Temperature (°C)
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20.00

10.00

0.00

Fin length (metres)

Figure 26-Plot showing the temperature distribution of the optimum length rods.
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Material Temperature distribution at optimum length (°C)
Aluminium 30.95
Brass 30.94
Copper 30.94
Stainless steel. 30.94

Table 5-Temperature distribution at optimum lengths

3.2.5 Analysis of Temperature Distribution for Optimum Lengths

The calculation seen in Section 3.1.3 was repeated with modified values, using the mL criterion
stated in Section 3.2 and calculated in Section 3.2.3, based on the optimum length parameters

calculated in Section 3.2.1.

Fig. 24 illustrates the temperature decay along each rod with greater clarity. In comparison to the
heat loss values of 3.1.8 and the results of 3.2.3, it is evident that the heat loss values for aluminium,
brass, and stainless steel have decreased negligibly, while the length of the fin has decreased
significantly. This suggests that lengths beyond the optimum would be a waste of material as the
temperature has stabilised at around 30 °C. A further observation of the data shows that the
temperature of these optimised lengths has increased from around 20 °C to 30 °C, which is above
the ambient temperature and suggests optimal thermal conduction. Additionally, it indicates an
inversely proportional relationship between mL and heat conduction. This is correlated with the
results for copper, which was the only material which showed an increase in heat loss and a drop in
temperature in comparison to the plot shown in 3.1.7, which can be attributed to the length
increasing to 0.59m, thus increasing surface area(Incropera et al., 2007) and the mL increasing from

1.79 to 2.65.

3.3 Accurate Fin Length Prediction

As an infinite fin boundary condition(assuming heat flux at the tip) has been stipulated for predicting
a more accurate fin length, calculating the temperature distribution in this case is expressed
as(Lienhard, 2020) :

T(x) =Ty + (Ty — Ty) - tanh(mL)

Equation 7-Temperature distribution for an infinite tip fin.
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3.3.1 Solving exponential equation for L

A more precise length is calculated by ensuring that the tip temperature must be almost equal to the

ambient fluid temperature; it follows that a stricter convergence criterion must be used, shown as:

e ™ < 0.02
Equation 8-Stricter convergence criteria.
To solve the exponential Eq.8 for L, natural logarithms are taken of both sides:
In(e ™) < In(0.02)
Resulting in:
—mL < In(0.02)
The equation is rearranged to make L the subject gives:

In(0.02
| _ In(0.02)
-m

3.3.2 Calculating more accurate fin length

3.3.2.1 Aluminium alloy

_ In(0.02)
© —9.2748

L=04218m

3.3.2.2 Brass
_ In(0.02)
T —12.7128

L =0.3077m

3.3.2.3 Copper
_ I[n(0.02)
T —4.4834

L =0.8726m

3.3.2.4 Stainless Steel

_ In(0.02)
© —15.8114

L =0.2474m
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3.3.3 Recalculated mL using stricter convergence criteria lengths

Material

mL

2024 Aluminium alloy 9.2748 X 0.4218 3.91
Brass (70 Cu/30 Zn) 12.7128 X 0.3077 3.91
Copper 4.4834 X 0.8726 3.91
304 Stainless Steel 15.8114 X 0.2474 3.91

Table 6-Recalculated mL values using the lengths calculated from stricter convergence criteria.

3.3.4Temperature Distribution Plot adjusted for stricter convergence criteria

The full data range is provided in App.3.

Fin length adjusted for modified convergence criteria temperature
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Figure 27-Plot showing the heat distribution of the four metal rods calculated from the stricter criterion.
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Material Temperature distribution at more accurate fin
length(°C)
Aluminium 18.89
Brass 18.57
Copper 19.63
Stainless steel. 18.80

Table 7-Temperature distribution at more accurate length

3.3.5 Heat transfer recalculation for stricter convergence criteria

Using the infinite fin approximation, assuming heat transfer at the tip expressed as:

0 = JRPEA(T, — Teo)

Equation 9-Rate of heat transfer for an infinite fin

Using Eq.9, the heat loss for the four rod lengths calculated in 3.3.2 are shown as:

3.3.5.1 Aluminium alloy

Q = /30 x (0.236) x 186 x (0.0375) - (110 — 18)

Q=701wW
3.3.5.2 Brass
0= \/30 % (0.236) X 99 x (0.0375) - (110 — 18)
Q=511wW
3.3.5.3 Copper

Q = /15 x (0.236) x 398 x (0.0375) - (110 — 18)

Q=725W

3.3.5.4 Stainless Steel

Q = /7.5 % (0.236) x 16 x (0.0375) - (110 — 18)

0 =103W
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3.3.6 Analysis and comparison

We observe that enforcing the criteria outlined in 3.3.1 increases the fin length by approximately
30-50% beyond the optimum length for all materials. For aluminium, brass, and stainless steel, the
0.4 m rods shown in 3.1.5 were already longer than these optimised lengths; thus, those rods were
more than sufficient to dissipate heat. In fact, for stainless steel and brass, 0.4 m was nearly double
the optimum length, indicating that much of the rod provided no additional cooling as temperatures
approached ambient levels well before the tip (as shown in Fig. 25 & Tab.2) (Lienhard, 2020).

Aluminium’s 0.4 m rod was also significantly longer than necessary.

Copper is the exception: its more accurate optimum length is 0.873 m, which is over twice the length
used in section 3.1.1. At 0.873 m, the copper fin would dissipate 7.25 W, whereas the 0.4 m copper
fin lost 6.86 W. This represents a 5.5% increase in heat transfer, even though it results in nearly
doubling the rod’s length. However, beyond 0.9 m, returns diminish rapidly — adding additional

length would yield negligible extra heat loss(Incropera et al., 2007).

In summary, using the efficiency criterion shown in 4.2 is usually sufficient(Incropera et al., 2007)
(Lienhard, 2020), as the more accurate criterion demonstrates only marginal improvements in heat
loss while requiring significantly longer fins, underscoring the diminishing returns for very long

fins(Incropera et al., 2007) (Kumar and Pandey, 2025).
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Appendices

Appendix 1
2l Bras= Copper Stainless Steel
Temp Termnp
Distance values at f Ternp distribution |Distance values & Ternp distribution |Distance values at »] distribution Distance valu diztribution
0.00 110,00 0.00 110,00 0.00 110,00 0.00 110,00
0.01 101.66 0.01 99.02 0.01 106.19 0.01 96.55
0.0z 94.44 0.0z 89.35 0.02 10255 0.02 85.06
0.03 87.63 0.03 B0.83 0.03 93.09 0.03 7h.2h
0.04 81.53 0.04 73.33 0.04 95,79 0.04 56,58
0.05 75.91 0.05 BE.73 0.05 92 65 0.05 53.73
0.0 70.80 0.06 E0.91 0.06 53.65 0.06 B3.63
007 BE.14 n.on7 55,79 0.07 56.80 0.07 48.42
0.03 £1.90 0.03 5128 0.08 24.09 0.08 43.97)
0.03 58.03 0.09 4731 0.03 g1.51 0.03 40,17
010 54.51 010 43.81 0.10 73.06 0.0 36.93
01 51.30 01 40,74 01l VE.73 011 346
012 48.38 012 38.03 012 74.52 012 31.80
013 45,72 013 3564 013 V242 013 29.78
0.4 43.30 014 3354 0.14 70.43 014 28.06
015 41.09 015 EIE] 015 58.55 0.5 26.59
016 39.09 016 30.06 016 B6.77 016 25.33
017 kT 017 28.63 017 [SE] 07 24,26
018 35.61 018 2737 118 £3.50 .18 23.35
019 3410 019 26.26 0.1 £2.00 0,19 2257
0.20 32.74 0.20 25,28 0.20 £0.59 0.20 21.90
021 3150 021 24,42 021 59.27 0.21 2133
022 3037 022 2367 0.22 5a.03 0.22 20.85
0.23 29.36 0.23 23.0 0.23 5657 0.23 20.43
0.24 28.44 024 2243 0.24 55.79 0.24 20.08
0.5 2761 0.5 2192 0.25 54.79 0.25 19.78
0.26 26.86 0.26 2147 0.26 53.86 0.26 19.53
0.27 2619 027 2108 0.27 53.00 0.27 19.31
0.28 ] 0.28 20.74 0.23 52.21 0.28 19.12
0.29 25,05 0.29 20.45 0.29 51.49 0.29 18.97
0.30 24.58 030 20,19 0.30 50.84 0.30 18.84
0,31 24,6 0.3 19.97 0.3 50.25 0.3 18.72
032 23.80 032 1978 0.32 49.73 032 18.63
033 23.48 033 192 0.33 4327 0.33 18.55
0.3 23.22 034 19.49 0.34 48.58 0.34 18.49
0.35 22.99 035 1938 0.35 48.54 0.35 1844
036 22.81 036 13.29 0.36 48.27 0.36 18.40
037 22.68 037 1922 0.37 48.06 0.37 18.37
0338 22.58 033 1918 0.38 47.91 038 18.35
039 22.52 039 1316 0.33 47.82 0.33 18.33
0.40 22.50 0.40 19.14 0.40 47.79 0.40 18.33
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Appendix 2

Aluminium Alloy 2024

Eranr

Copper

[Staintorr Stocl

Dirtance valuer ()

Optimum longth tomp dirtrubution

Dirtanc e ual

Optimum length kemp dirtrubution

Dirtance walu,

Optimum length kemp dirtrubution

Dirtance walu,

Optimum Lo qth ko mp dirtrubution

0.00] Ho.00] 0. 0nf RALNLY 0. 0nf RALNLY LT Ho.00]
.0 101.494] o) 9913 o) 106.01) LN 9669
0.0z 94.59 0.02) #9.5%] 0.02) 10z 14] 0.0z 85.35)
0.0 #7.4 0.0%) #1449 0.0%) 4%, 55| L0 7570
AL #.33 .04 x| .04 45, 0k 0.0 ET.50
0.05) 620 0.05) L&l 0.05) 91,73 0.05 052
0.0 i ey 0.0%| E1.67) 0.0%| #%.55] 0.0 5462
0.07) BETD 0.07) 5E. T 0.07) #5.51) L d4.65
0.0%) EE55 0.0%) 5z.27) 0.0%) L8 0.0% CEXLY
0.04) 578 0.049) d%.549) 0.049) 19,83 009 d1.96
A 5537 A o5, 20 A T L5 ] a8
o1 SEZT 0.1 dz. 4% | 0.1 Td.65) 1] ZEEE
0.4z 49.47 [P 40,01 [P T2.2d| oiz 24.78
Lk di.4d A3 7.9z A3 LEN k] L k] ]
.14 dd.86 in.1d| 24,15 in.1d| ET.TE] 0.14] ]
0.15) 261 LAH 24,67 LAH LA L ] .44
048] 4077 K 247 K 6361 L% (] a0z
A7) oz AT X AT E1.70) L8 X
0.1 IT.ET LNE: 2179 LNE: 59.57)
019 36.38[ .19 21.29) .19 EER K
L4 25.24 0.2 o) 0.2 5e.de|
L1 | .26 L3 | i 4| L3 | 5d. 34}
o2zl XX i LI 5227
L] 270 0.23) 51.92]
0.2d| R H 0. 2d| 5155
0.25) F1ES 0.25) 9. 25|
0.2 .3 0.26| 4200
L4 Hat 02T e £2)
LOFEd 2095 0.2%) CERL]

0.249) dd 62

030 LR

[10%c3 | Az 6d|

0.22) A1.72)

0,23 0. 26|

0. 2d| . 0%}

0.25) 9.2

0.2 22.52)

037 .83

0.3 2747

0.249) 26,06

0.40] 5,93

i) 5. dd|

0.4z} d.93)

0.43) 2. dE|

0.dd| *d.0Z)

.45 XAy

0.d¢| 2223

0.47) o8|

0.4 2.57)

0.49) Z2.29)

0.50] 2,03

.59 .20

0.52) Z1.60)

0.5 1.4z

0.54| .24

.55 1.1

0.5%) 21.0%]

0.57) 20.949|

0.5%) 0. 45|

0,591 0,94
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Appendix 3

40

Aluminium Alloy 2024 Erass Copper Stainles=s Steel
Temp Temp
Length of fin Temp distribution Length of fin Temp distribution Length of fin_| distribution Length of fin distribution

.00 110.00 .00 110.00 0.00 110,00 .00 10,00
0. 101.85 .01 949.02 0. 105.97 .01 96.55
0.0z 9442 0.0z 249.25 0.0z 10211 0.0z 25.08
0.03 2765 0.03 20.83 0.0z 9542 0.03 75.25
0.04 2148 0.04 T3.33 004 94.90 0.04 B6.88
0.05 TH.AE 0.05 BE.T2 0.05 a1.52 0.05 54.73
Q.08 T4 .08 E0.91 0.0 28.30 .08 5363
.07 EG.05 0.07 58.78 007 g5.22 0.07 4542
0.08 E181 .08 5127 .08 g2.27 .08 4397
0.09 57.93 .09 47.20 .09 T9.45 .09 4017
.10 54.29 .10 43.80 010 TE.TE 0.1a 36.93
o 5117 i 40.72 a1 7415 a1 3408
01z 45.23 0.1z 3801 o1z A 0.1z F.80
013 45.55 013 3662 013 E9.36 013 29.78
0.14 4311 0.14 3352 0.14 ET.11 .14 28.08
015 40.89 0.15 FLET 015 E4.96 0.15 26.59
016 FE.86 016 30.03 016 E2.40 .18 265.33
Q17 7.0l .17 28.60 017 E0.93 017 24.26
013 35.33 0.1 2733 013 54.05 .12 2334
013 3378 0.13 26.22 013 57.25 .13 22.56
0.20 F2.39 .20 2824 .20 55.53 .20 21.89
.21 Iz 0.21 24.37 0.1 53.88 .21 2132
0.2z 29.98 0.2z 2361 02z 52.31 0.2z 20.84
023 28.90 0.23 2294 023 5081 0.23 2042
0.24 27493 0.24 2235 024 49.37 0.24 20.07
0.25 27.05 0.25 2183 025 47.93 0.25 19.77
026 26.25 0.26 2138 026 46.68 0.26 19.51
Q.27 2552 0.27 20.97 027 45.42 0.27 19.29
0.28 24.85 0.28 20.62 028 44.22 0.28 14.10
0.29 24.25 0.249 20.20 0249 43.07 0.29 13.94
0.30 2369 0.20 20.03 0.30 41.97 0.20 13.80
0.3 2319 0.2 13.79 0.3 40.92
0.32 2273 0.32 19.57 0.3z F9.41
0.33 2.3 0.33 19.29 0.33 35.95
0.34 2193 024 19.22 0.34 35.03
0.35 2158 0.25 19.07 0.35 3706
036 Z1.26 0.26 12.95 036 3632
037 2047 037 12.83 037 356.51
0.38 20.71 038 18.73 0.38 34.75
0.39 2047 0.249 12.65 0.39 4.0
.40 20.25 .40 18.57 0.40 33

0.4 20.05 0.41 I2.64
0.4z 19.87 0.4z F2.00
043 19.71 043 338
044 13.55 .44 30.80
0.45 1942 0.45 3023
048 19.29 046 29.70
047 1912 047 2919
042 12.07 048 28.70
043 13.98 .43 28.23
050 18.89 0.50 27.78




051 2736
0.52 Z2E.94
053 ZE.656
0.54 ZEAT
0.5% =5.81
0.56 2547
0.57 Z5.14
0.5 24.83
0.53 24.53
Q.50 24.24
el 23.97
0.2 2371
0.3 2346
0.64 23.22
0.5 22.93
Q.56 2277
Q.67 22.56
Q.63 2236
0.6 2217
Q.70 2193
o 2181
0.7z 2165
073 2149
0.74 2133
0.7% 2113
076 2105
Q.77 20.91
073 20.73
Q.73 20.66
0.20 20.55
o 20.44
0.22 2033
0.83 2023
0.24 2012
0.2%5 20.04
0.6 19.95
0.27 19,86
083 19.78
0.23 19.70
0.90 19,62
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