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Forced induction has been coming into mainstream use for over a decade, heavily used in cars to allow the vehicles to meet emission standards while increasing the power output of the vehicle. However, this is far less common in motorcycles with very few brands having marketed forced induction motorcycles. Creating a model of a lower capacity motorcycle, a Ricardo WAVE model was generated which uses measurements and calculations, although some information was assumed due to unforeseen circumstances. Simulated data that was produced from this model would be used as a base and a comparison to a further model when forced induction was then implemented into this model. Using cylinder pressure data that the models produced, this could then be inputted into a computer aided design software (CAD, SolidWorks.) From this point the model was modified to allow a more realistic and accurate version to be generated. Both FEA and the Wave model are immersed to find a suitable solution through modifications all the way to engine components to evaluate how the model runs. 
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[bookmark: _Toc38819226]Aims of the project
For this project to be considered a success, there is a variety of aims and tasks that needed to be completed and understood, if these aims are met the project could then be considered successful. The main task for this project is to create a WAVE model of a lower capacity motorcycle, using this data to run a finite element analysis (FEA) on the con rod of the engine. Once a base model was completed, forced induction would then be implemented and the data from this model would be used in the FEA. From this, improvements to the con rod and the model would be evaluated to see if this model could be used in real world conditions; however, before doing so, many smaller aims need to be accomplished. 
The first aim of the project is having a detailed understanding of forced induction, including: the history, why it was created, how the technology developed, where is it now, application in motorcycles in the past and where forced induction is in motorcycles in the present and the near future. 
The next aim was to accurately model the engine parts on Solidworks, using a Kawasaki ZX6R engine that was provided by G&S Racing. Moreover, the crank, connecting rod, gudgeon pin, piston and piston rings also required accurate measuring and recreation on the CAD software. Once all the components were formed to the desired standard, a motion simulation of all relevant parts needed to be produced to simulate a revolution of the engine. 
Once the motion simulation of all main components of the engine was created, the following aim was to create a Ricardo WAVE model. In doing so, many smaller tasks needed urgent completion. These consisted of jobs such as: measuring the cam timing/calculating valve lift, finding the flow coefficient, measuring the cylinder ports and the exhaust that would be used on the motorcycle. Once achieved, the data and assumptions from similar style vehicles, the base of a Ricardo WAVE model can be produced. 
Leading on, the next step to the process was to run the motion simulation using the cylinder pressure data that was generated by WAVE.  The WAVE model can then be taken forward to the main aim of the project: implementing forced induction onto a standard engine and modifying the model so that it could potentially run in real conditions.
Once the WAVE model had the forced induction implemented, the data generated can be used in the CAD motion simulation. With this, the FEA on both the connecting rods with the standard and forced induction force, can be compared to see the difference as well as witnessing how the standard connecting rod would survive with the increased pressure and the resultant force.
The final aim of the simulation was to focus on suggestions of potential improvements to the connecting rod so that it would be capable of dealing with the additional cylinder pressure that the supercharger would create.
[bookmark: _Toc38819227]Plan
With the project starting in late September 2019, a plan was required to commence the tasks. With the committed aims stated above, a flow chart was created to make sure that the main elements were completed effectively and efficiently. However, many of the main tasks had smaller counter-tasks associated with them, which added extra pressure on time, it was imperative that all tasks ran in unison and worked in parallel in order to gain solid results. 
Breaking the project down to clear components, which are colour coded on the flow chart, there are three main tasks: 
· Understanding and implementing forced induction (Orange)
· Creating an accurate CAD/FEA model (Blue)
· Accurate Ricardo Wave (Yellow) model to simulate the cylinder pressures that are used for the CAD/FEA throughout the various tasks.
Although the flow chart did not follow the rules of a Gannt chart, as there was no time frame stated, it remains a useful toolkit to ensure that each one of the confirmed tasks were still being completed. It was clear from the offset that the project very much required to be run in chronological order, in the way that certain phases needed to be completed before the next task could be finished. This, therefore, was the perfect way to demonstrate this motion.  
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[bookmark: _Toc38817644]Figure 2 Flow Chart of plan
Learning from the above, it soon became clear that a Gannt chart was required alongside a flowchart in order to capture a more detailed plan. The Gannt chart was split into Semester One and Semester Two.
The longer, more time-consuming tasks were aimed to be completed prior to the Christmas Holiday. These tasks included elements such as: the core research and the creation of the engine components on Solidworks. Once completed, the remaining tasks fell into place. 
[image: ]Although the Gannt chart was used to keep the project on track, often tasks were completed at different times due to a variety of constraints. However, regarding the overall task completion dates, these deadlines were met. [bookmark: _Toc38817645]Figure 3 Semester one Gannt Chart

[image: ][bookmark: _Toc38817646]Figure 4 Semester Two Gannt Chart

Similarly, to the flowchart, the Gannt Charts focus was to ensure that the order of motions was met, however instead of just stating the task at hand, the Gannt Chart required more detail and timing was key. It is extremely clear that adhering to a step-by-step phase process was the only way to complete the stated tasks as otherwise the process would not work. An example of this work within the project would be the motion simulation of the engine components and how this could not be completed without the CAD being created and assembled onto Solidworks first. Once done, the motion simulation could then run, however the information produced would not be accurate until cylinder pressure data from the WAVE model could be used, this would then require small tasks to be in-built as all statistics would need to be measured and inputted accurately to allow the first data to be calculated. Once in place, the project can commence, and the task can be completed on the Gannt chart. 
[bookmark: _Toc38819228]Research
[bookmark: _Toc38819229]History 
Forced induction has existed in multiple different forms since the mid-1800s. In 1860 Philander and Francis Roots patented the Roots supercharger (Roots Superchargers | HowStuffWorks, n.d.); however, this was not designed for use in the internal combustion engine, the original design was used for ventilation in mineshafts, pumping fresh air in and out. Although the idea was considered by Gottlieb Daimler as early as 1885, supercharging did not make it to production on cars until the 1920s, where the supercharger was used to increase speed in racing and for luxury vehicles on public roads. (Hermann Hiereth, 2003) 
In the 1930s/1940s the supercharger really came into its own, but this was not for use in automobiles; it was airplanes. With increasing altitude, air density decreases, this results in less power being created by the engines while at height. However, in 1942, the most well-known plane from the war received an update. A two-stage supercharger was fitted to the new Merlin 61 engine that was to go into the latest batch of Spitfires. The two-stage supercharger kicked in a different altitude, allowing the pilot to have majority of the engines power output at any height.  
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[bookmark: _Toc38817648]Figure 6 (Rolls-Royce Merlin Engine, n.d.)
The life of turbos has been much shorter in comparison to superchargers, with the first turbo car being introduced in the late 1960s, the Oldsmobile Jet Fire. Although this was the first vehicle to have a turbocharger, the vehicle did have some issues which put many potential buyers off. This included having a tank that needed to be filled with a water and methyl alcohol mix to reduce temperatures and reduce detonation in the cylinder. This additional work did not sit well with many consumers, with many ignoring the car, this led to the end of turbochargers on cars for several years until the Europeans took the idea further. 
The BMW 2002 Turbo changed the game, in terms of performance  expected from a car, a 2-litre, 4 cylinder, turbo charged engine producing 167BHP (1973 BMW 2002 Turbo E20 specifications, fuel economy, emissions, dimensions 17270, n.d.), when compared to the standard 2-litre, 4 cylinder naturally aspirated engine producing 120BHP (1974 BMW 2002 | Hagerty – Classic Car Price Guide, n.d.) However the extra power for the everyday car came at the wrong time, with the Turbo being introduced in 1972, one year before the oil crisis hit in 1973. Although BMW were ridiculed for the decision to sell this vehicle during this time, it introduced consumers to the potential of what turbo vehicles were capable of. 
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[bookmark: _Toc38817649]Figure 7 (Major boost: BMW 2002 Turbo restored to “boy racer” original, n.d.)
In 1977, Saab released what would become one of the most revolutionary cars of the decade, the Saab 99 Turbo. The Saab differed from the BMW above, rather than aiming for just a power increase the Saab aimed for more torque, more usability and using the turbo to boost the overall performance of the vehicle. Saab succeed in this. Creating a car that produced 23% more horsepower and 45% more torque than the original Saab 99 (The Revolution Starts Here - Saab 99 Turbo | Hemmings, n.d.) This extra torque made for a perfect every day vehicle, using the additional torque to easily overtake other vehicles and being incredibly useful when towing. One of the key selling points for the Saab was that with this increase in power, there was little to no increase in fuel economy in comparison to the standard vehicle. The Saab 99 Turbo changed the ways manufactures and consumers viewed turbo cars, in the following decades the turbo was used to meet emission standards and improve the drivability of vehicles.
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[bookmark: _Toc38817650]Figure 8 (Saab 99 / 99 Turbo / 900, n.d.)
[bookmark: _Toc38819230]Forced induction in motorcycles 
Forced induction in mass production cars was always the start. As with most advancement in technologies, motorcycle manufactures normally follow the trend of cars. Prior to 1980, forced induction on motorcycles was incredibly rare, with the odd race motorcycle having a supercharger on them, such as the 1939 BMW Type 255 ‘Kompressor.’
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[bookmark: _Toc38817651]Figure 9 (10 Best: �Forced induction� motorcycles, n.d.)
However, in 1982, Honda took a bold step and introduced the Honda CX500 Turbo. This came with a variety of modern technologies that were almost unheard of at the time, including fuel injection and a digital ignition system. Mix this with the turbo, Honda had produced a 500cc motorcycle with 82BHP and 47MPG (The very brief history of Turbo motorbikes | Biker & Bike, n.d.), a resounding feat even by modern standards. 

[image: ]
[bookmark: _Toc38817652]Figure 10 (Honda CX500 Turbo, n.d.)
Nevertheless, when one manufacture takes a bold step forward, there is often a response from their rivals. The three rival Japanese manufactures all responded, Yamaha with the XJ650 Turbo, Suzuki’s XN85 and Kawasaki produced the GPz750 Turbo. All four manufactures took a different approach to producing a turbo motorcycle, with Kawasaki taking it the furthest. The GPz750 went from 77BHP to 112BHP (Kawasaki GPz 750 Turbo, n.d.) with the turbo kit, allowing it to keep up with its big brother the GPz1100. 
In a nutshell, the turbo bikes were over as quickly as they started, from the start the motorcycles were plagued with issues that resulted in a lack of sales and consequently dropped from the market. One of these issues was the expense of purchasing and owning one, costing more than higher performance bikes in the manufactures range already, many customers would rather buy the performance bike than the turbo motorcycle. On top of the original cost, the bikes were not known for their reliability which resulted in costly and more frequent services and with many of the internals not being changed from the standard bike when having the turbo introduced. This resulted in internal engine parts breaking and resulting in costly rebuilds. Getting insurance was also a costly experience for many customers with the cost being incredibly high when compared to a normal motorcycle due to the bikes being incredibly difficult to ride.
The real problem was not the cost of the motorcycles but, the drivability of the machines caused by turbo lag that put the nail in the coffin to end turbo motorcycles.
Motorcycles are bought, majority of the time for pleasure and the enjoyment of riding a motorcycle rather than the practicality. Customers seek a comfortable ride and a bike that they feel confident on. Turbo lag made this incredibly difficult.
Turbo lag is the time in which it takes the turbo to spool up and build pressure before kicking in and boosting the power. In a car, this period is frustrating, but then the power comes in and the car takes off. For a motorcycle, turbo lag and the sudden onset of power can have disastrous consequences. It was reported that while cornering and accelerating, many riders would start to accelerate out of the corners while the turbo was spooling up, then suddenly the turbo would kick in. Resulting in a hit of power that would cause the rider to lose control and often result in a sudden loss of traction, potentially causing an accident. With this tougher ride and more expense, it put numerous customers off and resulted in an early death of turbocharged motorcycles. 
Forced induction did make a comeback in 2015, with Kawasaki releasing the H2 and H2R. A 1000cc, centrifugal supercharged motorcycle, bringing forced induction back to the pinnacle of motorcycles, with the H2R producing 326BHP (The Supercharged Kawasaki Ninja H2 Gets More Power and More Tech for 2019 - The Drive, n.d.) This is over 120BHP more than the Kawasaki ZX10RR which is Kawasaki’s top normally aspirated machine. The H2R runs a sophisticated gear driven supercharger, this is done to reduce frictional losses when compared to a belt. The losses for a gear driven supercharger are around 1.5%, when compared to a belt which is around 6%-10% (Blower Gear Drives | The Supercharger Store, n.d.). 
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[bookmark: _Toc38817653]Figure 11 (Ninja H2R MY 2019 - Kawasaki United Kingdom, n.d.)
The big difference between the modern forced induction and the 1980s era is moving from the turbocharger to the supercharger. There could be a variety of reasons for this, but the supercharger does not suffer with lag like the turbo predecessors did. This makes for a much smoother power delivery, allowing the motorcycle to be much more user friendly than the turbo bikes. With modern technology, the centrifugal supercharger can be produced in a more convenient size for packaging on the motorcycle, whereas older styled superchargers such as the roots or twin screw are much bigger and take up much more room. Meaning, they were almost impossible to package onto a motorcycle, which may have originally been the reason that the manufactures first went for the turbo approach. However, as superchargers have developed and progressed, they can now be produced smaller and more conveniently packaged to allow the positives of the superchargers to be exploited. 
[bookmark: _Toc38819231]Recent Developments
Since 2013, developments in forced induction have been shown to the motorcycle world at various shows and even more applications sent into patent offices around the world. With many of the current industry leading manufactures toying with the idea of forced induction. One of the most serious contenders is Suzuki, who since 2013 have been teasing a parallel twin, turbocharged motorcycle called the ‘Suzuki Recursion.’ With the aim of producing a light weight, fuel efficient motorcycle that would still have the torque to use if it needed. With the most recent patent being processed in 2019, Suzuki are developing a system where the catalyst converter will fit alongside the turbo to make sure the motorcycle will pass the stringent emissions laws that will be coming into place in the near future. 
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[bookmark: _Toc38817654]Figure 12 Latest patent for the Suzuki (Suzuki turbo project lives on, n.d.)

Another patent that was filed in 2019 was by BMW, being one of the first manufactures to use superchargers on motorcycles, they filed a patent for an electronic supercharger for their top of the range BMW S1000RR. The electric supercharger works by using an auxiliary battery to spin up rather than taking power from the engine, this could then be charged by a KERS device or plug in. This would mean that there would be a boost to the power instantaneously, for example the Audi electric supercharger system goes from 0 RPM to 70,000 RPM in 0.25 of a second ((18) Electric Superchargers - How Audi Is Eliminating Turbo Lag - YouTube, n.d.). The main reason for this device could be to maintain similar power for their top end motorcycle whilst being able to reduce the RPM that is needed to reach this power, in return this would reduce the emissions of the motorcycle. The electric supercharger is becoming more prominent in cars, with JLR’s new 3-liter, 6-cylinder petrol engine, this utilizes both a turbocharger and an electric supercharger, producing 395BHP. Using the 48V electronic supercharger to boost the engine while the turbo is starting to spool and give its hit of power. This is done to minimize turbo lag and give the instant hit of power that is expected. (All about Jaguar’s New Hybridized, Supercharged Turbo Engine, n.d.)
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[bookmark: _Toc38817655]Figure 13 (Will BMW Ever Make This Electric Supercharger For The S1000RR?, n.d.)
BMW and Suzuki are not the only manufactures to be filing patents in recent years, with Honda and Yamaha both filing patents for forced induction. Yamaha with a twin cylinder, twin turbo engine and Honda filing for a supercharged V-Twin. Although patents have been filed from all these manufactures, only Suzuki has produced a prototype, and this has currently not made it into production. This could mean that each manufacture is just responding to each other and showing what they are able to produce if need be, or they are all preparing in the background for forced induction once the emission laws get tighter and tighter on motorcycles. 
[bookmark: _Toc38819232]Superchargers
With the original idea of the project looking at both turbocharging and supercharging during research and using this information to choose which form of force induction would be used throughout the report. With the above information, looking at the patents and bikes that have been produced, it was decided that supercharging would be the main focus for the WAVE model that would provide the data for the motion simulation and resultant FEA. This was decided due to the practically of a supercharger on a motorcycle with the more linear power delivery compared to the turbo lag and having one supercharged motorcycle already in production would allow for easier comparison of the model and the real product. 
Forced induction can generate more power by compressing air and forcing it into the cylinder, increasing air density. With denser air comes more oxygen molecules, one of the key elements for creating the ‘explosion’ in the cylinder, the more oxygen the greater the band, resulting in more cylinder pressure and more power. 
[bookmark: _Toc38819233]Different Types of superchargers
The technology with superchargers has changed and improved over time, with different ideas and designs. These include the twin screw supercharger, which is a similar design to the Roots supercharger, with the main difference being the number of webs on the rotators. With the Roots running 3 webs and the twin screw using 5. From here the only difference between these two, positive displacement, superchargers are the way the air is pumped through. The Roots supercharger pumps the air around the outside of the webs, compressing against the side and then out, whereas the twin screws the air is forced through the middle of the webs, taking a faster and shorter route. This is the reason why the twin screen supercharger is more efficient than the Roots, however it is more complicated and expensive to produce. 
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[bookmark: _Toc38817656]Figure 14 Roots (Twin Screw vs. Roots | Kenne Bell, n.d.)
[bookmark: _Toc38817657]Figure 15 Twin Screw (Twin Screw vs. Roots | Kenne Bell, n.d.)


Although Roots is the oldest design and the twin screw is a development from this, the other main supercharger design is the centrifugal supercharger. A centrifugal supercharger has an impeller compared to using two rotors. In a centrifugal supercharger the impeller is sped up via gears or belts which pumps the air through the system. The air then leaves at a high pace but a low pressure, so a diffuser is used to change to low speed and a higher pressure. This air is then forced into the cylinder, producing more power. The centrifugal supercharger is smaller and can be packaged more easily, however they are the most costly supercharger to produce due to the impeller having to be made from a strong material to deal with the heat and speed that it will go through. Then it must be contained in a compressor housing which is often cast aluminum due to it being light weight, strong and resistant to corrosion.   (Centrifugal Superchargers | ProCharger, n.d.). 
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[bookmark: _Toc38817658]Figure 16 Centrifugal Supercharger (Centrifugal Superchargers | HowStuffWorks, n.d.)
The biggest downside to using a supercharger is the losses that occur, as the supercharger is driven off the crank, up to 20% of the engines power can be used to drive the supercharger. However, with potential of 50% more power being produced, this is a fair trade off. For many, reducing the losses through the supercharger is crucial, as discussed prior, a high-performance supercharger using a belt will lose between 6-10% in loses, whereas if the supercharger is gear driven, this can be reduced to 1.5%. This is not the only benefit to gears, it has been common for belts to snap under heavy loading after a period, with gears this is dramatically reduced, and the reliability of the parts greatly improved. Although more expensive to start with, in the long run it has been suggested that gears are the cheaper option due to lasting longer and if the gear ratios want to be changed the gears can be swapped out. Whereas on the belt driven, a new belt is needed which can be more costly than a new gear. (Blower Gear Drives | The Supercharger Store, n.d.)
[bookmark: _Toc38819234]The Bike 
To start this project, first a base bike was chosen, this was the Kawasaki ZX6R from 2014, this is considered a super sport motorcycle. 
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[bookmark: _Toc38817659]Figure 17 Kawasaki ZX6R (2011 Kawasaki Ninja ZX-6R, n.d.)
Producing around 115hp in standard road trim. (ZX-6R Ninja (2009 - 2011) review | Visordown, n.d.) Due to the dyno data that has been provided previously, the model will be based on a standard motorcycle but it will have a race exhaust system fitted and no catalyst converter. This will allow the model to be easier to produce and match with existing data. The data that has been provided by G&S Racing and shows a peak power of 128.5BHP at 14500, this coincides with the specifications that Kawasaki provide, showing that peak power is around 14000RPM(Kawasaki Ninja ZX-6 R 2011 Motorcycle Photos and Specs, n.d.). 
[bookmark: _Toc38817660]Figure 18 Dyno Graph for Kawasaki ZX6R 2011 provided by G&S Racing.
G&S Racing also provided a variety of engine parts that could be used to develop the CAD/WAVE model, these parts included: a crank, a piston, a connecting rod, cylinder head and other engine components. Having the physical parts is crucial to allow accurate models to be produced. Due to the team’s connection with Kawasaki, some information that was hard to obtained from the internet was also provided. 
[bookmark: _Toc38819235]Computer Aided Design
The next stage for the project was creating the CAD models of the various engine parts so that the motion simulation and the FEA could be completed. Various parts were made on SolidWorks, this included the crank, piston, connecting rod and the gudgeon pin. 
These parts were measured by using a variety of tools, such as a Vernier calipers, steel rule and a radius gauge. This information and calculations were then noted down and built in SolidWorks. SolidWorks is a Computer Aided Design (CAD) software, founded in 1993, SolidWorks produced its first version in 1995, this piece of software allows 3D modelling capabilities on a normal Windows operating system. Making CAD more accessible to smaller business rather than needing dedicated computers for this. Over the last 25 years the capabilities of the software have increased, allowing a greater choice of tools to use, material options and adding in other elements to the software such as Finite Element Analysis (FEA) and tolerance checking. SolidWorks has now become an incredibly versatile and useful CAD design package with over two million engineers and designers using the software in 2013((25) YouTube, n.d.).
Using the tools built into the CAD software such as, extrusion, cuts, mirrors, chamfers and many more the parts could be accurately produced. Below are some of the parts that were created on CAD. 
[bookmark: _Toc38819236]Piston
The Piston was the first part that was produced in CAD, the actual piston was measured to be 66.51mm by the Vernier Calipers, with a bore size of 67mm (40032M06700 Product Detail Information - Wiseco Piston Inc., n.d.)  this 0.5mm would allow for slight expansion when the motorcycle was up to temperature and not force the piston to seize in the cylinder. From the base size, the cut outs, and the slope on the top of the piston were cut in, small chamfers were then implemented into the model. With this the below model was produced, finding the material for this piston was incredibly difficult, it was known to be a cast aluminum alloy, however the specific material was not around. Reviewing online material, it was decided to theoretically upgrade the piston, fitting forged aluminum, the benefit to this would be that the piston would be lighter and therefore spin up faster. But by using this a specific material could be known, this was used as SAE 2618.(What Makes A Racing Piston?, n.d.) Although not a perfect choice for the model, it was the closest that the material could get to a real-world product that would work in the motorcycle. In the long run, this material would work better with the supercharger fitted to the engine when compared to the standard material. (The Benefits of Forged Pistons - CarsDirect, n.d.)
	
	CAD Piston
	Real Piston 

	Weight
	129 Grams
	127 Grams

	Material
	AISI 4340
	Unknown



[bookmark: _Toc38817704]Table 1 Piston Comparison
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[bookmark: _Toc38817661]Figure 19 CAD Generated Piston

[bookmark: _Toc38819237]Connecting Rod
The next part that was produced was the connecting rod, the connecting rod is 0.0945m from eye to eye, AISI 1020 steel was used for the material for the connecting rod, it was known that most standard connecting rods were made of steel and this was true for the Kawasaki ZX6R, however finding the exact specifications was not possible. So, by using the CAD created model, the evaluation tool was used to find out the mass properties, then by choosing various materials, the closet weight material was chosen. The standard connecting rod weighed 145 grams, using ASIS 4340 the CAD model con rod weighed 142 grams so 2 grams less that the real rod. This difference in weight could be to do with the material or just slight errors on the connecting rods CAD model. 
[image: ][image: ][bookmark: _Toc38817662]Figure 20 Real Connecting Rod
[bookmark: _Toc38817663]Figure 21 CAD Created Connecting Rod









[bookmark: _Toc38819238]Crank 
[image: ]The next major component that was created was the crank, this was done by using Vernier calipers and a radius gauge. Out of all the components this was the simplest to make, however due to all the different sizes and shapes, the most time consuming and difficult to measure accurately. However, with this piece not being completely crucial for the motion simulation an FEA, less detail went into this.







[bookmark: _Toc38819239]Motion Simulation
Once the parts are completed (the gudgeon pin and connecting rod clasp were also produced) The parts could be inputted and assembled in another model. This requires using four of all parts (not including the crank)  A crank holder and temporary cylinder block were created, no great detail went into making these as they were only created to allow the motion simulation to run and they would not affect the results in anyway. 
Once the parts were added into the assembly, various mates were used to pair all the parts together, this included concentric, lock, distance, and hinge mates.  With this, it was assembled as below.
[image: ]
[bookmark: _Toc38817664]Figure 22 Assembled Engine on CAD
The next stage was to get the motion simulation running, by using the motion study tab at the bottom of SolidWorks and adding in ‘SolidWorks Motion’ it is possible for SolidWorks to perform this. The first step required putting full body contact onto all parts, with the aim of the simulation being able to run a FEA on the connecting rod after it has dealt with the cylinder pressure that would occur during combustion. With contact on, a force could then be applied to the crown of the piston, for the start this was any number as the real combustion data would not be known until the WAVE model was produced. 
This force then pushed the piston down, rotating the crank and spinning up the engine, as only a short period of time was needed for this to occur. A period of 0.225 seconds was used to allow this to work, slow motion was then used so that the 0.225 of a second would take 5 seconds so that it could be watched. 
To be able to take the connecting rod into a FEA, load bearing faces were used to pull the information out. By using the load bearing faces option, it was possible to see how much force/load went through the faces and how this is distributed down the part. For this the load bearing faces were the gudgeon pin and inside of the connecting rods top eye. With this, it can be seen how the load is transferred from the top of the piston from the cylinder pressure, into the gudgeon pin which then sends the force into the connecting rod. The key for this study is how the connecting rod deals with this force and the stress during this process. Once cylinder pressure data has been generated via the WAVE model, the motion simulation can be run to see the results.
[bookmark: _Toc38819240]Ricardo Wave
Ricardo WAVE is a one-dimensional internal CFD software, allowing users to create an engine and run simulations with a variety of variables.  This software allows the user to input various components and information surrounding an engine and theoretically run the engine to see the results, which can include power, pressure, emissions, and many other results. This software has been used in this project to develop an accurate model of the Kawasaki ZX6R engine, this could then run and develop data that could be inputted into the motion simulation, the model can then allow a supercharger to be fitted and that model to be run. Once complete, the data can be pulled are put into the motion simulation and the results compared. 
[bookmark: _Toc38819241]Standard Engine
The first step for creating the model was to input the raw data, inputting a four-cylinder engine block using the specifications of the Kawasaki ZX6R. 
	Specification 
	Size

	Bore/Stroke
	67mm × 47.5mm

	Valve Sizes (16 Valves)
	Intake = 27.5mm Outlet = 23.1mm 

	Compression Ratio
	13.3

	Connecting Rod Length
	94.5mm

	Clearance Volume 
	3.4 mm


[bookmark: _Toc38817705]Table 2 Engine Specifications
Once this base data was in the model, the next step required knowing the duct sizes for inlet and the exhaust sizing. While it was possible to measure the exhaust, this was done using a black widow exhaust system and Vernier calipers and the information being directly inputted into the software, including the angles and bends of the exhaust. 
[image: ]
[bookmark: _Toc38817665]Figure 23 Black Widow Exhaust System (ZX6R ZX-6R 2009/2016 Exhaust De Cat Link Pipe & 300mm Oval Stainless Silencer Kit, n.d.)
The black widow exhaust system was used instead of the standard exhaust due to the real dyno graph data that was provided, this bike was tested with an aftermarket Arrow exhaust on. Due to being unable to get hold of an Arrow exhaust system to get the measurements, it was possible to source an aftermarket exhaust system from Black Widow, although not the perfect exhaust, it would produce more accurate results than running the standard exhaust system with a catalyst converter which could reduce power. 
With the inlet side of the model, another problem was encountered, being unable to measure the inlet ducts and sizes of the Kawasaki. The only measurement that was possible to get was the first inlet opening size at the front of the bike. This size was 75mm inlet, 150mm long to a 50mm wide two-way junction where the air is split down the sides of the frame of the motorcycle before going into the air box. Due to being unable to find the frame size/air box data or measure a suitable bike, a solution was found. This resulted in this part of the model being the least accurate. The data was provided by Dr Williams from a similar super sport motorcycle, the Triumph 675. Although a 3-cylinder, the frame ducts should run a similar sizing compared to the Kawasaki and the air box was adjusted slightly bigger to compensate for the additional cylinder the Kawasaki has. Although not a perfect way of doing this, it allowed the model to work and give close estimations of data. From this point forward the model used data measured directly from the Kawasaki. 
[image: ]
[bookmark: _Toc38817666]Figure 24 Kawasaki ZX6R Front End (KAWASAKI ZX-6R (2009-2012) Review | Speed, Specs & Prices | MCN, n.d.)
When running the model, the standard ‘Idoline’ fuel option was used, this is a form of gasoline that is standardized in California and is free from additives. (Premium Gasoline – What Does Premium Fuel Do for Your Car?, n.d.) This was used on the WAVE model as it is also one of the closest matches to the pump fuel that can be found in the UK. 
Having no real cylinder pressure data from this engine did cause some issues with the reliability of the model, for example working out the ‘Wiebe’ exponent at each RPM, being unable to calculate this, it was chosen to use the data from the previously built Triumph 675 engine that had been used in a previous assignment. Other data that was taken from the Triumph data set was the 50% burn point and the burn duration, due to not having real life cylinder pressure this data was not possible to calculate. However, with the Triumph being a middle weight super sport bike, it was decided this data would be reliable enough to take this project forwards. 
[bookmark: _Toc38819242]Flow Benching
The next step to increasing the accuracy of the flow of fuel/air mixture into the cylinder, was done by using the flow bench in the workshops, this is a SuperFlow SF-600E. This required taking the cylinder head that was provided by G&S Racing and clamping it on top of the vacuum on the flow bench (pictured below) Once the cylinder head was on the flow bench, the machine was set to range one, opening up the dial to let the air through, the manometer pressure can be seen to move, a constant 25 millibar was used as the pressure. Once this was reached as the air flow was opened, the percentage of the range used could be noted down. Using a bolt with a 1.5mm pitch thread, this was turned 0.25 of a turn to slowly open the valves to let the air flow through, thus, with each turn the valve was opened and the flow went up. This process was repeated until the flow plateaued, this would require moving up the air flow range as once the percentage of flow gauge reach 100% the next range would have to be used to be able to allow more air through.  
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[bookmark: _Toc38817667]Figure 25 SuperFlow SF-600E with Cylinder Head On
Once the data is recorded, the range correlates to a certain amount of flow per second, the percentage that was recorded is then the percentage of that range. By knowing that the pitch of the bolt was 1.5mm, it can be known that for every full turn the valve would have opened 1.5mm. Therefore, valve lift can be recorded down at the same time to be able to correlate the valve lift to the change in flow. This was completed and recorded for inlet and exhaust, producing the below graphs. [bookmark: _Toc38817668]Figure 26 Inlet Flow Graph


[bookmark: _Toc38817669]Figure 27 Exhaust Flow Graph 
The real data is the data that has been generated by calculating the flow through, by finding out the percentage of each range giving the amount of air flowing through per second. The ideal flow is a generic flow that was provided in the Superflow user manual. This data was then inputted into the wave model. The L/D (lift over diameter) was calculated by using the 1.5mm thread per full rotation divided by the dimeter of the valve. 
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[bookmark: _Toc38817670]Figure 28 Wave model with the flow bench data
[bookmark: _Toc38819243]Measuring the Cam Lift
The next step for the valves was measuring the cam shaft lift, this was completed by using the optical dividing head. This machine can hold the cam shafts completely straight. Using a DTI gauge, this is used to first measure the cam to make sure that it is true and straight, if the camshaft were bent this would provide improper readings. Once it was known that the camshafts were true, the DTI gauge was put onto one of the inlet cam lobes. This cam shaft was then rotated round 360 degrees and the measurements that the lobe pushed the DTI gauge up was recorded for every degree. 
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[bookmark: _Toc38817671]Figure 29 Camshaft on the Optical Dividing Head


[bookmark: _Toc38817672]Figure 30 Cam and Valve lift for Inlet


[bookmark: _Toc38817673]Figure 31 Cam and Valve lift for exhaust
The sharp rise that can be seen is considering the shim in between the bucket that the camshaft pushes down on and the top of the valve. With this data, the inlet valve lift was calculated as 8.5mm, it is officially given as 8.6mm when new (UK, Unknown) The exhaust valve lift was calculated as 7.18mm, and officially given at 7.2mm from the Kawasaki specification sheet. The valve lift calculated on excel can be considered accurate for the WAVE model when compared to the real data. 
Knowing the valve data, the inlet and exhaust opening time were taken from the specification sheet that was used to back up the valve data above. It was taken that the inlet valve opens at 41 Degrees before top dead center (BTDC) and closes at 67 degrees after bottom dead center (ABDC) with a duration of 288 degrees. The exhaust opens at 58 degrees BBDC and closes at 20 degrees BTDC with a duration of 258 degrees. 
The final part that was measured for the WAVE model was the inlet and exhaust port sizes, this was done by filling the ports with a silicon that was allowed to dry. Once the silicone had dried, the silicone molds were then pulled from the ports and measured. The inlet port was measured at 43mm and splitting into two tubes which were 22mm to start with, 67mm long and 24.5mm into the valve area. For the exhaust side, the two ports from the exhaust side start at 20mm to 18.5mm before the two goes into one and single port that goes into the exhaust measured 34.6mm. 
With this information inputted into WAVE, the model was about ready to run, although not completely perfect, the WAVE model can be considered fairly accurate due to the valve timing/flow/engine size/exhaust being correct with only a few things being taken from another similar motorcycle. 
When this model was run, the power that was produced was 122.5BHP, compared to the real data which was 128BHp, 5.5BHP down. There could be a variety of reasons for this, such as conditions that the real data was completed in, other modifications the bike had such as a power commander. Overall, the power output is similar, suggesting the model is fairly accurate. 

[bookmark: _Toc38817674]Figure 32 Comparative Dyno Graph
The other piece of data that was pulled out of this WAVE model was the cylinder pressure data, hitting a max of 91.1Bar at 14400RPM, this data would then be inputted into the motion simulation.

[bookmark: _Toc38817675]Figure 33 Cylinder Pressure Data
The cylinder pressure data from here was then inputted into an excel sheet, this excel sheet was used to calculate the stresses and the strain that the connecting rod would be under during a 720-degree cycle. The calculations from this could then be compared to the data on the FEA.
The final WAVE model for the standard engine looked like below:
[image: ]
[bookmark: _Toc38817676]Figure 34 Standard WAVE model

[bookmark: _Toc38819244]EXCEL
Once the cylinder pressure was known for one complete cycle, the data, along with the engine geometry such as connecting rod length, weights of components and surface area could be inputted into an Excel spreadsheet. Various calculations could be completed to calculate the compressive and tensile forces, the stretch that these would cause and the fatigue safety factor of the connecting rod. 
To turn the cylinder pressure into the gas force that occurs is the following:

[bookmark: _Toc38817687]Equation 1 How to calculate force (How to Calculate Force Based on Pressure - dummies, n.d.)
The next part is to work out the acceleration of the piston at each crank angle, this is done by using the following equation:

[bookmark: _Toc38817688]Equation 2 Piston Acceleration
R = Crank Throw
 = Angular Velocity
L = Con Rod Length
To work out Angular Velocity, use the equation:

[bookmark: _Toc38817689]Equation 3 Angular Velocity
The inertia of the piston can then be calculated by:

[bookmark: _Toc38817690]Equation 4 Inertia of the Piston
Knowing the gas force that is acting down on the piston and the tensile piston inertia force that is pulling up on the piston, the net force can be calculated. 

[bookmark: _Toc38817691]Equation 5 Net Force
Once the net force was known, the resolved forces on the connecting rod can be calculated, first this is done by calculating the angle of the rod at each degree.

[bookmark: _Toc38817692]Equation 6 Angle of the connecting rod
R = Crank Throw
L = Con Rod Length
 = Crank Angle 
With the connecting rod angle being known, the resolved force on the rod can be calculated. 
= FRod
 = Rod Angle
[bookmark: _Toc38817693]Equation 7 Resolved Force on the rod
Once the resolved forces on the rod were known, the compressive force that the connecting rod would be under is known, this was calculated as 35885.74Newtons for the compressive force at 14400RPM. 
Dividing the force by the surface area of the connecting rod produced the compressive/tensile stresses. The tensile force is negative as it is pulling up on the connecting rod due to the inertia forces. These were calculated as:
	Stress on the rod (Compression)
	449.6959865
	n/mm^2

	Stress on the rod (Tensile)
	-114.2709051
	n/mm^2


[bookmark: _Toc38817706]Table 3 Stresses on the connecting rod
Although the tensile force was calculated, it will not be used due to the focus on the cylinder pressure and the compressive force on the connecting rod. With all the above information being calculated, the stretch and FSF can also be calculated.
The compression/stretch was calculated by the following equation:

E = Youngs Modulus
A = Area
L = Length 
In this equation ‘K’ is the amount of force required to compress/stretch the connecting rod by 1mm, by dividing the peak gas force by ‘K’ the distance is known. 
	Stretch (mm)
	Compression (mm)

	0.052
	0.206


[bookmark: _Toc38817707]Table 4 Showing the Stretch and Compression of the connecting rod (mm)
From this the next stage was to calculate the FSF of the con rod, first the max stress needs to be known which is:

[bookmark: _Toc38817694]Equation 8 Max Stress
Once the max stress is known, the Ultimate Tensile Stress (UTS) of the material is divided by the max stress that the connecting rod is under. As the material AISI 4340 was used, this had a Young’s Modulus of 205GPA and a UTS of 745MPA (AISI 4340 Alloy Steel (UNS G43400), n.d.) With this an FSF was calculated as 1.95. When considering that this motorcycle engine is being pushed quite hard due to it being a sports bike and would have a life expectancy of 25,000 miles (Motorcycle Mileage: What Is Considered High Miles On A Bike?, n.d.)Whereas, a Ford EcoBoost engine which went through this same process has a FSF of 2.47, but this vehicle would only rev to 6000RPM compared to 14400 RPM and be expected to last 150,000 miles. (How Long Do Cars Last?/ How Long Will My Car Last? | Gold Eagle Co., n.d.) So having a slight drop in the safety factor for this part would be acceptable.
[bookmark: _Toc38819245]Standard FEA
The next step was taking the resolved force on the connecting rod and inputting this into the motion simulation that was set up earlier, using the force to be the load that was put onto the crown of the piston. From the above calculation, 35885.74N was applied to the crown of the piston in the motion simulation.
This motion study, with the load bearing faces in between the gudgeon pin and the connecting rod, was run. 27 frames of the motion simulation were used for the motion loads study. This was set to run, once complete the part was meshed, using mesh control to generate as a fine mesh as possible around the most stressed area of the connecting rod. This is the top eye of the connecting rod to the main ‘I’ beam. Using mesh control, it was possible to use mesh sizes of 0.65mm around this area and then the rest of the connecting rod mesh was around 1.1mm. 
Once the meshing was complete the study was run, this then created Von Mises Stress and displacement results. 
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[bookmark: _Toc38817677]Figure 35 Von Mises Stress with standard pressures
It can be seen from this test that the standard connecting rod can deal with the load that is generated from the cylinder pressure. The yield of annealed AISI 4340 (AISI 4340 Steel, annealed, 25 mm round, n.d.)is calculated at 4.7*10^8N/M^2, during this process the peak stress is 4.648*10^8N/Mm^2, this can be seen at four separate points around the point where the ‘I’ beam joins the top eye. This was expected to be the weakest area due to the curvature of the part at that point. It was calculated in the Excel sheet that the model would incur a max stress of 382.59N/mm^2, the FEA model suggests that a greater stress would occur of 464.8N/mm^2
In terms of the displacement, the results were much closer to what was calculated via excel, where in Excel the connecting rod was calculated to compress 0.2mm. In the FEA model it was calculated as 1.58*10-1mm, which is 0.158mm, only 0.04mm less than what was calculated using Excel. 
[image: ]
[bookmark: _Toc38817678]Figure 36 Displacement from Solidworks
[bookmark: _Toc38819246]Adding in the Supercharger
The final stage for the Ricardo WAVE model was to add in the supercharger to generate cylinder pressures if the engine had a supercharger fitted. There were various things that were considered for this to work, such as the gearing and how the supercharger would act. 
The supercharger was placed just after the air intake on the WAVE model, this was for ease of use in the design on WAVE. In real life this would more likely be placed on top of the engine around the airbox area to charge the air and force it through the air box but due to this having no effect on the model it was placed in an easy position. 
[image: ]
[bookmark: _Toc38817679]Figure 37 Supercharger fitting at the front of the model
Once the supercharger was fitted, the classic physics model was chosen, this was due to it being simple and not over complicated. The next step was to choose what map the compressor would run, using the inbuilt maps in the WAVE software, ‘CHGR2’ map was used. Being a positive displacement map, this was the most fitting to work as a supercharger and as the model is intended. Whereas the other maps included turbochargers and diesel engine, this one was the most fitting. 
Once the map was chosen, it was decided that the superchargers speed would be gear driven. This was chosen as it is the same design to what is currently being fitted to the Kawasaki H2R, it is also more efficient and easier to package than using a belt/pulley system. Once this was chosen, the gearing speed needed to be sorted, being unable to find what gear ratio the H2R is using, looking at various car supercharger set ups allowed for a better understanding to what is considered acceptable gearing ratios. Although the gearing would normally take into consideration the tires/wheels that are on the vehicle, it seemed that most gearings ranged from 2-6, with 2 being more conservative and 6 for high power runs. 
To start the model, a gear ratio of 5 was chosen to first see how the model would react. Having changed nothing else in the model, it was run for all RPMs. 

[bookmark: _Toc38817680]Figure 38 Power with all models
It can be seen from the power output that with the supercharger there is a huge increase in power straight away, when reviewing the model this did not include any losses. The power peaked in the standard WAVE was 122.5BHP, with the supercharger used in the model the power was higher the entire way through the model, with the difference getting greater as the RPM increased. At the peak of 14400RPM the supercharged model produced 185.9BHP, which equates to 63.4BHP more or 51.7% more power. 
However, this power came with a large issue, a dramatic increase in cylinder pressure. The standard model had a cylinder pressure of 91.1Bar at 14400RPM whereas the supercharged model peaked at 176.8Bar at 14400RPM. 

[bookmark: _Toc38817681]Figure 39 Supercharged Cylinder Pressure
With nearly 177bar of pressure occurring, it would be safe to say that the connecting rod would not be able to deal with this. Although these results were expected, this model was running a compression ratio of 13.3:1 and a clearance gap of 3.4mm. It is recommended that supercharged cars run between 8:1-9.1:1 compression ratio ((No Title), n.d.), with this changed it should bring the cylinder pressure down. 
Taking the compression ratio down, would drop the cylinder pressure down but the clearance height would need to be calculated. The compression ratio was dropped from 13.3:1 to 8:1, to calculate the clearance height first the swept volume needs to be calculated. This is done by:


[bookmark: _Toc38817695]Equation 9 Swept Volume of the cylinder
Once the swept volume of the cylinder is calculated, this came out as 149cc per cylinder. From this, the clearance volume can be calculated as the compression ratio was given from the Kawasaki Specification sheet. The calculation for this was:

[bookmark: _Toc38817696]Equation 10 Clearance Volume
Once the clearance volume was calculated, the clearance height could be calculated, this was done by:

R = Half the bore
[bookmark: _Toc38817697]Equation 11 Clearance Height
Once the clearance height is known, these equations on Excel can be used together to see how the compression ratio affects the clearance height and allow this data to be inputted into WAVE. With a lower compression ratio, the clearance height gets larger which in turn reduces cylinder pressure and decreases the power produced. Keeping the same compression ratio and clearance volume before the model produced 177Bar of pressure and 185.9BHP. 
By dropping the compression ratio to 8:1, this gave a clearance height of 6.07mm. When this was run it produced the below results. 

[bookmark: _Toc38817682]Figure 40 Power graph for 8:1 Compression ratio
There is a loss in power in comparison to the first run with 13.3:1 compression ratio used, dropping from 185.9BHP to 159.9BHP, a drop of 26BHP. However, this is still an increase from running no supercharger with a 37.3 BHP rise in power when compared to the standard WAVE model. From the power, the next part was to analyse the cylinder pressure data that the model outputted. 

[bookmark: _Toc38817683]Figure 41 Cylinder Pressure Data 8:1
It can be seen on the graph that the cylinder pressure has dropped from 177Bar to 111Bar at 14400RPM, a drastic drop. This means with the supercharger being fitted to the WAVE model, the cylinder pressure has increased from 91.2Bar to 111Bar, a 21.7% increase in cylinder pressure and a 30.4% increase in power when compared to the standard model. 
Once the cylinder pressure was calculated, the data was inputted into the Excel sheet that was previously used to calculate the resolved stress on the rod, how far the connecting rod would stretch and compress and the safety factor of the part at that point. 
It was calculated that the connecting rod will incur 43663N of force at 14400 RPM with the supercharger and the lower compression ratio, this is 21% higher than the 35964N that occurred from the standard cylinder pressure, which coincides with the 21% higher cylinder pressure. Once the resolved force on the rod was known, the compressive and tensile stress on the rod was known. 547.155N/mm^2 for compressive and 107.37N/mm^2 for tensile, this is very similar to the standard tensile stress due to the fact that the RPM was not increased, therefore the inertia pulling the connecting rod up due to the speed and the masses has not changed. Using the same material as before, it was calculated that with the increase in cylinder pressure the connecting rod would compress by 0.25mm, following the trend of 21% more compression than what would occur when using standard cylinder pressure. This then gives a safety factor of 1.6 compared to 1.947, a further 21% reduction. 
With 21.7% increase in cylinder pressure, it can be seen throughout the following calculations that there would be a 21% reduction in the strength of the connecting rod. However, with a 30.4% increase in power, the increase would be worth it if the part were able to survive the increase. Although, having a safety factor of 1.6, this would be considered running the engine close to its limit and the probability of the part breaking and causing a catastrophic failure being heavily increased. 
[bookmark: _Toc38819247]Supercharged FEA
The next step was to put the calculated resolved force on the connecting rod into the motion simulation to see how the part would perform if the supercharger was fitted to the engine and only the compression ratio was changed. 
The new resolved force of 43663N was applied to the crown of the piston, the same way as previously done. A mesh control to create a fine mesh around the top eye was completed and a fine mesh for the rest of the connecting rod was applied. Using the same 27 frames to run the optimization as last time (frame 125-150) with the load bearing faces, the study was then completed, generating the below results. 
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[bookmark: _Toc38817684]Figure 42 Von Mises stress with Supercharged Pressures
Remarkably, the connecting rod still doesn’t go into yield with the increased cylinder pressures, reaching a max stress of 4.692*10^8N/M^2, which is less than 0.2% off the yield point suggested by SolidWorks of 4.700*10^8N/M^2. The stress is incredibly close to reaching yield so it would be suggested that this part would most likely reach yield due to the inconsistencies of cylinder pressure throughout various cycles. Due to the explosions in the cylinder realistically being uncontrollable, the pressure could vary. The max stress calculated by the FEA was very close to what the Excel calculations suggested, with the Excel calculations expecting 464.5N/mm^2 and the FEA model showing that 469.2N/mm^2 was the max stress that was shown. 
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[bookmark: _Toc38817685]Figure 43 Compressive Displacement for Supercharged model
The displacement from the FEA suggested that the con rod with the extra pressure will compress by 0.2295mm which is 0.0715mm more than the standard FEA model, which is a 45% increase in compression distance than the standard WAVE model. When compared to the Excel calculations, the compression that was expected was around 0.25mm so the FEA model showed similar compression distance to the Excel calculations. 
[bookmark: _Toc38819248]Results and Improvements 
Overall, by using forced induction on a low capacity motorcycle, a significant raise of 30.4% can be achieved, however with the increase in cylinder pressure of 21%. The rise can be seen throughout all the calculations in regard to the stress that is being felt by the connecting rod, seeing a 21% increase in the resolved force that is acting on the connecting rod and a similar drop in the safety factor from 1.95-1.6. From a Excel and mathematical point of view the connecting rod would survive the stresses that the supercharger would bring, however with a safety factor of 1.6 it should be noted that the part may not last as long and is at greater risk of failing if larger cylinder pressures do occur during a cycle. 
There have been some slight discrepancies between the displacement from the FEA model and the Excel calculated data, in this it should be known that the Excel calculations consider the connecting rod to be one beam. Not considering the curvature of the connecting rod around the top and bottom, and the ‘I’ beam design that is being used. This is due to the ‘I’ beam surface area being used for the whole connecting rod rather than just the center like on SolidWorks. Whereas the FEA model will take this into account and show.
Regarding the FEA model of the connecting rod, for both the standard and supercharged models it was suggested that the part was incredibly close to its yield stress. With a UTS of 745Mpa or 745N/mm^2, yield for this material is at 470N/mm^2. With this in mind, it would now be suggested that the material chosen for this part was not correct, having such a low yield stress would make this material unsuitable for the job that it would be required to do. However, having an unknown material, a guess was taken using the weight of the material. As the same material was used throughout, a comparison of each simulation model can still be completed but the results are not as accurate as originally intended. 
Knowing that the material chosen was not quite up to the job, the final stage was to suggest an improvement, this would be a change of material and with this Titanium was chosen. This material is often used in high end engines, with one of the highest strengths to density ratios and excellent at dealing with high temperatures, it is a perfect material in an engine. (Advantages and Disadvantages of metals commonly used in Manufacturing - Process Industry Forum, n.d.)
 Inputting the material into the Excel, the safety factor goes up from 1.6 to 2.2 for the supercharged cylinder pressure. Meaning that with the extra pressure, the connecting rods would be stronger than the original rods that would be in the engine. The other difference would be in the compression distance, with Excel suggesting that the connecting rod would now compress 0.47mm compared to the 0.25mm that the Aisi 4340 would compress, a difference of 0.22mm more with titanium. This is because the Youngs modulus of titanium (Ti-6Al-4V) has a Youngs modulus of 110 GPa (Properties: Titanium Alloys - Ti6Al4V Grade 5, n.d.) which is considerably lower than the 205 GPa of Aisi 4340, meaning that titanium will compress more when dealing with the same stress. 
This model assumes that nothing else on the connecting rod has been changed, only the material so the design would be the same. The biggest downside to this would be the additional cost that would come with producing titanium rods, however with the increase in safety of the part when compared to the original. It could be considered a sensible investment when the connecting rods are able to deal with the additional pressure rather than breaking and destroying the engine. 
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[bookmark: _Toc38817686]Figure 44 Titanium Connecting Rod
Using a titanium rod, the max stress is incredibly similar to the standard connecting rod at 466.2N/mm^2, with the standard being 469N/mm^2, this is due to the part undergoing the same motion simulation. However, the big difference is the yield stress, with yield being moved from 470N/mm^2 t0 827.4N/mm^2 with the titanium rods. This could suggest that if titanium rods were being used in the engine, with an increase in yield stress and safety factor that the compression ratio could be changed again to increase the power output as the new connecting rod would be able to deal with the additional cylinder pressure that would come with this. 
[bookmark: _Toc38819249]Effects of COVID-19
COVID-19 has affected the project in multiple ways, one of the most significant being restricting the use of the Dennison tensile testing machine. This machine was going to be used to test the original connecting rod to get a confirmation of the material that the part was made out of, or at least provide more accurate information for the motion simulation and the FEA model. However, due to COVID19 and the government’s decision to close all universities, it was therefore no longer possible to gather the information to increase the accuracy of the models.
Similarly, COVID-19 restricted the ability to use programs within the university premises and all access to lecturers who are industry experts in this field.  Software such as Ricardo WAVE (latest edition) are not available to use on personal computers which prevented the ability to move forward with the latest copy of the software. Running SolidWorks on a personal laptop also dramatically increased loading times and often led to system crashes with unsaved work. By only having access to lecturers and tutors through online sources, when problems heightened, and difficulties arose it was more difficult to quick solve problem and seek the best and most suitable advice during the pandemic.  
[bookmark: _Toc38819250]Conclusion
 In conclusion, the project can be considered both a success and a failure. Accuracy was the key instrument for the most reliable and solid results, however this was unfortunately restricted by various parts during the process, these being: the intake duct sizes on the WAVE model, the correct material of the connecting rod and the WAVE supercharged model not taking losses into account. 
If the project were to be completed again the first task would be to gain a full understanding of the standard connecting rod, knowing 100% the material being used so that the FEA model can be as accurate as possible. It would also be beneficial to take the supercharger WAVE model forwards, using every feature that WAVE has to offer and utilizing a personalized supercharger map. 
The project cannot be considered a full failure due to gaining an understanding of what can be achieved with quite a conservative supercharger being fitted to 600cc machine. With a 31% increase in power to 160BHP compared to 122BHP for the standard WAVE model and 128BHP for the real life dyno graph, it can be seen that a supercharger would provide a huge boost in power, with a bigger compression ratio and the titanium rods it could potentially see a 600cc bike produce power not too far off of a 1000cc motorcycle. 
With the standard connecting rods and by using the material that were utilized throughout the project, it would be a poor decision to fit a supercharger without upgrading the connecting rods. With the safety factor being so low and being within 0.2% of the yield point of the material, when there is a spike in the cylinder pressure, which occurs due to not every combustion cycle being the same. It could quite easily see the material deform too much that it would be unable to go back to its original shape and reach the plastic deformation of the material.
The project does allow for further improvement with more accurate material knowledge, and more in-depth mathematical calculations, taking into consideration the stress concentrations and curvature of the connecting rod to gain better mathematical backing and true results. This combined with gathering the final information that is needed to make sure the WAVE model is as accurate as possible with the intake ducts and the losses that may occur with the supercharger system being fitted. 
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Lift (mm)




Cam and Valve Lift Exhuast

Cam Lift	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	106	107	108	109	110	111	112	113	114	115	116	117	118	119	120	121	122	123	124	125	126	127	128	129	130	131	132	133	134	135	136	137	138	139	140	141	142	143	144	145	146	147	148	149	150	151	152	153	154	155	156	157	158	159	160	161	162	163	164	165	166	167	168	169	170	171	172	173	174	175	176	177	178	179	180	181	182	183	184	185	186	187	188	189	190	191	192	193	194	195	196	197	198	199	200	201	202	203	204	205	206	207	208	209	210	211	212	213	214	215	216	217	218	219	220	221	222	223	224	225	226	227	228	229	230	231	232	233	234	235	236	237	238	239	240	241	242	243	244	245	246	247	248	249	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	360	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	7.0000000000000001E-3	1.9E-2	3.3000000000000002E-2	4.5999999999999999E-2	5.7000000000000002E-2	6.7000000000000004E-2	7.9000000000000001E-2	9.0999999999999998E-2	0.10199999999999999	0.113	0.123	0.13500000000000001	0.14699999999999999	0.158	0.17199999999999999	0.183	0.19400000000000001	0.20399999999999999	0.217	0.22900000000000001	0.24	0.252	0.26300000000000001	0.27500000000000002	0.28699999999999998	0.3	0.313	0.33200000000000002	0.35699999999999998	0.38700000000000001	0.43099999999999999	0.49399999999999999	0.56999999999999995	0.65900000000000003	0.76	0.873	0.999	1.137	1.284	1.4350000000000001	1.595	1.762	1.9330000000000001	2.1080000000000001	2.2829999999999999	2.4609999999999999	2.6429999999999998	2.8250000000000002	3.0059999999999998	3.1880000000000002	3.3719999999999999	3.556	3.74	3.923	4.1070000000000002	4.2859999999999996	4.4640000000000004	4.6390000000000002	4.8070000000000004	4.9720000000000004	5.133	5.2969999999999997	5.4610000000000003	5.6210000000000004	5.7720000000000002	5.9180000000000001	6.0640000000000001	6.2030000000000003	6.3369999999999997	6.47	6.5970000000000004	6.72	6.8380000000000001	6.9539999999999997	7.0659999999999998	7.1749999999999998	7.28	7.38	7.4740000000000002	7.5640000000000001	7.6509999999999998	7.7359999999999998	7.8159999999999998	7.8879999999999999	7.9539999999999997	8.02	8.08	8.1319999999999997	8.1809999999999992	8.2270000000000003	8.2690000000000001	8.3059999999999992	8.3379999999999992	8.3670000000000009	8.39	8.4090000000000007	8.423	8.4309999999999992	8.4329999999999998	8.4339999999999993	8.4320000000000004	8.4250000000000007	8.4109999999999996	8.39	8.3659999999999997	8.34	8.3070000000000004	8.27	8.2279999999999998	8.1829999999999998	8.1319999999999997	8.0760000000000005	8.016	7.952	7.883	7.81	7.7320000000000002	7.6509999999999998	7.5659999999999998	7.4740000000000002	7.3780000000000001	7.2779999999999996	7.1740000000000004	7.0650000000000004	6.9530000000000003	6.8369999999999997	6.718	6.593	6.4640000000000004	6.3310000000000004	6.1950000000000003	6.0549999999999997	5.9109999999999996	5.7619999999999996	5.61	5.4560000000000004	5.298	5.1360000000000001	4.9729999999999999	4.8049999999999997	4.6360000000000001	4.4669999999999996	4.2939999999999996	4.117	3.9390000000000001	3.76	3.5779999999999998	3.3940000000000001	3.2109999999999999	3.028	2.8450000000000002	2.661	2.4790000000000001	2.2989999999999999	2.12	1.9430000000000001	1.772	1.601	1.4379999999999999	1.2849999999999999	1.1379999999999999	0.998	0.86799999999999999	0.748	0.64100000000000001	0.54800000000000004	0.46800000000000003	0.40400000000000003	0.35599999999999998	0.32600000000000001	0.30599999999999999	0.29099999999999998	0.27800000000000002	0.26500000000000001	0.251	0.23699999999999999	0.222	0.20799999999999999	0.19400000000000001	0.18	0.16700000000000001	0.154	0.14000000000000001	0.126	0.113	9.9000000000000005E-2	8.5999999999999993E-2	7.2999999999999995E-2	5.8000000000000003E-2	4.3999999999999997E-2	3.1E-2	1.7999999999999999E-2	7.0000000000000001E-3	3.1E-2	1.7999999999999999E-2	7.0000000000000001E-3	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	Valve Lift	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	106	107	108	109	110	111	112	113	114	115	116	117	118	119	120	121	122	123	124	125	126	127	128	129	130	131	132	133	134	135	136	137	138	139	140	141	142	143	144	145	146	147	148	149	150	151	152	153	154	155	156	157	158	159	160	161	162	163	164	165	166	167	168	169	170	171	172	173	174	175	176	177	178	179	180	181	182	183	184	185	186	187	188	189	190	191	192	193	194	195	196	197	198	199	200	201	202	203	204	205	206	207	208	209	210	211	212	213	214	215	216	217	218	219	220	221	222	223	224	225	226	227	228	229	230	231	232	233	234	235	236	237	238	239	240	241	242	243	244	245	246	247	248	249	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	360	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	1.252267036289112E-3	1.5138726456360274E-2	2.8120910408169664E-2	3.9105835290470736E-2	4.9092130638015874E-2	6.1075685055071105E-2	7.305923947212456E-2	8.4044164354427409E-2	9.5029089236726705E-2	0.10501538458427184	0.11699893900132707	0.1289824934183823	0.1399674183006816	0.15394823178724693	0.16493315666954622	0.17591808155184729	0.27196173773633525	0.42376111053445698	0.57639915390052288	0.73071453840248246	0.88502992290444205	1.040284279965789	1.1963251296585717	1.3515179312551986	1.5075587809479778	1.6635610131110354	1.8169939599367151	1.9701151298178079	2.1242676516914365	2.2758220973537142	2.4274170142318017	2.5743531250312213	2.7226477860389142	2.8683341388606376	3.0131692527133502	3.1566213031076735	3.3027463730745694	3.4488714430414582	3.5926368887289222	3.7364439361367907	3.8763573024094597	4.0132097782519907	4.1490753308669035	4.2824529676827225	4.4158306044985416	4.5485045262173216	4.6764547008472128	4.8047115592460194	4.9289541957579672	5.0526447071763911	5.1768109039005168	5.2958153267016357	5.41515628954145	5.530738481898112	5.6456263108185283	5.757197502739249	5.8670591702632571	5.9773817261534958	6.0839000559785497	6.1892112331542677	6.2934484515542408	6.393860450930358	6.4943871936291089	6.5905133632229393	6.685568339771212	6.7763653674423843	6.8658346997747515	6.9531613151395923	7.0375770433256015	7.1217162078798921	7.2045376633866383	7.2828686488161942	7.3611204568748967	7.4335514506465721	7.5042286078548024	7.570664344918999	7.6356616566178062	7.7006589683166133	7.7612089193097944	7.820470219745502	7.8748508890723024	7.9263448286468616	7.9748679640151998	8.0231200379148397	8.0687771608903418	8.1107162729823372	8.1524861925878014	8.1892835027164281	8.2249242375427265	8.2568024678816663	8.2860217044441313	8.3149510619016631	8.3378950350576417	8.3606857484003356	8.37965970956067	8.3959582156518202	8.409949687230089	8.4197371733353705	8.4277359548966189	8.4309999999999974	8.4329999999999998	8.4339999999999975	8.4329999999999998	8.4309999999999974	8.4277359548966189	8.4197371733353705	8.409949687230089	8.3959582156518202	8.37965970956067	8.3606857484003356	8.3378950350576417	8.3149510619016667	8.2860217044441313	8.2568024678816663	8.2249242375427265	8.1892835027164317	8.1524861925878049	8.1107162729823408	8.0687771608903418	8.0231200379148397	7.9748679640151998	7.9263448286468616	7.8748508890723024	7.820470219745502	7.7612089193097944	7.7006589683166133	7.6356616566178097	7.5706643449190025	7.5042286078548024	7.4335514506465685	7.3611204568748967	7.2828686488161942	7.2045376633866383	7.1217162078798921	7.0375770433256051	6.9531613151395923	6.865834699774755	6.7763653674423878	6.685568339771212	6.5905133632229358	6.4943871936291053	6.3938604509303616	6.2934484515542444	6.1892112331542712	6.0839000559785532	5.9773817261534958	5.8670591702632606	5.757197502739249	5.6456263108185283	5.530738481898112	5.4151562895414465	5.2958153267016321	5.1768109039005168	5.0526447071763911	4.9289541957579672	4.8047115592460194	4.6764547008472128	4.5485045262173252	4.4158306044985416	4.282452967682719	4.1490753308668999	4.0132097782519907	3.8763573024094597	3.7364439361367907	3.5926368887289222	3.4488714430414618	3.3027463730745694	3.1566213031076771	3.0131692527133502	2.8683341388606411	2.7226477860389195	2.5743531250312213	2.4274170142318017	2.2758220973537124	2.1242676516914347	1.9701151298178061	1.8169939599367151	1.6635610131110354	1.5075587809479813	1.3515179312552021	1.1963251296585753	1.0402842799657925	0.88502992290443849	0.73071453840247891	0.57639915390051932	0.42376111053445342	0.2719617377363317	0.17591808155184729	0.16493315666954622	0.15394823178724693	0.1399674183006816	0.1289824934183823	0.11699893900132707	0.10501538458427184	9.5029089236726705E-2	8.4044164354427409E-2	7.305923947212456E-2	6.1075685055071105E-2	4.9092130638015874E-2	3.9105835290470736E-2	2.8120910408169664E-2	1.5138726456360274E-2	1.252267036289112E-3	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	-1.77	Crank angle (Degrees)


Lift (mm)




Dyno Graph Standard Bike 
Real Power (BHP)	15500	15000	14500	14000	13500	13000	12500	12000	11500	11000	10500	10000	9500	9000	8500	8000	7500	7000	6500	6000	5500	5000	4500	4000	126	127	128.80000000000001	128	127	123	116	114	106	102	95	90	85	80	74	67	58	54	49	43	36	34	30	25	WAVE Power (BHP)	3000	4000	5000	6000	7000	8000	9000	10000	13000	14400	18.221950531005859	27.272010803222656	32.498638153076172	46.423599243164063	63.931961059570313	72.367568969726563	92.258811950683594	95.010871887207031	117.59529876708984	122.54530334472656	RPM

Power (HP)



Standard Engine Cylinder Pressure @14400

Cylindder Pressure @14400RPM	-97.86376953125	-97.249092102050781	-96.634780883789063	-96.02069091796875	-95.40667724609375	-94.792640686035156	-94.178627014160156	-93.564582824707031	-92.950736999511719	-92.336906433105469	-91.723258972167969	-91.109458923339844	-90.495635986328125	-89.881584167480469	-89.267410278320313	-88.653175354003906	-88.038726806640625	-87.424224853515625	-86.809501647949219	-86.194450378417969	-85.579231262207031	-84.963752746582031	-84.348007202148438	-83.731979370117188	-83.115631103515625	-82.498870849609375	-81.881690979003906	-81.264122009277344	-80.646209716796875	-80.027969360351563	-79.409378051757813	-78.790382385253906	-78.170951843261719	-77.55108642578125	-76.930770874023438	-76.30999755859375	-75.688728332519531	-75.066940307617188	-74.44464111328125	-73.821823120117188	-73.198478698730469	-72.5745849609375	-71.950141906738281	-71.32513427734375	-70.699531555175781	-70.073326110839844	-69.446487426757813	-68.818984985351563	-68.1907958984375	-67.561897277832031	-66.932258605957031	-66.301856994628906	-65.670661926269531	-65.03863525390625	-64.40576171875	-63.771984100341797	-63.137283325195313	-62.501621246337891	-61.864963531494141	-61.227272033691406	-60.588516235351563	-59.948657989501953	-59.307666778564453	-58.665512084960938	-58.022159576416016	-57.377578735351563	-56.731739044189453	-56.084587097167969	-55.4361572265625	-54.786346435546875	-54.135089874267578	-53.482376098632813	-52.828330993652344	-52.17291259765625	-51.516078948974609	-50.857734680175781	-50.197902679443359	-49.536575317382813	-48.873798370361328	-48.209476470947266	-47.544589996337891	-46.879539489746094	-46.214466094970703	-45.549331665039063	-44.884098052978516	-44.218772888183594	-43.553371429443359	-42.88787841796875	-42.222251892089844	-41.55645751953125	-40.890464782714844	-40.224239349365234	-39.557746887207031	-38.890945434570313	-38.223793029785156	-37.556251525878906	-36.888275146484375	-36.219818115234375	-35.550827026367188	-34.881252288818359	-34.211036682128906	-33.540122985839844	-32.868446350097656	-32.195938110351563	-31.52252197265625	-30.848129272460938	-30.172683715820313	-29.49609375	-28.818283081054688	-28.139167785644531	-27.458648681640625	-26.776641845703125	-26.093040466308594	-25.407752990722656	-24.720672607421875	-24.031692504882813	-23.3406982421875	-22.647567749023438	-21.952171325683594	-21.25439453125	-20.554092407226563	-19.851104736328125	-19.145256042480469	-18.436378479003906	-17.724250793457031	-17.008621215820313	-16.289237976074219	-15.565841674804688	-14.838203430175781	-14.106101989746094	-13.369354248046875	-12.627830505371094	-11.881431579589844	-11.130104064941406	-10.373809814453125	-9.6125411987304688	-8.846282958984375	-8.07501220703125	-7.2986984252929688	-6.5172576904296875	-5.73052978515625	-4.9382705688476563	-4.140228271484375	-3.3361587524414063	-2.5257797241210938	-1.7088470458984375	-0.891265869140625	-7.2845458984375E-2	0.746795654296875	1.5678787231445313	2.3903121948242188	3.2143402099609375	4.0399856567382813	4.8673553466796875	5.6961822509765625	6.5264663696289063	7.3580474853515625	8.1907882690429688	9.0246200561523438	9.8593826293945313	10.694992065429688	11.531326293945313	12.3681640625	13.20526123046875	14.042442321777344	14.879631042480469	15.711265563964844	16.537254333496094	17.358078002929688	18.173942565917969	18.984832763671875	19.790786743164063	20.591819763183594	21.387321472167969	22.177032470703125	22.960784912109375	23.73779296875	24.50701904296875	25.268104553222656	26.020843505859375	26.764869689941406	27.499931335449219	28.226211547851563	28.944671630859375	29.65625	30.3623046875	31.06427001953125	31.76312255859375	32.459213256835938	33.152511596679688	33.842803955078125	34.529815673828125	35.213409423828125	35.893630981445313	36.570632934570313	37.24468994140625	37.91619873046875	38.585662841796875	39.253524780273438	39.92010498046875	40.585540771484375	41.249923706054688	41.913375854492188	42.5760498046875	43.23809814453125	43.89959716796875	44.56060791015625	45.221176147460938	45.881317138671875	46.541061401367188	47.200408935546875	47.859375	48.5179443359375	49.176162719726563	49.834014892578125	50.491439819335938	51.14837646484375	51.804702758789063	52.460586547851563	53.115737915039063	53.770401000976563	54.424392700195313	55.077835083007813	55.73040771484375	56.3822021484375	57.032974243164063	57.682907104492188	58.331802368164063	58.979827880859375	59.626724243164063	60.272537231445313	60.9169921875	61.560272216796875	62.202178955078125	62.843017578125	63.482559204101563	64.12109375	64.758468627929688	65.395004272460938	66.030548095703125	66.665390014648438	67.299240112304688	67.932159423828125	68.5638427734375	69.1944580078125	69.823684692382813	70.451171875	71.076461791992188	71.699310302734375	72.319686889648438	72.937973022460938	73.554336547851563	74.168991088867188	74.782012939453125	75.393463134765625	76.003616333007813	76.61285400390625	77.221527099609375	77.829757690429688	78.437454223632813	79.044448852539063	79.650604248046875	80.255859375	80.860198974609375	81.463653564453125	82.066238403320313	82.667999267578125	83.269012451171875	83.869308471679688	84.469100952148438	85.06829833984375	85.667022705078125	86.265274047851563	86.863235473632813	87.460845947265625	88.058212280273438	88.655166625976563	89.251937866210938	89.8482666015625	90.444473266601563	91.040390014648438	91.635726928710938	92.22943115234375	92.821670532226563	93.412750244140625	94.002899169921875	94.592269897460938	95.180999755859375	95.769271850585938	96.35723876953125	96.9449462890625	97.532501220703125	98.120010375976563	98.707550048828125	99.295242309570313	99.883132934570313	100.47138977050781	101.06010437011719	101.64935302734375	102.23907470703125	102.82923889160156	103.419189453125	104.00886535644531	104.59832763671875	105.1873779296875	105.77615356445313	106.36471557617188	106.952880859375	107.540771484375	108.12844848632813	108.71571350097656	109.30270385742188	109.88949584960938	110.47589111328125	111.06210327148438	111.64799499511719	112.23367309570313	112.81895446777344	113.40402221679688	113.98873901367188	114.57333374023438	115.15763854980469	115.7418212890625	116.32568359375	116.909423828125	117.49287414550781	118.07649230957031	118.66021728515625	119.244140625	119.82827758789063	120.41259765625	120.9971923828125	121.58193969726563	122.16693115234375	122.7520751953125	123.33747863769531	123.92304992675781	124.50889587402344	125.09490966796875	125.68122863769531	126.26773071289063	126.85453796386719	127.44155883789063	128.02890014648438	128.61648559570313	129.20442199707031	129.79261779785156	130.38119506835938	130.97004699707031	131.55929565429688	132.14891052246094	132.73887634277344	133.3292236328125	133.91995239257813	134.51109313964844	135.10267639160156	135.69471740722656	136.2872314453125	136.88023376464844	137.4737548828125	138.06781005859375	138.66241455078125	139.25759887695313	139.8533935546875	140.44981384277344	141.0469970703125	141.64483642578125	142.24273681640625	142.84091186523438	143.43914794921875	144.03767395019531	144.63627624511719	145.23518371582031	145.83419799804688	146.43353271484375	147.03298950195313	147.63284301757813	148.23297119140625	148.83334350585938	149.43400573730469	150.03498840332031	150.63630676269531	151.23799133300781	151.84005737304688	152.44253540039063	153.04545593261719	153.64883422851563	154.25270080566406	154.85704040527344	155.46183776855469	156.06712341308594	156.67294311523438	157.27931213378906	157.88629150390625	158.49392700195313	159.10226440429688	159.71136474609375	160.32125854492188	160.93203735351563	161.54373168945313	162.15643310546875	162.77020263671875	163.38510131835938	164.00115966796875	164.61846923828125	165.23709106445313	165.85708618164063	166.47854614257813	167.10150146484375	167.72601318359375	168.3521728515625	168.98001098632813	169.609619140625	170.24105834960938	170.8743896484375	171.50967407226563	172.14700317382813	172.78646850585938	173.42816162109375	174.07217407226563	174.71865844726563	175.36773681640625	176.01953125	176.67422485351563	177.33200073242188	177.99298095703125	178.6573486328125	179.32525634765625	179.99685668945313	180.67227172851563	181.35159301757813	182.03488159179688	182.72216796875	183.41348266601563	184.10879516601563	184.80810546875	185.51138305664063	186.21859741210938	186.92974853515625	187.64486694335938	188.36395263671875	189.08706665039063	189.81430053710938	190.54574584960938	191.28152465820313	192.02178955078125	192.76669311523438	193.51638793945313	194.27105712890625	195.03091430664063	195.79608154296875	196.5667724609375	197.34317016601563	198.12301635742188	198.8958740234375	199.66189575195313	200.42144775390625	201.17498779296875	201.92276000976563	202.66476440429688	203.40087890625	204.130859375	204.8546142578125	205.57205200195313	206.28289794921875	206.98663330078125	207.68338012695313	208.37368774414063	209.05810546875	209.73748779296875	210.4130859375	211.0860595703125	211.75711059570313	212.42633056640625	213.09356689453125	213.758544921875	214.4210205078125	215.08087158203125	215.73809814453125	216.39279174804688	217.045166015625	217.695556640625	218.34445190429688	218.9923095703125	219.639404296875	220.28585815429688	220.9317626953125	221.57717895507813	222.22225952148438	222.86709594726563	223.51171875	224.15615844726563	224.80038452148438	225.44439697265625	226.08819580078125	226.73175048828125	227.37509155273438	228.01824951171875	228.6612548828125	229.30416870117188	229.9468994140625	230.58963012695313	231.2320556640625	231.87442016601563	232.51657104492188	233.15872192382813	233.80072021484375	234.44268798828125	235.08444213867188	235.72598266601563	236.3671875	237.00808715820313	237.64865112304688	238.28903198242188	238.92926025390625	239.56924438476563	240.20880126953125	240.847900390625	241.486572265625	242.12496948242188	242.76318359375	243.40130615234375	244.03921508789063	244.67721557617188	245.31521606445313	245.95339965820313	246.59158325195313	247.22991943359375	247.8680419921875	248.5059814453125	249.14364624023438	249.78079223632813	250.41693115234375	251.05169677734375	251.68490600585938	252.31658935546875	252.94699096679688	253.57623291015625	254.20462036132813	254.83212280273438	255.45889282226563	256.08511352539063	256.71121215820313	257.3375244140625	257.96417236328125	258.59103393554688	259.21795654296875	259.84481811523438	260.4715576171875	261.09817504882813	261.72467041015625	262.35107421875	262.97732543945313	263.60372924804688	264.23007202148438	264.85665893554688	265.48345947265625	266.11080932617188	266.73846435546875	267.36666870117188	267.99520874023438	268.62417602539063	269.2535400390625	269.88330078125	270.51348876953125	271.1441650390625	271.775390625	272.40716552734375	273.03945922851563	273.67221069335938	274.305419921875	274.9390869140625	275.57321166992188	276.20779418945313	276.84280395507813	277.47824096679688	278.11410522460938	278.75042724609375	279.38717651367188	280.02435302734375	280.66195678710938	281.29995727539063	281.9383544921875	282.5771484375	283.21633911132813	283.85589599609375	284.49578857421875	285.135986328125	285.7764892578125	286.41726684570313	287.05828857421875	287.69952392578125	288.34091186523438	288.98245239257813	289.62411499023438	290.265869140625	290.90768432617188	291.549560546875	292.19146728515625	292.8333740234375	293.47525024414063	294.11703491210938	294.75872802734375	295.40023803710938	296.0416259765625	296.68292236328125	297.32406616210938	297.96524047851563	298.606201171875	299.24713134765625	299.88787841796875	300.5284423828125	301.16909790039063	301.80947875976563	302.44989013671875	303.09002685546875	303.73025512695313	304.37039184570313	305.010498046875	305.650634765625	306.29083251953125	306.9310302734375	307.57122802734375	308.21148681640625	308.85189819335938	309.49249267578125	310.13330078125	310.77438354492188	311.41574096679688	312.05743408203125	312.69952392578125	313.34207153320313	313.985107421875	314.628662109375	315.27285766601563	315.91775512695313	316.56341552734375	317.20989990234375	317.85726928710938	318.50555419921875	319.15481567382813	319.80514526367188	320.45663452148438	321.109375	321.76345825195313	322.41900634765625	323.07611083984375	323.73486328125	324.3953857421875	325.05780029296875	325.72222900390625	326.3887939453125	327.05764770507813	327.72894287109375	328.40280151367188	329.07940673828125	329.7589111328125	330.44149780273438	331.12734985351563	331.81671142578125	332.50979614257813	333.20681762695313	333.90805053710938	334.61373901367188	335.32421875	336.03997802734375	336.76138305664063	337.48892211914063	338.22323608398438	338.96514892578125	339.71548461914063	340.474853515625	341.24362182617188	342.02188110351563	342.80975341796875	343.60748291015625	344.41534423828125	345.2314453125	346.04766845703125	346.86407470703125	347.68060302734375	348.4971923828125	349.31369018554688	350.13003540039063	350.9461669921875	351.76205444335938	352.5777587890625	353.393310546875	354.20880126953125	355.02435302734375	355.840087890625	356.6561279296875	357.47259521484375	358.28952026367188	359.10696411132813	359.92498779296875	360.74362182617188	361.56292724609375	362.3829345703125	363.20370483398438	364.02532958984375	364.84783935546875	365.67120361328125	366.49551391601563	367.32083129882813	368.14718627929688	368.974609375	369.8031005859375	370.6326904296875	371.46331787109375	372.29489135742188	373.1270751953125	373.95965576171875	374.79244995117188	375.62515258789063	376.457275390625	377.28726196289063	378.11138916015625	378.9295654296875	379.74118041992188	380.54544067382813	381.34161376953125	382.13009643554688	382.91107177734375	383.68429565429688	384.4493408203125	385.20599365234375	385.9542236328125	386.69378662109375	387.42440795898438	388.146240234375	388.86007690429688	389.56680297851563	390.26751708984375	390.963623046875	391.65615844726563	392.34564208984375	393.03213500976563	393.71542358398438	394.395263671875	395.071533203125	395.7442626953125	396.41363525390625	397.079833984375	397.74325561523438	398.40435791015625	399.06362915039063	399.72140502929688	400.37783813476563	401.03298950195313	401.68695068359375	402.33984375	402.99176025390625	403.64279174804688	404.29296875	404.9423828125	405.59109497070313	406.23916625976563	406.88662719726563	407.53350830078125	408.17984008789063	408.82568359375	409.4710693359375	410.115966796875	410.76034545898438	411.40408325195313	412.04736328125	412.68988037109375	413.3319091796875	413.97329711914063	414.61419677734375	415.25439453125	415.89398193359375	416.53271484375	417.1707763671875	417.807861328125	418.44415283203125	419.07958984375	419.714111328125	420.34759521484375	420.98004150390625	421.61138916015625	422.24163818359375	422.87066650390625	423.49871826171875	424.1256103515625	424.75164794921875	425.37664794921875	426.00091552734375	426.624267578125	427.24688720703125	427.868408203125	428.4888916015625	429.10821533203125	429.726318359375	430.34271240234375	430.95697021484375	431.56878662109375	432.17840576171875	432.78582763671875	433.3914794921875	433.99542236328125	434.5977783203125	435.19854736328125	435.7979736328125	436.3963623046875	436.99407958984375	437.59136962890625	438.1881103515625	438.78424072265625	439.37957763671875	439.9739990234375	440.56756591796875	441.16033935546875	441.7523193359375	442.343505859375	442.93402099609375	443.52386474609375	444.11322021484375	444.70196533203125	445.29022216796875	445.8779296875	446.46527099609375	447.05218505859375	447.63873291015625	448.2247314453125	448.8104248046875	449.3955078125	449.9803466796875	450.56475830078125	451.14892578125	451.7325439453125	452.3157958984375	452.89849853515625	453.48101806640625	454.06317138671875	454.64508056640625	455.22650146484375	455.8076171875	456.38824462890625	456.968505859375	457.548583984375	458.128173828125	458.70751953125	459.2869873046875	459.8665771484375	460.4461669921875	461.02587890625	461.60565185546875	462.185546875	462.765625	463.3458251953125	463.9261474609375	464.50653076171875	465.0870361328125	465.66766357421875	466.24835205078125	466.82916259765625	467.41009521484375	467.9910888671875	468.57220458984375	469.1534423828125	469.73480224609375	470.31622314453125	470.89776611328125	471.47943115234375	472.06121826171875	472.64312744140625	473.22515869140625	473.807373046875	474.38970947265625	474.97222900390625	475.55487060546875	476.1376953125	476.720703125	477.3038330078125	477.88714599609375	478.47064208984375	479.0543212890625	479.63824462890625	480.22235107421875	480.806640625	481.39117431640625	481.97589111328125	482.56097412109375	483.14617919921875	483.731689453125	484.31732177734375	484.90325927734375	485.4893798828125	486.0758056640625	486.66241455078125	487.2493896484375	487.836669921875	488.4241943359375	489.01202392578125	489.60015869140625	490.1885986328125	490.77740478515625	491.36651611328125	491.95599365234375	492.5458984375	493.13616943359375	493.72686767578125	494.3179931640625	494.9095458984375	495.5015869140625	496.0941162109375	496.6871337890625	497.28070068359375	497.87481689453125	498.469482421875	499.064697265625	499.6605224609375	500.2569580078125	500.85406494140625	501.45184326171875	502.05035400390625	502.6495361328125	503.24951171875	503.85028076171875	504.45184326171875	505.05426025390625	505.6575927734375	506.2618408203125	506.86700439453125	507.47320556640625	508.08038330078125	508.68865966796875	509.29803466796875	509.90875244140625	510.521240234375	511.13604736328125	511.75347900390625	512.3736572265625	512.99664306640625	513.6224365234375	514.25128173828125	514.883544921875	515.51824951171875	516.15521240234375	516.7945556640625	517.4364013671875	518.0809326171875	518.728271484375	519.3785400390625	520.03192138671875	520.68853759765625	521.3486328125	522.01239013671875	522.6800537109375	523.35186767578125	524.02813720703125	524.70904541015625	525.3948974609375	526.0858154296875	526.781982421875	527.4835205078125	528.19049072265625	528.90283203125	529.62054443359375	530.34356689453125	531.0718994140625	531.80560302734375	532.54473876953125	533.2894287109375	534.03985595703125	534.79632568359375	535.55908203125	536.32843017578125	537.104736328125	537.8883056640625	538.67950439453125	539.478515625	540.28564453125	541.10101318359375	541.92462158203125	542.75640869140625	543.5943603515625	544.43365478515625	545.2742919921875	546.1162109375	546.95941162109375	547.79925537109375	548.63421630859375	549.4642333984375	550.2890625	551.10870361328125	551.92236328125	552.72991943359375	553.5313720703125	554.3267822265625	555.1160888671875	555.8992919921875	556.6766357421875	557.44854736328125	558.214111328125	558.97320556640625	559.7259521484375	560.47271728515625	561.21368408203125	561.94903564453125	562.6785888671875	563.4022216796875	564.1195068359375	564.83026123046875	565.53448486328125	566.23175048828125	566.92138671875	567.60357666015625	568.2789306640625	568.94805908203125	569.61181640625	570.2713623046875	570.92779541015625	571.58184814453125	572.23370361328125	572.8831787109375	573.52996826171875	574.17388916015625	574.81475830078125	575.45263671875	576.08758544921875	576.71978759765625	577.34954833984375	577.977294921875	578.60345458984375	579.22833251953125	579.85211181640625	580.474853515625	581.09661865234375	581.717529296875	582.3377685546875	582.95745849609375	583.57666015625	584.1954345703125	584.81390380859375	585.43212890625	586.0501708984375	586.6680908203125	587.2860107421875	587.9039306640625	588.52197265625	589.1402587890625	589.75885009765625	590.3775634765625	590.99664306640625	591.61590576171875	592.23541259765625	592.855224609375	593.47552490234375	594.09625244140625	594.71746826171875	595.33905029296875	595.96099853515625	596.58331298828125	597.20599365234375	597.82916259765625	598.452880859375	599.0771484375	599.701904296875	600.32696533203125	600.9522705078125	601.57781982421875	602.2037353515625	602.83001708984375	603.45660400390625	604.0836181640625	604.7110595703125	605.33905029296875	605.9676513671875	606.5968017578125	607.22637939453125	607.85614013671875	608.4859619140625	609.11578369140625	609.74530029296875	610.37396240234375	611.001220703125	611.6268310546875	612.2508544921875	612.87359619140625	613.4951171875	614.11572265625	614.73529052734375	615.3538818359375	615.9715576171875	616.5888671875	617.2060546875	617.82330322265625	618.4404296875	619.05743408203125	619.67401123046875	620.290283203125	620.90606689453125	621.52252197265625	1.9776809215545654	1.9975378513336182	2.0176231861114502	2.0381317138671875	2.0590782165527344	2.0804789066314697	2.1023428440093994	2.1246280670166016	2.1471922397613525	2.1702492237091064	2.193803071975708	2.2178816795349121	2.2424917221069336	2.2676570415496826	2.2933878898620605	2.3196947574615479	2.3466038703918457	2.3741223812103271	2.402275562286377	2.4310839176177979	2.4605607986450195	2.4907295703887939	2.5216062068939209	2.5532174110412598	2.5855822563171387	2.6187300682067871	2.6526837348937988	2.6874630451202393	2.7230939865112305	2.7595984935760498	2.7970058917999268	2.8353447914123535	2.8746452331542969	2.9149384498596191	2.9562549591064453	2.9986312389373779	3.0420958995819092	3.0866928100585938	3.1324515342712402	3.1794111728668213	3.2276136875152588	3.2770981788635254	3.3279085159301758	3.3800868988037109	3.4336841106414795	3.4887442588806152	3.5453259944915771	3.6034762859344482	3.6632535457611084	3.7247207164764404	3.7879283428192139	3.8529510498046875	3.9199168682098389	3.9887721538543701	4.0596451759338379	4.1326179504394531	4.2077622413635254	4.2851681709289551	4.3649234771728516	4.4471111297607422	4.5318384170532227	4.6191964149475098	4.7092924118041992	4.8022346496582031	4.8981380462646484	4.9971199035644531	5.0993046760559082	5.2044525146484375	5.3121218681335449	5.4233508110046387	5.5382785797119141	5.6570539474487305	5.7798056602478027	5.9067058563232422	6.0379142761230469	6.1736469268798828	6.314058780670166	6.4593601226806641	6.6097230911254883	6.765388011932373	6.9263248443603516	7.0926375389099121	7.2644786834716797	7.4420766830444336	7.6256389617919922	7.8153843879699707	8.0115432739257813	8.2143497467041016	8.4240627288818359	8.6409444808959961	8.8652820587158203	9.0973472595214844	9.3374576568603516	9.585932731628418	9.8430986404418945	10.109305381774902	10.384917259216309	10.670331001281738	10.965938568115234	11.27013111114502	11.583617210388184	11.908443450927734	12.245083808898926	12.594120979309082	12.95607852935791	13.331605911254883	13.721333503723145	14.126029014587402	14.546417236328125	14.983334541320801	15.437688827514648	15.910463333129883	16.402708053588867	16.915538787841797	17.450250625610352	18.008157730102539	18.590839385986328	19.19984245300293	19.836212158203125	20.492937088012695	21.180807113647461	21.901924133300781	22.658679962158203	23.453800201416016	24.290130615234375	25.170858383178711	26.099637985229492	27.080102920532227	28.111324310302734	29.184860229492188	30.320247650146484	31.521965026855469	32.794418334960938	34.142341613769531	35.555950164794922	37.034816741943359	38.599342346191406	40.253730773925781	41.985870361328125	43.789394378662109	45.689563751220703	47.677280426025391	49.730976104736328	51.882148742675781	54.0992431640625	56.392993927001953	58.736061096191406	61.113346099853516	63.522823333740234	65.944793701171875	68.368637084960938	70.784263610839844	73.160408020019531	75.4908447265625	77.733596801757813	79.879302978515625	81.911781311035156	83.794044494628906	85.511756896972656	87.046676635742188	88.361427307128906	89.44830322265625	90.287628173828125	90.853927612304688	91.157058715820313	91.157920837402344	90.895118713378906	90.350662231445313	89.551177978515625	88.53265380859375	87.308998107910156	85.878761291503906	84.300827026367188	82.600189208984375	80.802131652832031	78.93511962890625	77.016067504882813	75.06494140625	72.877281188964844	70.712028503417969	68.631820678710938	66.616348266601563	64.685317993164063	62.834060668945313	61.057586669921875	59.350116729736328	57.706146240234375	56.1170654296875	54.572673797607422	53.083889007568359	51.649429321289063	50.243743896484375	48.878166198730469	47.573051452636719	46.320438385009766	45.107929229736328	43.943489074707031	42.824066162109375	41.746849060058594	40.709423065185547	39.709873199462891	38.746303558349609	37.813156127929688	36.904888153076172	36.027534484863281	35.179958343505859	34.360843658447266	33.569019317626953	32.803455352783203	32.063137054443359	31.347063064575195	30.653602600097656	29.97608757019043	29.320152282714844	28.685110092163086	28.07023811340332	27.474802017211914	26.898284912109375	26.33978271484375	25.798887252807617	25.274757385253906	24.766872406005859	24.272737503051758	23.79217529296875	23.326345443725586	22.874837875366211	22.437055587768555	22.012598037719727	21.600893020629883	21.201620101928711	20.814304351806641	20.438678741455078	20.074209213256836	19.720598220825195	19.376995086669922	19.042142868041992	18.71687126159668	18.400970458984375	18.093927383422852	17.795516967773438	17.505306243896484	17.223173141479492	16.948785781860352	16.682027816772461	16.422588348388672	16.170312881469727	15.925117492675781	15.686912536621094	15.455567359924316	15.230670928955078	15.011444091796875	14.79820728302002	14.590693473815918	14.388676643371582	14.191962242126465	14.000297546386719	13.81340503692627	13.631026268005371	13.453009605407715	13.279238700866699	13.109641075134277	12.944141387939453	12.782609939575195	12.624957084655762	12.47105884552002	12.320783615112305	12.174028396606445	12.030686378479004	11.890631675720215	11.753402709960938	11.619264602661133	11.488112449645996	11.359865188598633	11.234411239624023	11.111687660217285	10.991606712341309	10.874122619628906	10.759136199951172	10.64661979675293	10.536464691162109	10.428627967834473	10.32310962677002	10.22003173828125	10.119295120239258	10.020779609680176	9.9243907928466797	9.8300533294677734	9.7376909255981445	9.6472263336181641	9.558588981628418	9.4717264175415039	9.3865890502929688	9.3031148910522461	9.2212543487548828	9.1409358978271484	9.0617523193359375	8.9840459823608398	8.9077739715576172	8.8329000473022461	8.7594022750854492	8.687255859375	8.616511344909668	8.547144889831543	8.4791193008422852	8.4124279022216797	8.3470230102539063	8.282872200012207	8.2199602127075195	8.1582584381103516	8.0977277755737305	8.0383596420288086	7.9801201820373535	7.9229798316955566	7.8669314384460449	7.8119320869445801	7.7579708099365234	7.70501708984375	7.6530675888061523	7.602081298828125	7.552060604095459	7.5029549598693848	7.4547667503356934	7.4074645042419434	7.3610401153564453	7.3154664039611816	7.2707357406616211	7.2268023490905762	7.1836538314819336	7.1412672996520996	7.0996279716491699	7.0587306022644043	7.018549919128418	6.9790606498718262	6.940187931060791	6.902005672454834	6.8646450042724609	6.8264760971069336	6.7890138626098633	6.7519593238830566	6.7153468132019043	6.6791839599609375	6.6434550285339355	6.6081686019897461	6.573328971862793	6.5389337539672852	6.5049676895141602	6.4715237617492676	6.4384431838989258	6.4058008193969727	6.373591423034668	6.3417987823486328	6.3104219436645508	6.2794713973999023	6.2489452362060547	6.2188320159912109	6.1890716552734375	6.1596598625183105	6.130589485168457	6.1018562316894531	6.073448657989502	6.0453701019287109	6.0176286697387695	5.9902167320251465	5.9631381034851074	5.9363975524902344	5.9099812507629395	5.8839030265808105	5.8581924438476563	5.8328433036804199	5.8078823089599609	5.7832999229431152	5.7591023445129395	5.7352762222290039	5.7118401527404785	5.6887750625610352	5.6660914421081543	5.6437807083129883	5.6218419075012207	5.6002717018127441	5.5790586471557617	5.5582060813903809	5.5377011299133301	5.5175437927246094	5.4977374076843262	5.4782605171203613	5.4591174125671387	5.4403014183044434	5.421809196472168	5.4036216735839844	5.3857054710388184	5.368105411529541	5.3508176803588867	5.3338413238525391	5.3171663284301758	5.3007979393005371	5.2847232818603516	5.2689418792724609	5.2534513473510742	5.238243579864502	5.2233223915100098	5.2086801528930664	5.1943178176879883	5.1802420616149902	5.1664433479309082	5.1529183387756348	5.1396622657775879	5.1266665458679199	5.1139345169067383	5.1014623641967773	5.0892510414123535	5.0773019790649414	5.0656185150146484	5.05419921875	5.0430331230163574	5.0321173667907715	5.021453857421875	5.0110392570495605	5.0008764266967773	4.9909639358520508	4.9812960624694824	4.9718813896179199	4.9627118110656738	4.9537930488586426	4.9451179504394531	4.9366936683654785	4.9285163879394531	4.9205965995788574	4.9129295349121094	4.9055280685424805	4.898374080657959	4.891474723815918	4.8848123550415039	4.878361701965332	4.8721089363098145	4.8659749031066895	4.8599495887756348	4.854036808013916	4.8482456207275391	4.8425850868225098	4.8370022773742676	4.8314943313598633	4.8260526657104492	4.8206782341003418	4.8153786659240723	4.8101181983947754	4.8048510551452637	4.7995648384094238	4.7942523956298828	4.7889084815979004	4.7835307121276855	4.7781195640563965	4.7726249694824219	4.7670025825500488	4.7612643241882324	4.7554855346679688	4.7496581077575684	4.7437629699707031	4.7376232147216797	4.7310676574707031	4.7240920066833496	4.7166624069213867	4.7087588310241699	4.7003788948059082	4.691922664642334	4.6834263801574707	4.6748871803283691	4.6663117408752441	4.6577029228210449	4.6490445137023926	4.6402816772460938	4.6313910484313965	4.6223573684692383	4.6131768226623535	4.6038460731506348	4.5944371223449707	4.5850391387939453	4.5756640434265137	4.5663161277770996	4.5570111274719238	4.5477533340454102	4.5385875701904297	4.5295376777648926	4.5206050872802734	4.5117969512939453	4.5031075477600098	4.4945516586303711	4.4861259460449219	4.4778175354003906	4.469632625579834	4.4615769386291504	4.4536566734313965	4.4458794593811035	4.4382462501525879	4.4307503700256348	4.4233622550964355	4.4160885810852051	4.4089326858520508	4.4018888473510742	4.3949623107910156	4.3881573677062988	4.3814573287963867	4.3748011589050293	4.3682193756103516	4.3617134094238281	4.3552870750427246	4.3489413261413574	4.3426775932312012	4.3364992141723633	4.3303642272949219	4.324246883392334	4.3181400299072266	4.3120460510253906	4.3059678077697754	4.2999024391174316	4.2938566207885742	4.2878255844116211	4.2818574905395508	4.2759742736816406	4.2701740264892578	4.2644591331481934	4.2588257789611816	4.2532773017883301	4.2478108406066895	4.2424225807189941	4.2370896339416504	4.2314972877502441	4.2256460189819336	4.2195477485656738	4.2131924629211426	4.2065901756286621	4.1997418403625488	4.1926469802856445	4.185302734375	4.1777129173278809	4.1700825691223145	4.1625609397888184	4.1551403999328613	4.147824764251709	4.1406083106994629	4.1334924697875977	4.1264739036560059	4.1195487976074219	4.1127200126647949	4.1059722900390625	4.099308967590332	4.0927281379699707	4.0862417221069336	4.0798530578613281	4.0735597610473633	4.0673561096191406	4.061251163482666	4.0552306175231934	4.0493035316467285	4.0434598922729492	4.0377011299133301	4.032020092010498	4.0264220237731934	4.0208992958068848	4.0154504776000977	4.0100760459899902	4.0047812461853027	3.9995644092559814	3.9944140911102295	3.9893343448638916	3.9843237400054932	3.9793746471405029	3.9744837284088135	3.9696447849273682	3.9648621082305908	3.9601249694824219	3.9554355144500732	3.9507856369018555	3.9461722373962402	3.94158935546875	3.9370334148406982	3.932499885559082	3.9279811382293701	3.9234750270843506	3.9189708232879639	3.914463996887207	3.9099502563476563	3.9054181575775146	3.9008636474609375	3.896277904510498	3.8916521072387695	3.886970043182373	3.882227897644043	3.877418041229248	3.8725299835205078	3.867560863494873	3.8624937534332275	3.8573293685913086	3.8520455360412598	3.8466346263885498	3.8410887718200684	3.8353936672210693	3.8295450210571289	3.8235259056091309	3.8173344135284424	3.8109521865844727	3.8043689727783203	3.7975783348083496	3.7905600070953369	3.7833108901977539	3.7758071422576904	3.7680420875549316	3.7599911689758301	3.7516427040100098	3.7429893016815186	3.7339949607849121	3.72467041015625	3.7149806022644043	3.7049145698547363	3.694448709487915	3.6835594177246094	3.6722390651702881	3.6604561805725098	3.6481907367706299	3.635427713394165	3.6221420764923096	3.6083176136016846	3.5939192771911621	3.578869104385376	3.5632121562957764	3.5469264984130859	3.5299897193908691	3.5123815536499023	3.4941494464874268	3.4751996994018555	3.4554502964019775	3.4349980354309082	3.4137539863586426	3.3917090892791748	3.3688275814056396	3.3450837135314941	3.3204596042633057	3.294921875	3.2684550285339355	3.2410597801208496	3.2126941680908203	3.1833553314208984	3.1527066230773926	3.1210062503814697	3.0880458354949951	3.0538544654846191	3.0184056758880615	2.9817056655883789	2.9437282085418701	2.9044785499572754	2.8639376163482666	2.8220808506011963	2.7789278030395508	2.7344667911529541	2.688678503036499	2.6413252353668213	2.5926685333251953	2.5427196025848389	2.4914820194244385	2.4389772415161133	2.3852391242980957	2.3302834033966064	2.2747097015380859	2.2190775871276855	2.1633739471435547	2.1075806617736816	2.0516951084136963	1.9957718849182129	1.9397726058959961	1.8835561275482178	1.8270303010940552	1.7692642211914063	1.7103294134140015	1.6502937078475952	1.5896542072296143	1.5273780822753906	1.4633187055587769	1.3968236446380615	1.3288435935974121	1.2605081796646118	1.1928954124450684	1.1270123720169067	1.0638151168823242	1.0042706727981567	0.94924640655517578	0.89980900287628174	0.85597312450408936	0.81774759292602539	0.78438436985015869	0.75668388605117798	0.73430502414703369	0.71670645475387573	0.7028852105140686	0.69143950939178467	0.68178391456604004	0.67360258102416992	0.66666626930236816	0.660858154296875	0.65568846464157104	0.65124315023422241	0.64756453037261963	0.64448750019073486	0.6418500542640686	0.63953554630279541	0.63730353116989136	0.6349833607673645	0.63285368680953979	0.63090544939041138	0.62912273406982422	0.62747901678085327	0.62591356039047241	0.62438583374023438	0.62285858392715454	0.62121564149856567	0.61933457851409912	0.61743181943893433	0.61547118425369263	0.61341172456741333	0.61083310842514038	0.60779976844787598	0.60453343391418457	0.60123485326766968	0.59811186790466309	0.59521216154098511	0.59260553121566772	0.59037846326828003	0.58858418464660645	0.58734416961669922	0.58660942316055298	0.58630597591400146	0.58641248941421509	0.58693838119506836	0.58779352903366089	0.58888143301010132	0.59012073278427124	0.59143310785293579	0.59277600049972534	0.59412533044815063	0.59544259309768677	0.59669482707977295	0.59784626960754395	0.59888982772827148	0.59978169202804565	0.60054481029510498	0.60118842124938965	0.60171616077423096	0.60213726758956909	0.60246551036834717	0.60271674394607544	0.60290861129760742	0.60304689407348633	0.60313743352890015	0.60318505764007568	0.60319668054580688	0.60318166017532349	0.60315048694610596	0.60311204195022583	0.60307520627975464	0.60303539037704468	0.6029924750328064	0.60294991731643677	0.60291111469268799	0.60288542509078979	0.60287731885910034	0.60289216041564941	0.60293370485305786	0.60300981998443604	0.60313034057617188	0.6033053994178772	0.60353541374206543	0.60382455587387085	0.60417479276657104	0.60459327697753906	0.60508811473846436	0.60567498207092285	0.60636645555496216	0.60718733072280884	0.60814088582992554	0.60922622680664063	0.61050665378570557	0.6125035285949707	0.61495524644851685	0.617484450340271	0.619911789894104	0.62225997447967529	0.62456434965133667	0.62681841850280762	0.62900733947753906	0.63112378120422363	0.63316529989242554	0.63512837886810303	0.63701528310775757	0.63882428407669067	0.64055866003036499	0.64222192764282227	0.64381641149520874	0.64534533023834229	0.64681077003479004	0.64821404218673706	0.649555504322052	0.65083587169647217	0.65205854177474976	0.65322732925415039	0.65434122085571289	0.65540927648544312	0.65642267465591431	0.65739232301712036	0.65832304954528809	0.65921711921691895	0.66008031368255615	0.6609157919883728	0.6617310643196106	0.66253107786178589	0.66332536935806274	0.66411912441253662	0.6649162769317627	0.66571450233459473	0.66650915145874023	0.66729223728179932	0.66805505752563477	0.66879373788833618	0.66950267553329468	0.67018139362335205	0.67082929611206055	0.67144650220870972	0.67203640937805176	0.67260044813156128	0.67314046621322632	0.67366212606430054	0.67416679859161377	0.67465853691101074	0.67514008283615112	0.67561584711074829	0.67607343196868896	0.67652642726898193	0.67697936296463013	0.67743444442749023	0.67789196968078613	0.67834937572479248	0.67880475521087646	0.67925631999969482	0.67970114946365356	0.68013733625411987	0.68056392669677734	0.6809806227684021	0.68138712644577026	0.68178266286849976	0.68216782808303833	0.68255007266998291	0.68293440341949463	0.68331950902938843	0.68370485305786133	0.68409091234207153	0.68447661399841309	0.68486219644546509	0.68524521589279175	0.68562710285186768	0.68600797653198242	0.68638581037521362	0.68676102161407471	0.68713474273681641	0.68750524520874023	0.68787240982055664	0.68823790550231934	0.68860030174255371	0.68896108865737915	0.68932044506072998	0.689677894115448	0.69003474712371826	0.6903914213180542	0.69074803590774536	0.69110655784606934	0.69146609306335449	0.69182968139648438	0.69219744205474854	0.69257044792175293	0.69295072555541992	0.69334006309509277	0.69373887777328491	0.69415009021759033	0.69457423686981201	0.69501411914825439	0.69547224044799805	0.69594937562942505	0.69644880294799805	0.69697213172912598	0.6975213885307312	0.69809883832931519	0.69870716333389282	0.69934803247451782	0.70002275705337524	0.70073431730270386	0.70148348808288574	0.70227235555648804	0.70310240983963013	0.70397442579269409	0.70489132404327393	0.70585262775421143	0.7068597674369812	0.70791304111480713	0.70901346206665039	0.71016013622283936	0.71135389804840088	0.71259391307830811	0.71388006210327148	0.71521192789077759	0.71658986806869507	0.71801227331161499	0.71947884559631348	0.72098797559738159	0.72253930568695068	0.72413289546966553	0.72576612234115601	0.72743922472000122	0.72915077209472656	0.73089998960494995	0.73268544673919678	0.73450607061386108	0.73636239767074585	0.73825430870056152	0.74018126726150513	0.7421422004699707	0.74413782358169556	0.74616622924804688	0.7482268214225769	0.75031906366348267	0.75244200229644775	0.75459486246109009	0.75677752494812012	0.75898975133895874	0.76123064756393433	0.76350080966949463	0.76580250263214111	0.76813673973083496	0.77050471305847168	0.77290630340576172	0.77534133195877075	0.77781021595001221	0.78031349182128906	0.78285259008407593	0.78542435169219971	0.78802764415740967	0.79066407680511475	0.79333436489105225	0.79603898525238037	0.79877865314483643	0.80155467987060547	0.80436766147613525	0.80721837282180786	0.81010812520980835	0.81303912401199341	0.81601297855377197	0.81903111934661865	0.82209640741348267	0.82521039247512817	0.82837420701980591	0.83158981800079346	0.83485889434814453	0.83818095922470093	0.84155893325805664	0.84499377012252808	0.84848642349243164	0.85203802585601807	0.85565286874771118	0.85933226346969604	0.86308133602142334	0.86690431833267212	0.87080365419387817	0.87478232383728027	0.8788456916809082	0.88299572467803955	0.88723587989807129	0.89156860113143921	0.89599639177322388	0.9005247950553894	0.90515834093093872	0.90990078449249268	0.91475802659988403	0.91973084211349487	0.92481088638305664	0.92997229099273682	0.93521523475646973	0.94054234027862549	0.94595497846603394	0.95142346620559692	0.95693701505661011	0.96249580383300781	0.96809697151184082	0.97374236583709717	0.97943061590194702	0.98516130447387695	0.99093806743621826	0.99676001071929932	1.00262451171875	1.0085254907608032	1.0144575834274292	1.0204163789749146	1.0263922214508057	1.0323823690414429	1.0383875370025635	1.0444107055664063	1.0504567623138428	1.0565266609191895	1.062618613243103	1.0687301158905029	1.0748531818389893	1.0809831619262695	1.0871138572692871	1.0932410955429077	1.0993551015853882	1.1054568290710449	1.1115548610687256	1.1176548004150391	1.1237666606903076	1.1299015283584595	1.1360694169998169	1.1422765254974365	1.1485221385955811	1.1548036336898804	1.1611168384552002	1.16745924949646	1.1738274097442627	1.1802229881286621	1.1866440773010254	1.1930917501449585	1.1995698213577271	1.2060806751251221	1.2126309871673584	1.2192215919494629	1.2258583307266235	1.2325420379638672	1.2392728328704834	1.2460553646087646	1.2528907060623169	1.259783148765564	1.2667382955551147	1.273760199546814	1.280854344367981	1.2880232334136963	1.295269250869751	1.302593469619751	1.3099966049194336	1.3174774646759033	1.3250395059585571	1.3326828479766846	1.3404110670089722	1.3482213020324707	1.3561193943023682	1.3641023635864258	1.3721693754196167	1.3803242444992065	1.3885747194290161	1.3969238996505737	1.405377984046936	1.4139418601989746	1.4226206541061401	1.4314210414886475	1.440349817276001	1.449414849281311	1.4586257934570313	1.4679923057556152	1.4775209426879883	1.4872156381607056	1.49704909324646	1.5070326328277588	1.5171868801116943	1.5275309085845947	1.5380814075469971	1.5488516092300415	1.5598485469818115	1.571080207824707	1.5825517177581787	1.5942690372467041	1.6062372922897339	1.6184561252593994	1.6309309005737305	1.6436667442321777	1.6566609144210815	1.6699084043502808	1.6834055185317993	1.6971490383148193	1.7111456394195557	1.7254085540771484	1.7399452924728394	1.7547657489776611	1.7698782682418823	1.7852863073348999	1.8010016679763794	1.8170417547225952	1.8334202766418457	1.8501499891281128	1.86723792552948	1.884691596031189	1.9025131464004517	1.9207165241241455	1.9393028020858765	1.9583239555358887	Crank Angle (Degrees)


Cylinder Pressure (Bar)




Indicated Power (HP)
Power (BHP)	15500	15000	14500	14000	13500	13000	12500	12000	11500	11000	10500	10000	9500	9000	8500	8000	7500	7000	6500	6000	5500	5000	4500	4000	126	127	128.80000000000001	128	127	123	116	114	106	102	95	90	85	80	74	67	58	54	49	43	36	34	30	25	Wave Power (HP)	3000	4000	5000	6000	7000	8000	9000	10000	13000	14400	18.221950531005859	27.272010803222656	32.498638153076172	46.423599243164063	63.931961059570313	72.367568969726563	92.258811950683594	95.010871887207031	117.59529876708984	122.54530334472656	Supercharger (5.0)	3000	4000	5000	6000	7000	8000	9000	10000	13000	14400	30.213249206542969	47.443359375	62.177539825439453	80.15191650390625	98.513328552246094	110.88700103759766	127.78639984130859	138.83779907226563	174.42359924316406	185.97230529785156	RPM

Power (HP)



Supercharged Cylinder Pressure 
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Cylinder Pressure (Bar)


Power with supercharger and 8:1 compression ratio

8:1 BHP	3000	4000	5000	6000	7000	8000	9000	10000	13000	14400	28.523160934448242	44.187530517578125	57.261089324951172	74.387893676757813	90.301856994628906	100.84919738769531	115.27860260009766	123.44940185546875	151.61349487304688	159.85020446777344	RPM


Power (BHP)




Cylinder Pressure data with 8:1 compression Ratio
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Clipboard Font paragraph Styles Edting Voice __Sensitvty ‘The next aim would be to run the motion simulation using the cylinder pressure data that
was generated via WAVE. Once this was complete, the WAVE model can be taken forward Ricardo Wave
to the main aim of this project, implementing in forced induction onto the standard
engine and modiffing the model so that it could potentially run in real conditions. TANDARD ENGINE
Once the WAVE model has the forced induction implemented in, the data from this that ADDING IN THE SUPERCHARGER
is generated can then be used in the CAD motion simulation, with this the FEA on both
the connecting rods with the standard force and forced induction force can be compared
to see the difference and how the standard connecting rod would survive with the FEA with Supercharged Pressures
increased pressure and resultant force from this when forced induction is used.
‘The final aim from this simulation would be to suggest potential improvements, if needed,
to the original connecting rod to allow i to deal with the additional cylinder pressure data
that would occur when the forced induction is implemented.
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-3.1|Base Creation - |Complete | 06/01/2020| 17/01/2020|
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