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[bookmark: _Toc71395252]History and application of extended surfaces within different industries - Task A
When looking at fins within automotive design, one component that stands out is the radiator. The radiator is a heat exchanger that is used to transfer heat from the engine to the surrounding air. The radiator was first invented by Karl Benz in the late 1800s and was later developed further by Wilhelm Maybach with the addition of fans and a tubular radiator. One way to increase the efficiency of a heat exchanger is by increasing the surface area from which heat transfer occurs. Wilhelm Maybach adopted a honeycomb method where the coolant would flow through the honeycomb structure, thus increasing the overall surface area (LAUKKONEN, 2013). Figure 1 below shows a diagram of what this honeycomb radiator would have looked like.
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[bookmark: _Toc71395265]Figure 1: Honeycomb radiator (LAUKKONEN, 2013)
This design had its limitations as fluid flowing through the inner tubes can only transfer heat to the tubes around it resulting in that heat transfer not actually leaving the system. Most modern vehicles now tend to use a cross flow heat exchanger system that comprises of two tanks connected by a frame of thin tubes. These thin tubes then have thin fins that are usually louvered fins attached to them to further increase the surface area. The louvered fin was first developed in the 1950s and has been popular since its creation. The louvered fin has raised gaps on its surface similar to a grater that allow fluid to pass through making it more efficient (Latife Berrin Erbay, 2017). The first tank in a radiator is known as the header tank and it is used to briefly store warm coolant that has just circulated the engine. The thin tubes then transport the coolant to the second tank and in doing so the coolant transfers heat through the extended surfaces as cool air flows over the surfaces in a perpendicular direction. The cool air comes from the grill at the front of the vehicle which allows outside air to flow through when the vehicle is in motion. However, when the vehicle is still there is also a fan in front of the radiators which forces air through the system whilst the vehicle is idling at a standstill. This form of radiator has not seen much change for many years apart from material choices where manufacturers have either tried to reduce weight or cost of their components (LAUKKONEN, 2013). 
Although fins are very prevalent in radiators for cars, they can also be found in lots of other components such as some gear boxes and the differentials. These components produce a lot of heat due to the friction caused by the cogs inside rotating at high RPMs and thus they require efficient cooling. In order to combat this, they can have extended surfaces on the casings to increase the surface area of the component and thus increase the cooling efficiency. In recent years electric cars have become more popular and these vehicles contain electric motors which also use fins in order to dissipate the heat produced. Another component where fins are used is the ECU of the vehicle, filled with electrical components its vital to dissipate as much heat away from the ECU as possible in order to avoid melting the solder within the circuit board. This form of cooling electrical components has also been used to aid with cooling microprocessors. 

A microprocessor is a component that is widely used in most computing devices from mobile phone to high end PC’s. When the microprocessors are being used, they generate heat which if allowed to accumulate, can be detrimental to the components efficiency and can eventually lead to either the component to malfunction or other components around it to malfunction. As a result of this, extended surfaces are used to help dissipate the heat away from the microprocessor by extending the surface area from which the heat transfer can occur. In the mid-90s processors did not require advanced cooling methods due to the low performance of the processors of the time, during this period they heavily relied on passive cooling where there was no forced convection.  Figure 2 shows an example of a typical heatsink that could be found during this time. It has flat fins that extend from the base angled to allow air flow between each fin so that convection can take place. 
[image: ]
[bookmark: _Toc71395266]Figure 2: Basic heat sink (Cheung, 2017)
As processors became more demanding, fans were added to have forced convection occur and thus increase the heat transfer at the heat sink (Cheung, 2017). By having greater cooling on the processor’s manufacturers are able to demand more from the processors and get them to work harder, this is known as overclocking. This desire to extract as much heat as possible has resulted in there being lots of different types of extended surfaces being designed for specific purposes to maximise there potential. For example, high end powerful PC’s can use liquid cooled systems similar to that of a car radiator where the heat is transferred via a liquid and then transported to a heat exchanger with extended surfaces. This method allows for a much greater surface area as the heat can be dispersed over a greater area and thus is a much more advanced cooling process. 
In recent times advances in technology have allowed for further development of extended surfaces resulting in new ways of looking at conventional heat transfer systems. One of these recent advances has been the development of micro fins. Micro-fins are fins that have at least one dimension in the micro scale and as a result tend to be much thinner than conventional fins (Michelia, 2015). The benefits of using micro-fins are that you can significantly increase the surface area where heat transfer takes place whilst keeping the overall mass and size low. This makes it ideal for products such as high-performance vehicles and mobile phones where mass and size are crucial to keep low. The main disadvantage of this form of fin is the manufacturing cost of producing them. Due to their micro size, they require very accurate tooling that can measure and manufacture components within micro tolerances which can be very expensive.
Another area that has seen recent development is that of porous fins. Porous fins are fins that are made from porous materials that allow fluids to pass through them. These porous fins have been seen to have better heat dissipation than that of solid fins (Patel, 2015). The porosity also means that the fins require less overall material to manufacture them as well as having a lower mass than fins made from solid materials.  




[bookmark: _Toc71395253]Analysis of optimal fin length – Task B
When looking at fins that have a finite length it is assumed that the optimal length can be found by saying that the parameter mL is no less than 2.65. mL is a parameter that takes the product of the length of the fin in meters with the variable known as m. m is defined by equation 1 and it incorporates the thermal conductivity and convective heat transfer coefficient of the material that the fins are made from.
 
[bookmark: _Toc71395282]Equation 1: Defining m
Equation 1 defines m where h is the convective heat transfer coefficient in W/m2K, P is the perimeter of the fin in meters, k is the thermal conductivity of the material in W/mK and Ac is the cross-sectional area of the fin in m2. As a result of the units cancelling out when the equation is calculated, the variable m has no units.
One way of showing that the parameter mL gives the optimum length when it is no less than 2.65 is by plotting a graph that shows the ratio of heat transfer rate of a finite length fin and an infinite length fin. In order to find the ratio between the rate of heat transfer for a fin with finite length and the rate of heat transfer for an infinitely long fin you need to divide the equation of the heat transfer rate of a finite fin by the equation of an infinitely long fin.  Conveniently, these two equations mostly cancel out leaving the ratio to be defined by equation 2.

[bookmark: _Toc71395283]Equation 2: Ratio of rate of heat transfer
By using equation 2 you can plot a graph that shows the ratio of the heat transfer rates against increasing values of mL. Figure 3 shows this graph.
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[bookmark: _Toc71395267]Figure 3: Graph showing ratio of heat transfer rates for a finite and infinite fin against mL
We can see from figure 3 that there is an initial steep gradient where an increase in the value mL shows an increase in the heat transfer rate. However, as the value mL reaches 1, the gradient begins to decrease, and the effects of increasing mL become less effective in the heat transfer rate. Once the mL value reaches 2.5 the gradient has almost completely levelled off and we can see that any further increase in the mL value will have a negligible effect on the heat transfer rate.  This shows that for a fin to have the maximum heat transfer rate the mL value needs to be no less than 2.65 and thus proving that the optimum length is ultimately determined by this. However, it is worth noting that a further increase in length from the optimum mL value would see negligible increase in the heat transfer rate and therefore would be inefficient to have a fin that has an mL value larger than this.
[bookmark: _Toc71395254]Analysis on temperature distribution along a fin’s length – Task C

This part of the report looks at how the temperature distribution a long a fin changes according to what material the fin is made from. The four materials that will be investigates are 2024 aluminium alloy, brass (70Cu/30 Zn), Copper and 304 stainless steel. The materials thermal conductivity and convective heat transfer coefficients are listed below. 
 
2024 Aluminium alloy:	h = 30 W/m2K		and,	k = 186 W/mK
Brass (70 Cu/30 Zn):		h = 30 W/m2K		and,	k = 99 W/mK
Copper:			h = 15 W/m2K		and,	k = 398 W/mK
304 Stainless Steel:		h = 7.5 W/m2K		and,	k = 16 W/mK

By looking at the material properties above we can see that copper has the highest thermal conductivity of the four materials. As a result, we would expect this material to have the best performance in terms of transferring heat away from a system making it a good material to make an extended surface from. 
In order to see how these materials, perform as extended surfaces for transferring heat we can plot a graph that shows the temperature distribution a long the length of a rod. Figure 4 shows a graph that plots the temperature of the material every 0.01m a long an infinitely long rod that has a diameter of 6.35mm. It is assumed that the base of the rod will be at a constant 90 degrees Celsius and that the ambient air around the rod is at a constant 18 degrees Celsius. Equation 3 shows how the temperature distribution is calculated for the plot on figure 4.

[bookmark: _Toc71395284]Equation 3: Temperature distribution for an infinitely long fin
Where T(x) is the temperature at length x in degrees Celsius, T∞ is the temperature of the surrounding fluid, Tb is the temperature at the base. The m variable is then calculated using equation 1. 
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[bookmark: _Toc71395268]Figure 4: Graph to show the temperature distribution for different materials 

By looking at figure 4 we can see that copper has the highest temperature difference as the length of the rod increases compared to the other materials. Stainless steel has the lowest temperature difference throughout its length and is the first material to reach the ambient temperature. In order to understand what this means in terms of fin performance we need to look at the heat loss, also known as the heat transfer rate for each rod. The equation for heat transfer rate of an infinite fin is shown in equation 4.

[bookmark: _Toc71395285]Equation 4: heat transfer rate of an infinite fin
We can see that the heat transfer rate is determined by the product of the difference in temperature of the base and the fluid and the square root of the material properties, perimeter and cross-sectional area. All of these parameters are the same for each material apart from the material properties. As a result of this, the materials that have the highest conductivity and convectional heat transfer coefficient will have the highest heat transfer rate. Table 1 below shows the heat transfer rates calculated for each material for an infinite rod length.
[bookmark: _Toc71395275]Table 1: heat transfer rate of different materials for an infinite length
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We can see from table 1 that copper has the best heat transfer rate and the stainless steel has the lowest which is to be expected just from looking at their material properties. However, these heat transfer rates are determined for fins that have an infinite length which is not a realistic scenario that can be implemented practically. 
In order to look at a more realistic heat transfer rate, lengths need to be determined for each fin. This can be done by using the mL parameter that was previously discussed and equating it to 2.65. By dividing 2.65 by the value of m for each material you can then get the optimum lengths for each fin. Once this is done then then the heat transfer rate can be worked out using equation 5 below.

[bookmark: _Toc71395286]Equation 5: Heat transfer rate for an adiabatic tip
The results of using equation 5 can be seen in table 2 along with the optimum lengths of the rods and the previous results in table 1. 
[bookmark: _Toc71395276]Table 2: heat transfer rate at optimum length
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In table 2 we can observe that the optimum length of rods increases as the conductivity of the material increases. We can also see that there is a negligible reduction in the heat transfer rate compared to an infinite fin. This further proves that an mL value of 2.65 can be used to determine the optimum length of a fin. 
To understand why the optimum length increases with conductivity and connectivity a temperature distribution graph can be plotted for each rod. The temperature at a given length of an adiabatic fin is given by equation 6 below.

[bookmark: _Toc71395287]Equation 6: Temperature at T(x) for an adiabatic fin
Equation 6 can then be used to plot the temperature distribution of an optimum length fin for each material which is shown below in figure 5.
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[bookmark: _Toc71395269]Figure 5: Graph showing temperature distribution for optimum length fins
In figure 5 we can see that the length of an optimum fin is determined by the point on the fin where the temperature difference is negligible. As can be observed in figure 5, due to the large conductivity of copper, that temperature can be distributed much further along the fin meaning that it takes a longer length of rod for the temperature difference to be negligible.
For a more accurate prediction of temperature distribution of an infinite fin, the temperature at the tip needs to be as close to the fluid temperature as possible whilst the mL value would need to be larger. One way of defining this is by saying that e-mL <0.01 which can be rearranged to form equation 7 below.

[bookmark: _Toc71395288]Equation 7: more accurate length
By using equation 7 and applying it to equation 6 we can plot a graph for the temperature distribution for each rod with a more accurate length. This graph is shown in figure 6 below.
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[bookmark: _Toc71395270]Figure 6: Graph showing temperature distribution for a more accurate length
When comparing figure 6 to figure 5 we can clearly see that in figure 6 the temperature of the rod tips are much closer to the fluid temperature than that in figure 5. We can also see that the rods are also much longer in length before they reach their minimum length. Another thing to note is that the initial gradients in figure 6 appear to be steeper than those in figure 5. However, this could be down to the fact that both graphs are at different scales as figure 6 is showing longer rod lengths. 
The lengths and heat transfer rates of figure 6 can shown in table 3 along with the results of the previous 2 tables.




[bookmark: _Toc71395277]Table 3: All lengths and heat transfer rates
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Here in table 3, we can see that the heat transfer rate of the adjusted more accurate length is almost identical to that of the infinite length fins heat transfer rate. This shows that the more accurate length is a better representation of infinite fin than using the assumption that mL = 2.65. 



[bookmark: _Toc71395255]Conclusion
We can clearly see that the mL parameter can be used to determine the optimal fin length of an extended surface to aid in cooling a component. However, the report also shows that material choice is the most significant factor that needs to be taken into consideration when looking at optimal fin design. We have also shown that by using e-mL <0.01 we can model the heat temperature distribution and heat transfer rate using adiabatic conditions and achieve virtually identical results to that of infinite length conditions.
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Graph showing temperature distribution for a more accurate length
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Graph to show temperature distribution for different materials
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