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[bookmark: _Toc215450336]Abstract 

This report studies the role of extended surfaces as heat exchangers across multiple applications including automotive cooling systems, microprocessors and cookware.
The analytical side of the report concentrates on a saucepan handle made from four materials copper, aluminium, brass and stainless steel. Studying finite fin tip boundaries, the temperature distribution was evaluated along the length of the 200mm handle in 10mm increments. The heat loss was then calculated for each of the four materials. The optimum length for the handles was then determined using   as well as the new temperature gradients for the increased lengths this was then compared with the previous temperature distributions gathered from 200mm handles. The results show that higher conductivity materials require more surface area and length to dissipate heat.
This report covers the historical developments, theoretical modelling and analysis of fins to give detailed knowledge of fin performance across different applications. The data shows the importance of material type and physical constraints and boundary conditions when trying to achieve effective heat transfer performance.
[bookmark: _Toc215450337]Introduction
Heat dissipation is a critical part of engineering when designing systems that produce heat when operating, from radiator for the automotive industry and air-cooled engine to small electrical components and powered devices. Extended surfaces fins for example offer improved heat transfer from one surface to another by increasing the available surface area for convection to occur.
This report will explore the application and effectiveness of extended surfaces area of fins for improving convective heat transfer, reviewing fin geometry, material selection and boundary conditions and how these change the performance of the heat transfer. The report will also look at theoretical concepts and how they link to practical applications in different systems such as automotive and electronic cooling. By studying both adiabatic and infinite tip conditions the report will provide an insight on fin efficiency, performance and the role of the boundary assumptions in heat analysis.

[bookmark: _Toc215450338]Literature Review/Background/Research
Extended surfaces are large surface areas that are used for convective heat transfer, extended surfaces are one of the oldest and most used forms of heat transfer. In the past century extended surface heat transfers have evolved significantly in physical form, materials and manufacturing methods to comply with different constraints in the modern world. This section of the report will focus on the historical development of fin heat exchanger used in the automotive industry, then how this same technology could be used on micro processing cooling from passive heatsinks to microchannels and two-phase systems, and summarising the recent advances made in extended surfaces  for example additive manufacturing, micro and nano structuring, two-phase and immersion systems and their advantages.
[bookmark: _Toc215450339]Automotive heatsinks and the historical evolution of fins
1. Brass/copper tube and fin radiators late 1800s- early 1900s:
Early automotive engines used bulky tube and fin radiators made from brass and copper, tubes and sheets/fins were brazed or soldered together. These two materials together had excellent thermal conductivity with the readily available brazing and soldering technology were often easy to repair.
[image: ]
Figure 1 copper radiator sourced from: https://forums.aaca.org/topic/383323-1900-copper-radiator-photos-2/


2. Enhanced fin geometries mid to late century 1900s:
With the increase in engine power, road speed and smaller constrain sizes, the focus shifted on improving heat transfer per unit of frontal area. The geometries of the fins were changed and diversified from and plain continuous sheet of metal to corrugated and wavy fins, louvered fins, offset strip fins and perforated fin were all used to increase the surface area as well as the air turbulence between the fin surfaces. offset strip and louvered fins became widely adopted as they boosted the air-side heat transfer while balancing the pressure drop. Stamping, forming and brazing became standard manufacturing methods when producing these shapes. 
They can enhance heat transfer by a factor of 2 or 3 compared with equivalent un-louvered surfaces. The louvers have the further advantage that the enhancement of heat transfer is gained without increase in flow resistance that results from the use of turbulators (Erbay, Doğan and Öztürk, 2017).




3. Aluminium and compact cores 1970s-2000s:
In the 1970s the automotive industry transitioned to aluminium for the heatsinks to decrease the weight and cost with the help of brazed-aluminium core manufacturing methods and improved brazing techniques. The material aluminium allowed thin and more closely placed fins in turn increasing the amount of surface area available for convection it also increases the amount of fin that could be produced. The design of the fin had also been engineered slightly to reduce clogging and improve the durability of the fin with the help of surface coatings and changes in the pitch of the fin.
[image: ]
Figure 2 aluminium radiator sourced from: https://www.amazon.ca/OHOB-COOL-1970-1981-1978-1987-1973-1985-1975-1979/dp/B09GV7KVFJ?th=1



4. Modern developments 2000s-onwards:
Modern trends for heat exchangers require them to be more compact and more efficient at dissipating heat with the help of complex fin geometries such as louvered, corrugated, offset strips and optimised tube/header for better flow characteristics (Ryu, Yook and Lee, 2014). More optimisation methods and CFD software helped designers to manufacturer custom fin shapes, louver angle and spacing for specific jobs and vehicles airflow conditions. Modern material coatings also increased the longevity of the radiators by decrease corrosion and with more modern manufacturing methods hydroforming tubes and continuous brazing helped support the more complex fin geometries.
[bookmark: _Toc215450340]Extended surfaces for microprocessor cooling (passive fins-microchannels)
1. Passive heatsinks-single phase:
Server CPUs and desktops originally used bulky extruded fin or folded fins made of aluminium, macroscopics fins design to increase the surface area with the help of forced convection created by the fans. To compete with higher heat loads copper bases, copper fins or bonded fins assemblies were used to increase the convective characteristics of the sink.
[image: ]
Figure 3 Single phase heat exchanger sourced from: https://www.ato.com/solid-state-relay-heat-sink

2. Pipes and vapour chambers-two-phase process:
With the increase in processing power that came with more sophisticated computers more heat was being produced, the single-phase fin heatsinks were limited with the amount of convection they could produce heat they could dissipate. Two-phase heat sink were produce using pipes and vapour chambers these two-phase devices were integrated between the die and fin system to spread heat. The vapor phase of the convection process increases the effective thermal conductivity between the source and the fins by thinner fin spacing and more balance temperature distribution. These two-phase devices combined the extended surface of the fins with a phase-change heat transporter hence the name two-phase.
[image: ]
Figure 4 Two-phase heat exchanger sourced from: https://www.kingkatech.com/thermal-heat-sink-sale.html

3. Microchannels and in-chip/on-chip cooling:
With high heat fluxes manufactures and researchers used immersion cooling, cold plates and in chip and on chip microchannel heatsinks. Microchannels use a hydraulic diameter on the order of hundreds of microns to increase the convection per unit of volume as they maintain a small thermal boundary and high heat transfer coefficients. Micro-fins and micro-pins inside liquid cold plates usually used inside datacentres and high performing computers also help to dissipate the heat. 
[image: ]
Figure 5 microchannel with on-chip cooling sourced from: https://flex.com/resources/the-future-of-data-centers-demands-advanced-cooling




[bookmark: _Toc215450341]Recent advances in extended
1. Additive manufacturing (AM) for more complex geometries:
Additive manufacturing has given fins the ability to have uneconomical or impossible geometries not possible with stamping and extrusion manufacturing, these geometries include internal lattices, better fin and pin layouts and microchannels that are integrated directly into the cold plates. Additive manufacturing also allows topology created fins that trade weight for performance creating internal passages for flow and integrated mounting points all in a single part. This allows higher heat transfer per unit mass, decreased part count and custom/bespoke geometries for constrained conditions.
[image: ]
Figure 6 Additive geometry sourced from: https://www.wolfmet.com/news/unlocking-complex-metal-geometries-with-additive-manufacturing/

2. Micro/nano fins surface for phase changes:
Micro and nano-structured (pillars, grooves, wettability patterning), wettability is how a liquid can move a spread across a surface at different angles for example, Low contact angle (< 90°) → hydrophilic surface → liquid spreads easily, High contact angle (> 90°) → hydrophobic surface → liquid beads up and avoids the surface.
fins and vapour chamber wick structures improve the nucleate boiling point and critical heat flux with two-phase systems. These types of textured fins also improve the liquid rewetting and increase the evaporation sites thereby raising the heat transfer coefficients especially when used in boiling and spray-cooling devices. 
Rewetting is when a liquid returns to a hot surface after is has dried out usually after vapour bubbles detach from the hot surface, if the surface cannot rewet the area it will lead to local temperature spikes and a decrease in the heat transfer.
In summary wetting is how a surface repels or attracts a liquid depending on the angle of the surface and rewetting is how a liquid restores a liquid to an area of the surface that has temporarily dried out.

3. Two-phase cooling and immersion cooling:
Two-phase cooling reduces die temperatures and hot spot build ups far better than air-cooled fins are capable of. Immersion cooling removes the necessity for fin stacks in server units while also being compact and offering more balanced and uniform cooling at the expense system maintenance (fluid changes, compatibility issues with older server designs).
[image: ]
Figure 7 Two-phase cooling with immersion cooling sourced from: https://insidehpc.com/2015/10/worlds-largest-two-phase-immersion-cooling-project-to-use-3m-novec-fluid/










4. Microchannels, jet-impingement and hybrid liquid-air cooling:
Microchannel cold plates, often with integrated micro-fins/pins can now be paired with jet-impingement or spray cooling techniques to increase the heat transfer at high heating sites. Hybrid liquid and air systems combine vapour chambers the spread heat to a second microchannel cold plate and is the transferred to external air or liquid loops for heat rejection.

[image: ]
Figure 8 microchannels with jet impingement and liquid cooling sourced from: https://jetcool.com/post/what-is-direct-liquid-cooling-for-ai-data-centers/

5. Coatings and materials:
Material advancements include thin copper-nickel coatings for longevity and durability, graphene-enhanced thermal layers and composite heat spreader. While materials such as graphene and carbon nanotubes show potential in lab tested environments, large scale manufacturing and cost remain too big of a barrier for mainstream applications.






[bookmark: _Toc215450342]Trade-offs and advantages
Advantages:
1. Increased performance per mass of volume: additive manufacturing and microchannel features squeeze more convective performance into a smaller unit.
2. Hotspot control: micro-pins layouts, vapour chambers and jet-impingement all allow the designers to tackle non-uniform heating. 
3. Increased heat flux via two-phase systems: boiling and phases changes further increase the heat-transfer coefficients
Trade-offs:
Complexity, higher cost, manufacturing abilities and reliability (fluid compatibility, clogging and corrosion) all remain constraint issues when trying to apply more modern cooling systems.




[bookmark: _Toc215450343]Discussion
[bookmark: _Toc215450344]Fin geometries
For a fin with an adiabatic (finite) tip the energy balance leads to the differential equation:

With  as defined as the fin parameter, 
With  set as the convective heat transfer coefficient,  as the fin perimeter, as the thermal conductivity and  as the cross-sectional area of the fin.
The base temperature defined as   and the adiabatic tip conditions defined as 
[bookmark: _Hlk213878741][bookmark: _Hlk213878844][bookmark: _Hlk214908010][bookmark: _Hlk213877866]This gives the total heat transfer for the fin as 
For a fin with an infinitely long fin the equation is
As seen below in Figure 9 is the ratio of heat transfer from both the adiabatic tip and infinitely long tip fin platted as 

[image: ]
[bookmark: _Ref215181249][bookmark: _Ref215181243]Figure 9 showing heat transfer ratio with fin parameters
[bookmark: _Hlk213879334][bookmark: _Hlk213879620][bookmark: _Hlk213879814]The  curve begins at 0 showing poor conducting fins and very little heat, as increases the ratio also increases physically increasing  making the surface area bigger this thereby increasing the heat transfer up to a certain length before the heat transfer become negligible as the tip of the tip of the fin is already at the ambient temperature. The guideline of how large the fin parameter can is cited as  this is the point where the finite-fin heat transfer is the same as the infinite-fin value where adding more length gain little additional heat transfer. 

So   is when the finite tip achieves about 99% of the total heat transfer of an infinite fin.
[bookmark: _Toc215450345]Tip boundary conditions (finite-Tip vs Convective-Tip)
The blue line on the graph below represents the idealised finite fin tip, while the red dotted line represents a fin with a convective tip (not perfectly) insulated where a small amount of heat is lost at the tip shown as
 
The fin with a convective will always have a slightly higher total heat transfer as seen in Figure 10 as the convective tip contributes to the additional area for convection. The difference however starts to become negligible with a larger  value as both tips approach the ambient temperature. The graph therefore shows that tip convection has small influence on the heat transfer performance. 

[image: ]
[bookmark: _Ref215181330]Figure 10 shows the comparison between finite tip and convective tip

[bookmark: _Toc215450346]Task C
1) Rectangle handle dimensions . Copper saucepan base is  , ambient room temperature  and the heat transfer is . The handle area is   and the perimeter is  . The tip of the handle is insulated (no heat loss) and the four materials conductivities are  ,   ,  and .

Formula:
[bookmark: _Hlk214986269]

 
Free end temperature :
  87.69 °C
 79.30 °C
 65.47 °C
[bookmark: _Hlk214902542]  29.33 °C

Safety recall: The recommended temperature that human skin can come in contact for a short period of time is   (Ong and Milne, 2016) ,any higher and a burn will appear causing damage to the skin, therefore the Copper, Aluminium and brass handles would be unsafe to handle without a properly insulated handle, leaving only the 304 Stainless steel the only safe option. The lower free end temperature arises due to the stainless steel’s low thermal conductivity .







2) Figure 11 below discloses the  values for all four materials along the   length handle with a temperature axis for comparison. This plot demonstrates how all the materials react to length of the handle with stainless steels have an aggressive temperature decrease the more the length increases while the other materials remain hot and not safe to use.

[image: ]
[bookmark: _Ref215181383]Figure 11 temperature distribution for the handles of 200mm










3) Heat loss for the fins above is calculated using the equation below:







4) To find the optimal length the equations that are used are as seen below:


[bookmark: _Hlk214909951]













5) Temperature distribution for the four materials with the new optimum lengths (L).




[image: ]
[bookmark: _Ref215181535]Figure 12 temperature distribution for handles with new optimum length
Comparing the results from Figure 11 with the 200mm fixed length and Figure 12 when increasing the length of the handle more surface area is available for convective heat transfers. The material is also a factor as the high conductivity materials such as copper and aluminium need more surface area to dissipate heat to reach the same temperature as the other two materials.
The new optimal lengths of the pans while safe to touch are impractical in operation using the graph above, we can find a length that is more practical while staying in a safe operation window.





1. 304 stainless steel – recommended length 120mm-180mm:
Stainless steel has a low k value to begin with means it already gets close to its useful heat removal length.
2. Brass (70/30) – recommended length 200mm-300mm:
Brass has increased gains when its lengths is increased to 445mm but only a 19% heat loss going to 200mm instead so a length would be between 200mm and 300mm would be the optimal length any further decrease would likely result the burning and injury.
3. 2024 aluminium – recommended length 300mm-400mm:
This length of handle is a middle ground of length and heat transfer that is still safe to touch without being uncomfortable, the user could have a length handle length of 150mm – 200mm but would require some insulating sleeve or thermal break.
4. Copper – recommended length 350mm – 450mm:
Copper is by far the most impractical choice for the handle as is has the highest (k) rating to needs much surface area to dissipate heat effectively to use a handle of this size would be unrealistic and hard to store when not in use, it would be more practical to use a short copper tang with a fully continuous insulating grip or a stainless steel spacer that way the length could be decreased to around 150mm





[bookmark: _Toc215450347]Conclusion
Fins are essential components when it comes to heat convection, by increasing the surface area available for convection allowing the system to dissipate heat more effectively in turn improving the system’s operational capacity, performance and longevity. The wide range of material, fin geometries and fin configurations available shows how effective heat transfer systems were essential for modern engineering applications. 
In this report there has been discussion about fin tip boundaries specifically finite tips and infinite tips, these tip conditions coincide with the temperature distribution and the heat rate transfer rate along the fin. Finite tips are practical for real applications at they have set lengths and surface areas, where an infinite tip is a theoretical upper limit of the fin where no more gains are made.
This report shows that accurate predication of performance requires knowledge of fin geometry, materials and thermal conductivity with focus being on convection coefficients and boundary conditions.
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