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Abstract
This document reports upon the research, methodology, testing, FEA results and design evaluation behind the revere engineering processes applied to the connecting rod from the KTM RC250GP engine, run in the World Moto3 championship by Kiefer Racing. 
This connecting rod is originally designed by PANKL Racing systems for use in a single cylinder high performance engine reaching 14000rpm. This project has been completed with the partnership with SymCirrus Motorsport in the British Superbike Motorstar GP Championship. The role given to the author is to design and test a lighter connecting rod for theoretical application.
The design task given includes a study in order to establish the benchmark with which the original PANKL steel rod has been designed to, and how changing the material will affect this. 
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[bookmark: _Toc39172399]Introduction
With a demand for more efficient engines and lightweight components in motorsport, it is vital to use materials which are lower in density and not sacrificing their strength properties. Reducing the mass of rotational and reciprocating engine components can have a positive effect on vehicle acceleration and deceleration.
Reducing the mass of a connecting rod can improve the acceleration of a motorcycle through the reduction in mechanical losses of power in multiple forms. A very effective way of changing the mass of any component is to change the material which can be done relatively quickly and effectively with the use of computational methods. Using FE analysis within Solidworks and motion simulation in order to simulate the forces from inertial loads and gas force, also taking into consideration the over-revving during downshifts. The fatigue life of the connecting rod will be an important factor of design including the rod displacement due to the geometric constraints within the engine.
The forms in which mechanical power losses can be reduced begins with the power lost from inertial mass and the energy lost from changing direction during the 720° 4-stroke cycle. Another form of power loss comes in the form of friction between the piston skirt and cylinder wall. Lastly, by reducing the reciprocating mass on the connecting rod this will in turn put the engine out of balance in terms of vibration. This results in the need to remove material from the balance shaft if necessary, to further reduce the rotational components inside the engine. 
With less mass, the components inside the engine will have an easier life with less force being exerted to them. Therefore, allowing to save important funds for use elsewhere and saving precious time in the rebuilding of critical engine components, these are all key factors to the main goal in racing when it comes to engine development, £’s per second per lap. 

[bookmark: _Toc39172400]Project Aims
· Find benchmark for current connecting rod using hand calculations
· Make motion simulation to see the impact of weight reduction
· Model the crank mechanism assembly
· Define connecting rod fatigue safety factors
· Complete FEA study on standard design using steel 4340 and Super TIX-51 AF
· Optimise the standard design to keep to the same displacement and safety factor
· Correct the balance shaft mass to reduce vibration
[bookmark: _Toc39172401]Literature Review
[bookmark: _Toc39172402]Reciprocating Engines
A reciprocating piston engine is a widely used powertrain solution in the 21st century. This type of engine configuration is predominantly used in Compression Ignition and Spark Ignition powertrain solutions. Both of these 2 engine configurations consist of these parts which convert reciprocating motion to a rotational output motion from the crankshaft: cylinder, piston, piston rings, gudgeon pin, connecting rod, shell bearings, connecting rod bolts and a crankshaft. 
The component in question which the author has been tasked to improve the mass properties of, is under constant strain from the way in which it is interacting with the piston and crankshaft, linking the 2 different types of motion. 
[bookmark: _Toc39172403]Connecting Rod Assembly
A connecting rod has a primary function to transfer the force exerted on the piston by the gas force created in the cylinder to the crankshaft to go from a reciprocating motion to the rotating motion seen at the final output origin, namely the rear sprocket on a motorcycle. These 2 areas can be seen in Figure 1. The connecting rod links the piston to the crankshaft. The upper end has a hole in it for the piston wrist pin and the lower end (big end) attaches to the crankshaft. It is under tremendous stress from the reciprocating load of the piston. With every rotation, it is stretched and compressed and the load increases to the third power with increasing engine speed. (Gopal G & Uma Maheshwara Rao M, 2017)
[bookmark: _Ref37174237][bookmark: _Toc39172484]Figure 1 Connecting Rod Assembly











[bookmark: _Ref37353631][bookmark: _Ref37353636][bookmark: _Toc39172404]Crank Mechanism Kinematics
The crank mechanism works as a complete assembly, therefore can be expressed as a derived equation using Figure 2 for reference. This is applicable to the KTM RC250GP as the centre line from the crankpin to the centre of the gudgeon pin are not offset and are vertical when at true TDC. R
θ
L
ϕ
S
[bookmark: _Ref37181555][bookmark: _Toc39172485]Figure 2 Crank Mechanism Kinematics
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Given that rod length (L) and connecting rod length (R) remain constant, the following relationship is given as:

To eliminate OBnew:



Now combining above equations:
[bookmark: _Toc39172529]Equation 1 Piston Displacement

Furthermore, we know that:

This eliminates rod angle, allowing piston displacement to be written in respect to crank angle theta:
[bookmark: _Toc39172530]Equation 2 Piston Displacement in respect to theta

Differentiating piston displacement to give velocity in respect to crank angle theta:
[bookmark: _Toc39172531]Equation 3 Piston Velocity in respect to theta

To convert piston velocity from meters per degree to m/s which is in respect to time:
[bookmark: _Toc39172532]Equation 4 Piston Velocity in respect to time

Piston Acceleration is found by differentiating piston velocity once further: 
[bookmark: _Ref37249543][bookmark: _Toc39172533]Equation 5 Piston Acceleration in respect to time per degree of crank angle

Noting the following:




[bookmark: _Toc39172405]Connecting Rod Loading
A connecting rod is subject to two large forces during a 4-stroke cycle, these are from the crank mechanisms inertial mass and from the opposing gas force which is apparent during the combustion process occurring after TDC to avoid knock symptoms. The force which the connecting rod experiences range from high compressive loads because of combustion, to high tensile loads because of inertia (PS, 2005). 
[bookmark: _Toc39172406]Inertia Force
The acceleration and deceleration of the reciprocating power-transfer components generate inertia forces. The inertia force components are identified as inertial forces of the 1st, 2nd, 4th order, depending upon their rotational frequencies, relative to engine speed (Nigus, 2015). The inertia force is to be defined by the mass of the reciprocating assembly as this is dictated by newtons second law (McDonald, 2020). 
[bookmark: _Toc39172534]Equation 6 Newton's second law

In the case of the model shown in Figure 2, F=Inertia Force. Therefore using Equation 5 which governs piston acceleration in place of ‘a’ in Newton’s second law, inertia force can be written as:
[bookmark: _Ref37355170][bookmark: _Toc39172535]Equation 7 Inertia Force

As mentioned in Nigus’ journal, the inertia force components are comprised of 1st and 2nd order forces due to their rotational frequencies caused by the ratio of R/L.
[bookmark: _Toc39172536]Equation 8 1st Order piston acceleration term

[bookmark: _Toc39172537]Equation 9 2nd Order piston acceleration term

This allows the author to examine the inertia load on the connecting rod over the 720° 4-stroke cycle, this will be further developed in the methodology section. 

[bookmark: _Toc39172407]Gas Force
The rise in pressure due to combustion causes a reaction force in an axial direction to the connecting rod towards the crank pin. Gas force is generated by the fuel combustion acting on the piston to be transferred to the crankshaft by connecting- rod through the expansion stroke: therefore during the complete cycle they depend on the crankshaft position (Nigus, 2015). This is an indication that the force can be easily identified but must be resolved with respect to the rod angle phi as demonstrated in Figure 2 when it is combined to form the net force which the rod is experiencing during the cyclic varying load. 
The compression force due to combustion pressure, and the inertial tensile force, may be estimated with traditional approaches (Strozzi A, 2015). 
[bookmark: _Ref37257486][bookmark: _Toc39172486]Figure 3 Triumph 675R Cylinder Pressure v Crank Angle (Williams O, 2020)










Cylinder gas pressure measured using a quartz pressure transducer demonstrated in Figure 3, shows the relationship between cylinder pressure and crank angle, with peak cylinder pressure of a high-performance motorcycle occurring ATDC. This peak pressure does not always occur at max rpm, this is a misconception and true peak cylinder pressure is found by looking at pressures across all rpm data sites (McDonald, 2020). With a method for locating peak rpm identified, the gas force is calculated as followed, noting cylinder pressure must be in N/m2 and bore area in meters: 
[bookmark: _Ref37351387][bookmark: _Toc39172538]Equation 10 Gas Force


[bookmark: _Toc39172408]Lightweight Material Connecting Rods
Reducing the mass of a connecting rod is a form of component optimisation which can have 2 main impacts, the financial benefits due to the reduction in material which is required and the performance benefits. The KTM RC250GP is a prototype limited run of motorcycles therefore the reduction in cost of manufacturing and materials of the connecting rod is not the primary objective. In this scenario the aim is to increase vehicle performance and acceleration, therefore exotic materials can be utilised such as Titanium. Connecting rods made of light-weight titanium rods can reduce the reciprocating mass of the engine significantly for faster throttle response and higher rpms, but at a cost of up to $1000 or more per rod (Carley, 2007). This statement made by Carley is validated by the mass density of titanium as opposed to steel being on average for different titanium alloys 50% less.
Steel is normally used for construction of automobile connecting rods because of its strength, durability, and lower cost. But they have high mass density and make the crank shaft heavy. This limits the speeds of the engine. Therefore, light alloy metals such as aluminium and titanium are currently being used in high speed engine connecting rods (Gopal G & Uma Maheshwara Rao M, 2017). 
According to this quote by Nippon Steel & Sumitomo Metal Corporation during a press release in 2014, “reducing the weight of the connecting rod contributes to overall reduction in weight and horsepower loss of the engine”. The way in which power is increased is not through an increase in rpm as the championship which the KTM prototype is part of has a prescribed rpm ceiling of 14000rpm, therefore in this scenario the reduction in power losses will come from the reduced effort which the crankpin will experience when trying to rotate the assembly. The balance shaft in the KTM RC250GP is designed to reduce the unbalanced reverse vector force which cannot be cancelled out with the counterweights on the crankshaft. Therefore, with a lower combined rotating section of the connecting rod the balance shaft mass can be reduced to accompany this change and eliminate any vibrations introduced by unsettling the inertial forces which the anti-vibration device had been previously designed for. 
Any steps that can be taken to reduce load inertia will usually help the resonance problem; however, most machine designers work hard to minimize load inertia for non-servo reasons: cost, peak acceleration, weight and structural stress (Ellis, 2012). This statement is referring to the fact that reducing the moment of inertia governed by the connecting rod, will in-turn reduce the load inertia which results in less of the torque produced from the gas pressure during combustion being used to force the rotating mass to change direction, opposing the centrifugal force caused by the rod.  

[bookmark: _Toc39172409]Super TIX-51AF Material
NSSMC has adopted their recently developed Ti-based alloy for use within the high-end automotive industry, in the form of Yamaha Motor Company being supplied with titanium connecting rods for the 2015 R1 and R1M models. According to Nippon Steel, it has approximately 50% higher specific strength than other commonly used materials for motorcycle connecting rods such as 4130 alloy steel. [bookmark: _Toc39172487]Figure 4 Super TIX-51AF tensile strength against elongation (Nippon Steel, 2015)








These connecting rods are fracture split, however, this is not a feasible option naturally considering the young’s modulus being much lower than that of steel, therefore doesn’t have the brittle properties required to split cleanly preventing further machining. The following statement from Kevin Cameron in an article about this pressing issue sheds light on the solution found by Nippon Steel’s engineers, “by using a two-phase titanium alloy (one containing two different crystal habits, alpha and beta), Kubota and Yamagata had their choice of two manifestations of the lesser of the phases: 1) an “equiaxed” form that has high strength and elongation; and 2) an “acicular” form that is more brittle and less strong” (Cameron, 2014).

[bookmark: _Toc39172410]FEA Utilisation
The package available to the author is Solidworks, a solid body CAD and CAE package made by Dassault Systémes. Due to student restrictions, this software is what the author will utilise for FEA studies.
From multiple sources such as (Shenoy, 2004) and (Debayan Das, 2015) it is clear to the author that using an FEA package to accelerate the optimisation of the connecting rod once benchmark design parameters have been identified is a tool worth using. Although the results seem to be positive in Shenoy’s study, the program used is an alternative package which the author does not have access to, this presents an issue in correlating results, however the techniques for loading and fixtures can be shared by the author to further the accuracy of results obtained. 
According to (Ashish Kumar, 2018), the method used is incorrect in terms of how the load has been applied and the author has sought out to not make this mistake and use just the upper part of the connecting rod and exclude the rod cap like Ashish has done. This does not allow for the part interaction between the rod and cap, therefore not representing a true model scenario. 

[bookmark: _Toc39172411]Outcomes of Literature Review
From the review of literature available to the author on the subject in hand, a plan of methodology which is to run alongside the initial project plan has been devised to monitor progress and have as reference for iterative optimisation.[bookmark: _Toc39172557]Table 1 Methodology plan of action



[bookmark: _Toc39172412]Methodology
[bookmark: _Toc39172413]Engine Strip and Geometry Measurements
SymCirrus Motorsport kindly gave the author free reign of 2 RC250GP engines, therefore dismantling began with the target to remove the piston, gudgeon pin, connecting rod, bolts and crankshaft. 
The target was met through professional practice and following the instructions given by workshop technician Paul in order to split the vertically separating aluminium main engine case. This was carried out using a 2-tonne hydraulic press with wood blocks to prevent damage to the expensive engine casings. Removing the engine components stated above allows the author to accurately measure the engine geometry and masses required for creating the crank mechanism excel model, these values can be seen in Table 2.

[bookmark: _Ref37341761][bookmark: _Toc39172558]Table 2 Engine geometry dimensions and component masses


[bookmark: _Toc39172488]Figure 5 Engine mid strip down











[bookmark: _Toc39172414]Data Analysis for Max RPM 
The author has used transferable skills developed during the 2019 race season to enable fast processing of data with a Min/Max table in 2D data acquisition program to identify the maximum rpm used by the rider during a race, this is critical in carrying out calculations at the correct rpm so that the connecting rod is not under an unexpected inertial load from increased engine speeds. Thruxton circuit in Britain does not have any hard breaking points therefore the author found the maximum rpm to be in-fact when the rider entered a corner and carried the curb, this technique of taking the corner can cause the tyres to lose contact with the asphalt causing a brief spike in engine speed. This resulted in a maximum of 13,896rpm being found during the race. 
[bookmark: _Toc39172489]Figure 6 Thruxton Race Data











To eliminate the error of the connecting rod being design for an rpm which is lower than what the bike is capable of, Donnington Park race data has found to yield a result of 14,136rpm due to heavy downshifts entering the final turn.
[bookmark: _Toc39172490]Figure 7 Donnington Park Race Data

[bookmark: _Ref37350306][bookmark: _Toc39172415]Engine Power and Force Model for Peak Gas Pressure
Cylinder pressure data provided for a Triumph 675R has been manipulated to be used for the gas force calculation used in the connecting rod compression loading scenario. The Triumph 675R has a peak cylinder pressure of 81.92bar at 13500rpm. To estimate the peak cylinder pressure of the 250cc KTM engine, the author has used a multiplication factor of 11.5%. This factor is a calculated assumption using the following method given by (McDonald, 2019).
[bookmark: _Toc39172559]Table 3 Parameters in KTM RC250GP Cylinder Pressure Estimation Calculation








To get the power after friction to match with the power produced by the KTM from a dyno chart provided by Kiefer Racing, an assumptive trial and error approach was taken to find that by multiplying the cylinder pressure by 11.5% it would over a cycle produce the power made by the KTM and have a peak cylinder pressure of now 91.35bar. The compression ratio of 14.5:1 is a limiting factor in this as this high compression ratio indicates that the cylinder pressure must not be too high due to knock and pre-detonation symptoms. Using the method stated above to estimate the peak cylinder pressure has introduced an assumptive region the theory, however many sources available to the author including John B. Heywood’s Internal Combustion Engine Fundamentals state, a 4-stroke petrol production engine peak cylinder pressure will range from 1000psi to 1500psi for a race engine. This translates to a range of 69bar to 105bar, thus the value of peak cylinder pressure assumed for the KTM race engine is within range of the true value. 
[bookmark: _Toc39172416]Connecting Rod Loading Conditions from Excel Model
Utilising the cylinder pressure data manipulated in Section 4.3 of this report, a full excel 720° model including the following items which have been calculated: 
· 
· Gas Force
· Rod Angle
· Piston Position
· Piston Acceleration
· Inertia Force
· Net Rod Force
· Torque
· Power
[bookmark: _Toc39172417]Gas Force
Referring to Equation 10 for gas force, the following value is identified as the maximum gas force which the piston will experience therefore is to be used as the parameter in the compressive force which the connecting rod is subject to: 
[bookmark: _Toc39172539]Equation 11 Peak Gas Force with values


[bookmark: _Toc39172418]Rod Angle
[bookmark: _Toc39172540]Equation 12 Rod Angle

The rod angle phi has be indentified in order to resolve the force which is tranferred from the piston head to the connecting rod, in this scenario the rod force will be resolved in respect to the rod angle in radians as this is what excel has as a primary input. 

Piston position, acceleration and inertia force are calculated using the equations defined in Section 2.3 governed by the crank mechanism kinematics.
[bookmark: _Ref38722878][bookmark: _Toc39172419]Connecting Rod Force
Using Equation 7 which defines the inertia force, the net force which is caused by the inertia and gas force combined can be given as a function where the force is assumed to be acting in the Y axis at all times and not at the rod angle phi which yields more accurate results. 
[bookmark: _Ref37429435][bookmark: _Toc39172541]Equation 13 Net rod force

[bookmark: _Toc39172542]Equation 14  Resolved net rod force for rod angle phi

Fnet rod resoled force provides the author with a fluctuating load on the connecting rod, a maximum positive and maximum negative force are labelled, from the relationship above causing the negative to be the inertia tensile force whilst the positive higher value is the compressive force.

Graph 1 shows the result of this calculation over the 720° of a full 4-stroke cycle, as highlighted the highest compressive force is when the cylinder pressure is at its peak and inertial force is from the acceleration of the reciprocating assembly mass putting a tensile stress on the connecting rod shank. These values will be used in the next section of this report to validate the force which is seen during the motion simulation to export these loads to the FEA in Solidworks.


[bookmark: _Ref37413156][bookmark: _Toc39172525]Graph 1 Fnet on rod resolved














To find the baseline fatigue safety factor for different areas of the connecting rod, the force acting at different cross-sectional areas must be found to ensure the rod is designed to not fail. This required the user to model the connecting rod in Solidworks accurately to measure the cross-sectional area and mass acting on this area.  

[bookmark: _Toc39172420]CAD Modelling of Components
To complete a motion simulation of the crank mechanism, the following components have been created accurately using traditional engineering measuring techniques as an accurate 3D can was not available to the author. These traditional techniques and tools include:
· 
· Set square
· Vernier caliper
· Internal and external micrometer
· Radius gauge
· Digital angle protractor
· Accurate scales


[image: ]The items below were made by the author and validated using the mass of the physical components compared to that of the CAD model, this is vital in yielding correct motion simulation results to use later in the study.  
[bookmark: _Toc39172560]Table 4 Crank and Piston Assembly Mass Validation
[bookmark: _Toc39172491]Figure 8 Gudgeon pin CAD model
[bookmark: _Toc39172492]Figure 9 Piston CAD model
[bookmark: _Toc39172493]Figure 10 Crankshaft CAD model
[bookmark: _Toc39172494]Figure 11 Rod bolt CAD model

[bookmark: _Toc39172421]Connecting Rod Modelling
As the connecting rod is the critical part being the subject of a reverse engineering exercise the accuracy of the critical fillets and measurements were paramount. Using a radius gauge the radius joining the shank to the little-end of the rod and adjoining fillet at the big-end are found, these are where stress concentrations will be and examined further during the FEA process. Mass validation shown in Table 4 is within a 5% range which is widely deemed as within tolerance.[bookmark: _Toc39172495]Figure 13 Original connecting rod technical drawing
[bookmark: _Toc39172496]Figure 13 Original Connecting rod CAD model













[bookmark: _Ref37423534][bookmark: _Toc39172561]Table 5 Connecting rod and cap mass validation


Once the CAD models had been made of the components and accurately validated, the author utilised the excel model made to calculate force and stress on the connecting rod at 3 given areas including the safety factor to a confined section of the connecting rod. 

[bookmark: _Ref38889037][bookmark: _Ref38889101][bookmark: _Toc39172422]Refined Connecting Rod Forces and Stress
There are 3 areas of concern for a connecting rod during the design are defined by the author to be at the radius at point A joining the shank to the little-end, radius at point C joining the shank to the big-end and the shank itself at point B due to its I beam nature of having the lowest surface area with large force acting upon it during firing causing a buckling effect if not taken into consideration. The specific sections for defining safety factors and stress the connecting rod is subject to are shown in Figure 13. The purpose of calculating the stress at points A, B and C is to find to further validate the FEA results carried out later in this report. [bookmark: _Ref37424607][bookmark: _Toc39172497]Figure 14 Connecting rod sections of analysis
A
C
B










Using the force found in the excel model for the entire connecting rod, this has been refined and localised with only the inertia of the mass acting on that section of the connecting as shown in the method below:
[bookmark: _Toc39172423]Point A

[bookmark: _Toc39172498]Figure 15 Connecting rod Point A cross section
Area = 172mm2
[bookmark: _Toc39172562]Table 6 Mass acting on point A of connecting rod for inertia calculation

[bookmark: _Toc39172424]Point B
[bookmark: _Toc39172499]Figure 16 Connecting rod Point B cross section
Area = 70.41mm2

[bookmark: _Toc39172563]Table 7 Mass acting on point B of connecting rod for inertia calculation






Point C
[bookmark: _Toc39172500]Figure 17 Connecting rod Point C cross section
Area = 131.14mm2
[bookmark: _Toc39172564]Table 8 Mass acting on point C of connecting rod for inertia calculation






Using the refined masses acting on each section of the connecting rod, the following compressive and tensile forces have been defined using Equation 7 with the relative mass for each section and to find net force using Equation 13: [bookmark: _Toc39172565]Table 9 Force and stress acting at 3 critical point of the connecting rod from excel model

With the stress now defined at points A,B and C, fatigue safety factors can be calculated therefore giving a parameter for the titanium connecting rod to adhere to, this is a gateway for the project stated in the plan, if the safety factors are not met in the FEA results of the connecting rod in SuperTIX-51AF then it must be optimised until it meets the criteria.
[bookmark: _Ref38889376][bookmark: _Toc39172425]Fatigue Safety Factors
[bookmark: _Toc39172543]Equation 15 Maximum Stress

[bookmark: _Toc39172544]Equation 16 Minimum Stress

[bookmark: _Toc39172545]Equation 17 Mean Stress

[bookmark: _Toc39172546]Equation 18 Range of Stress

[bookmark: _Toc39172547]Equation 19 Endurance Limit

[bookmark: _Toc39172548]Equation 20 Allowable Range using the Modified Goodman method


[image: ]



[bookmark: _Toc39172426]Connecting Rod FEA
An initial baseline of the current connecting rod has been firstly processed to compare the titanium counterpart design with, the FEA of the original steel 4340 design must show the trend of stress across the 3 key areas specified in the previous section of this report with >10% error allowed. 
[bookmark: _Toc39172427]Component Meshing
The author has a version of Solidworks which is performance limited as an educational level of the software, therefore the element size which worked best with the contours of the part and various thicknesses and complex shapes is a standard mesh with an element size of 1.25mm to capture the correct stress across the mesh. A mesh must have 3 elements across a surface of the part on all surfaces to capture the correct neutral axis behaviour with parts of the connecting rod going into tension and compression around the neutral axis of such elements (Lake K, 2020). 
[bookmark: _Toc39172428][bookmark: _Toc39172501]Figure 18 Connecting Rod Mesh View

 

[bookmark: _Toc39172429]Component Contacts
Contact Sets
 [bookmark: _Toc39172502]Figure 19 Contact set between connecting rod and cap












The connecting rod and cap have a contact set between them, this defines the 2 solid bodies as parts which can have impact between them but are not bonded and can separate slightly during the tensile scenario of loading where the bolt is holding the cap to the connecting rod. The contact set type is No Penetration which as stated above allows for impact and interaction between the 2 parts of the assembly but does not allow one part to penetrate the other resulting in inaccurate results. 
Bolt Connections
To ensure the bolt has the correct pre-tension and to achieve the correct axial clamping force required to keep the big-end of the connecting rod round and lastly to prevent the bolts from loosening themselves during the rotation of the crankshaft. The author has been in contact with RIBE, the manufacturer of the connecting rod bolts and got in touch with the engineer responsible for designing the bolts concluding in 1400MPa as UTS being selected. 
Thorsten Sprenger from RIBE, provided the author with the following information: [bookmark: _Toc39172566]Table 10 RIBE rod bolt strength data (Sprenger T, 2020)



Length of engagement is the length from the 2nd engaged thread to the face of the bolt mating with the cap face creating the length of engagement. 
Stiffness of the cap and bolt are defined using the following equation:


[bookmark: _Toc39172503]Figure 20 Cap and rod bolt stiffness










According to (BOSCH, n.d.), connecting rod bolts of high tensile strength are tightened to 90% of material yield. When the bolt has a torque applied to it to tighten and clamp the connecting rod and cap together, the bolt is subject to an axial and torsional stress from stretching and twisting due to friction between the head of the bolt and the rod cap, also friction from the thread contacts. When tightening a bolt to 90% of material yield, the axial stress is 60% of the total stress, with the remaining being torsional from the threads (McDonald M, 2019).

[bookmark: _Toc39172567]Table 11 Bolt material properties stating yield point

Knowing that 60% of the stress when tightened is axial stress, the following can be calculated:
[bookmark: _Toc39172549]Equation 21 Bolt axial Stress

[bookmark: _Toc39172550]Equation 22 Bolt axial force


To calculate tightening torque, there are 2 areas of friction which must be considered (McDonald M, 2019):
[bookmark: _Toc39172551]Equation 23 Circumferential bolt head friction force


[bookmark: _Toc39172552]Equation 24 Circumferential bolt head friction force with values


The author has used an assumptive value for the bolt head friction co-efficient as this was not in the scope of the project to define, however from a previous study carried out by the author with the guidance of McDonald, it was deemed that a value of 0.12 is acceptable in industry and is dependent on the assembly lubricant used, which in this case specified by PANKL is PLB07 Lubricant. 
The same process is completed for the threads, however, using a friction co-efficient for the threads of 0.16 as this has been provided by Thorsten Sprenger of RIBE, Thorsten stated to the author that to ensure a stable friction co-efficient the bolt must be lubricated prior to tightening to torque, further stating that the threads have a higher co-efficient as they will have less fluid on them to prevent from assembling the cap to the rod with just torque and not enough friction causing self-loosening bolts. 
[bookmark: _Toc39172568]Table 12 Bolt forces for tightening torque






[bookmark: _Toc39172553]Equation 25 Circumferential thread friction force with values

To overcome this friction force with an applied torque, the following moments of circumferential force is calculated: 
[bookmark: _Toc39172554]Equation 26 Resisting torque for bolt head


[bookmark: _Toc39172555][image: ]Equation 27 Resisting torque for threads



Applying this to the FEA model has been done by using a Bolt Connector as a feature included within Solidworks:

[image: ]





[bookmark: _Toc39172504]Figure 21 Bolt Connector in Solidworks





[bookmark: _Toc39172430]
Fixtures and Constraints
Bearing support
To prevent the little-end and big-end of the connecting rod from experiencing deformations which are not correlated with the real scenario, a bearing support has been used. This simulates the use of a plain shell bearing support in the lower part of the rod and a bronze bush in the little end as a press fit. This type of fixture has been used by the author as an assumptive solution to the issue which was occurring in early iterations of the FEA.
Fixed Geometry
This ensures the model did not require inertial relief, which is a feature in Solidworks that can be used when there is an imbalance of forces applied in a particular axis or direction, thus creating an unwanted free movement which causes inaccurate FEA results. This type of results can be seen in (Gautam & Ajit, 2013) study.
After several experimental models and simulations completed, the correct fixtures placement has been found to be a different position for tensile loading and compressive scenario. This is due to the nature of how the connecting rod is pin jointed at each end. 
[bookmark: _Toc39172431][image: ]Steel 4340 Material Properties[bookmark: _Toc39172569]Table 13 Steel 4340 Material Properties





[bookmark: _Toc39172432]Tensile and Compressive FEA Loading
[bookmark: _Toc39172505]Figure 22 Compressive Loading on Connecting Rod FEA
[bookmark: _Ref38723785][bookmark: _Toc39172506]Figure 23 Tensile Loading on Connecting Rod FEA












The loading applied is defined in section 4.4.3 as the Tensile force of 17378.57N, this force is applied at both ends of the connecting rod due to being pin jointed so a reaction of the same force acts at both ends. This force is applied as a Remote Load at a local co-ordinate system created at the centre of both circular ends of the rod. Illustrated in Figure 20 as a highlighted blue arc on each face which the load is being applied to, shows the bearing load faces which will be in contact with the crank pin at the big-end pulling down and the gudgeon pin pulling up on the little-end.
(Fatemi, 2005) in a report discussing the optimization of a connecting rod for mass reduction states that the applied load for tensile scenario is to be applied at the centre of mass, this was done by the author, however the results yielded did not fall within the 10% error margin allowed by the author, this led to the bearing load applied illustrated in Figure 20.
The Compressive force defined in section 4.4.3 of 30079.64N has been applied to the big-end of the connecting rod in the direction of the little-end and the opposite is applied to the little-end force to create a compressive scenario mimicking the contact between the crank pin, gudgeon pin and connecting rod during firing.


[bookmark: _Toc39172433]Results of Baseline Steel PANKL Connecting Rod FEA
Initially a validation of the FEA was carried out, the hand calculations which have formed an excel model for FEA correlation has provided the author with tensile and compressive stresses at theoretical plane points on the connecting rod as illustrated in section 4.6. With the calculated stress and Solidworks FEA results, a fatigue safety factor for the 3 positions has been defined. These FSF have been found using the Modified Goodman approach shown in section 4.6.3. In a previous study carried out by the author, a Ford GTDI connecting rod was examined and the FSF at the 3 points of the connecting rod have been found therefore giving a quick comparison between a mass produced road engine component to that of a prototype race engine only designed to complete 1500km as opposed to 100,000km. 
Due to tensile and compressive stress put on the connecting rod, the rod itself is displaced in the y-axis direction in the form of stretching during the tensile scenario and compressing during firing the scenario. These displacements have been measured in the shank of the connecting rod with the smallest cross-sectional area as stated by (McDonald, 2020). Solidworks can provide a displacement plot on the connecting rod therefore has been compared to the hand calculations to further attempt to validate the FEA used to find baseline design parameters. 
[bookmark: _Toc39172434]Stress Fatigue Safety Factors
[bookmark: _Toc39172435]Point A[bookmark: _Toc39172507]Figure 24 Point A Steel FSF









[bookmark: _Toc39172436]Point B[bookmark: _Toc39172508]Figure 25 Point B Steel FSF








[bookmark: _Toc39172437]Point C[bookmark: _Toc39172509]Figure 26 Point C Steel FSF






[bookmark: _Toc39172438]Rod Displacement[bookmark: _Toc39172570]Table 14 Steel Rod Displacement





[bookmark: _Toc39172439]Shank Buckling SF
[bookmark: _Toc39172510]Figure 27 Steel Shank Buckling SF













[bookmark: _Toc39172440]Baseline Design Parameter Analysis
At points A and B on the connecting rod, σmax and σmin are not the same as this is down to a possible error with the mesh type chosen, for this to be correlated further a different FEA package must be used in order to model the scenarios more accurately. This is therefore causing an % error between the FSF calculated by the author and that from the stress solved in Solidworks. All 3 areas of the connecting rod have within an 8% of error, the author has assumed this is an acceptable margin of error and can be carried forward. It is believed to be a combination of limitations of the software and the complexity of the connecting rods geometry causing inaccuracies in the 2 sets of results. 
The Ford GTDI connecting rod is made of powder forged steel and used in a mass produced 4-wheeled designed to last 100,000km. The trend of the FSF being higher for the Ford as opposed to the PANKL 4340 forged steel is form of validation. 
These baseline design parameters are what the Titanium rod design must adhere to, if these requirements are not met then the connecting rod could fail before its duty cycle is complete from a  fatigue fail or component contact fail due to the rod shank deformation. 
[bookmark: _Toc39172441]Results of Super TIX-51AF Titanium with Original Design 
To assess the feasibility of using this titanium based alloy and where it may need re-enforcing or material removed, a new study was created using the same overall set-up as the original FEA carried out for the 4340 Steel but now with the Super TIX-51AF, however the force which the connecting rod is subject to has been changed due to the mass reduction, thus reducing the moment of inertia of the connecting rod which in turn means the tensile load is lower, this change has been calculated in the authors excel model. The adverse effect of reducing the inertia force is this creates a higher compressive force due to Equation 13 governing the net rod force resulting from inertia and gas forces. 
[bookmark: _Toc39172442]Super TIX-51AF Material Properties
[bookmark: _Toc39172571]Table 15 Super TIX-51AF Material Properties



[bookmark: _Toc39172443]New Loading Conditions



[bookmark: _Toc39172444]Stress Fatigue Safety Factors
[bookmark: _Toc39172445]Point A[bookmark: _Toc39172511]Figure 28 Point A Super TIX-51AF Original Design FSF




[bookmark: _Toc39172446]Point B[bookmark: _Toc39172512]Figure 29 Point B Super TIX-51AF Original Design FSF



[bookmark: _Toc39172447][image: ][image: ]Point C[bookmark: _Toc39172513]Figure 30 Point C Super TIX-51AF Original Design FSF


[bookmark: _Toc39172448]Rod Displacement
[bookmark: _Toc39172449][bookmark: _Toc39172572]Table 16 Super TIX-51AF Original Design Rod Displacement



[bookmark: _Toc39172450]Shank Buckling SF[bookmark: _Toc39172514]Figure 31 Super TIX-51AF Original Design Shank Buckling SF



[bookmark: _Toc39172451]Original Design Comparison of Steel 4340 and TIX-51AF
[image: ][image: ]Tensile Stress Plots[bookmark: _Toc39172515]Figure 32 Super TIX-51AF Original Design Stress Plot
[bookmark: _Toc39172516]Figure 33 Steel 4340 Tensile Stress Plot

Changing the material to Super TIX-51AF and keeping the original design allowed for a direct comparison to be carried out. The result of the reduced tensile load can be seen in the figures above highlighted. 
[bookmark: _Toc39172453]Rod Displacement
[bookmark: _Toc39172573]Table 17 Rod Shank Displacement steel vs titanium original design comparison





Due to the Young’s Modulus of the titanium-based alloy being 120GPa as opposed to the 4340 steel being 205GPa, the connecting rod shank experiences a 34% increase in tensile displacement and a 55% increase in compression displacement. The design parameters for the titanium version of the connecting rod state that the rod displacement change must be minimal, this is to prevent contact between components as aforementioned.
[bookmark: _Toc39172454]Fatigue Safety Factors
An average of the calculated FSF and those from the stress results in Solidworks has been used to compare the overall decrease over the 3 points on the connecting rod from changing the material to Super TIX-51AF.
[bookmark: _Toc39172574]Table 18 Safety factor comparison between steel and titanium for original design




[bookmark: _Toc39172455]Shank Buckling Safety Factor
The stiffness of the connecting rod changes with material due to the change in elastic properties, the higher young’s modulus indicates the steel is stiffer therefore the following stiffnesses have been used in Euler’s Buckling Theory to find the safety factor which is used in the design of the connecting rod shank. The Appendix 1shows the equation further. 
[bookmark: _Toc39172575]Table 19 Shank Buckling SF for steel and titanium in original design



The force which indicating when the rod shank will buckle decreases significantly for the titanium version of the original design again due to the lower young’s modulus for Super TIX-51AF. This type of failure in connecting rods is not very common, it is caused by the piston becoming stuck in the cylinder, thus with the crank still turning the rod is compressed. This type of scenario is caused when the piston is hydraulically locked in the cylinder by fuel or water finding its way into the area on top of the piston and can therefore not become compressed as opposed to air which can. 


[bookmark: _Toc39172456]Optimised Super TIX-51AF Design Analysis
[bookmark: _Ref38993752][bookmark: _Toc39172457]Geometry Alteration
In order to reduce the stress, which is causing the excessive rod shank displacement, the optimised titanium design has a thicker shank diameter thus increasing the cross-sectional area as can be seen in Figure 34. Original
Optimised
[bookmark: _Ref38983656][bookmark: _Toc39172517]Figure 34 Optimised connecting rod geometry change











The minimum cross-sectional area increases from 70.41mm2 to 111.96mm2. By doing so, this is increasing the stiffness of the rod shank from 88150.23N/mm to 140169.01N/mm. The stiffness increase results in a reduced amount of displacement to meet the original steel rods design parameters.
Original
Optimised
[bookmark: _Toc39172518]Figure 35 Thicker rod shank comparison between original and optimised titanium design

[bookmark: _Toc39172458]New Loading Conditions


[bookmark: _Toc39172459]Fatigue Safety Factors
The stress values are taken as results from the Solidworks FEA as these are to be compared against the Solidworks results of the original steel design and with the original design in titanium. 
[bookmark: _Toc39172460]Point A

[bookmark: _Toc39172519]Figure 36 Cross sectional area of Point A optimised titanium design









[bookmark: _Ref38991836][bookmark: _Toc39172576]Table 20 Point A connecting rod FSF comparison







[bookmark: _Toc39172461]Point B
[bookmark: _Toc39172520]Figure 37 Cross sectional area of Point B optimised titanium design







[bookmark: _Ref38997240][bookmark: _Toc39172577]Table 21 Point B connecting rod FSF comparison


 





[bookmark: _Toc39172462]Point C
[bookmark: _Toc39172521]Figure 38 Cross sectional area of Point C optimised titanium design









[bookmark: _Ref38997242][bookmark: _Toc39172578]Table 22 Point C connecting rod FSF comparison


[bookmark: _Toc39172463]Rod Shank Displacement[bookmark: _Toc39172579]Table 23 Rod Shank Displacement Comparison of all connecting rods


[bookmark: _Toc39172464]Shank Buckling Safety Factor[bookmark: _Toc39172580]Table 24 Shank Buckling Safety Factor comparison for all connecting rods

 
The optimised design has provided the author with a model to forward and use for evaluating the effect of this reduced rotational and reciprocating mass within the crank mechanism. 
[bookmark: _Ref39063023][bookmark: _Toc39172465]Mass Reduction 
[bookmark: _Toc39172466] [bookmark: _Toc39172581]Table 25 Mass Reduction Comparison






Super TIX-51AF has a density of 4430kg/m3 compared to 7850kg/m3 for steel 4340, resulting in a lighter connecting rod with additional material added which is increasing the volume, but as just stated the ratio of mass per unit of volume which in this case is kg/m3, it equates to a greater volume with less mass. The reduction in reciprocating and rotating mass is significant however predominantly the rotating assembly is where the largest benefit is seen. The author has come to conclude that this is due to the fact that the rotating mass includes the connecting rod cap which the largest mass reduction of 41% over all the components.

[bookmark: _Toc39172467]Discussion
[bookmark: _Toc39172468]Experiment Results
To validate the results of the FEA carried out along with the hand calculations in order to exclude any errors from the data or at least highlight them, physical testing had been planned to be carried out throughout March. Due to unforeseen circumstances this has not been possible, therefore a contingency plan was implemented comparing the Solidworks results to the hand calculations and making assumptions based on a percentage error >10% which is deemed as acceptable. 
The original plan to validate the experiments included:
· Hounsfield Tensometer with strain gauges
· Test Super TIX-51AF material coupons
· 3D printed final design to check for space and clearance with the crank case
· Remove, model and measure the balance shaft for alterations due to changed mass
These were not carried out, which introduces a large area of ambiguity into the study. Using a tensometer with strain gauges on the connecting rod in the specific areas studied would allow for correlation of the FEM used. From the literature available to the author it can be seen that there is very little importance seen in the physical testing to correlate with FEA and hand calculations. The author disagrees with the lack of physical validation to aid accuracy of results. 
[bookmark: _Toc39172469]Stress Analysis
The FEA performed is a static analysis which the author carried out due to software limitations, Fatemi uses ANSYS Workbench with an add-on for FE Solver, stating that “static analysis of a connecting rod can yield unrealistic stresses, whereas quasi-dynamic analysis provides more accurate results better suited for fatigue” (Fatemi, 2005). This appears to be the best software to use in order to yield accurate results.
(Londhe, et al., 2009) states Abaqus is used and the results yielded in that study are correlated using a tensometer and strain uni-axial strain gauges placed on the connecting rod shank. If the user had access to this software in future this will be the tool to be used along with the forms of stress analysis validation.



[bookmark: _Toc39172470]Mass Reduction Analysis
[bookmark: _Toc39172471]Impact on Net Rod Force
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[bookmark: _Ref39056201][bookmark: _Toc39172526]Graph 2 Net Rod Force comparison

Graph 2 illustrates the relationship between tensile force from inertia and compressive force from the gas force coming from combustion. For the Super TIX-51AF design, the mass has reduced, lowering the moment of inertia is, therefore in the graph it can be seen that inertia force is lower and this causes an increase in the net rod force during the period where the gas force is at its peak, this is explained by this equation: 

Due to the higher net rod force when the force is compressive, the chance of buckling which is indicated in the shank buckling safety factor experiment for each rod material and design is increased, thus making it a requirement to increase the safety factor in the optimised design which was successful. With a lower peak tensile force on the connecting rod when made from Super TIX-51AF, this is a positive outcome due to the titanium-based alloy having a lower UTS of 1000N/mm2 as opposed to 1110N/mm2 of steel 4340. The same can be applied to the young’s modulus as with a lower inertia force on the connecting rod during the peak tensile scenario, it allows for a material with a lower modulus of elasticity to be used. In Graph 2 it can be seen that at the point of the 720° cycle where the piston is changing direction, the force is due to inertial mass is lower therefore if the author has more time this would be explored in fatigue life of the crankshaft due to less stress due to the change in direction and force pulling on the crank pin.
[bookmark: _Toc39172472]Fatigue Life
A design parameter which the author stated early on is that the original connecting rod made form 4340 has a service life of 1500km so the rod must last this long and perform at its peak for this period of time. The safety factor which has been defined by using the Modified Goodman Method has been adhered to and therefore the new connecting rod will theoretically last the duty cycle, however this cannot be validated without physical testing to find a true fatigue life cycle for the component. 
Being unable to validate this through physical testing, (Londhe, et al., 2009) uses LMS FALANCS which is another virtual lab software with a fatigue life prediction solution available. 
[bookmark: _Toc39172473]Vehicle Performance Benefits
Vehicle acceleration and throttle response as the main benefits which come from reducing the mass of the connecting rod assembly. With the final design being 30% lighter, to quantify these improvements a motion simulation of the crank mechanism assembly was made with a 14000rpm motor and the energy consumed by this motor to turn the crankshaft mechanism assembly. This test was once again to be validated using physical testing to measure the amount of energy consumed to spin the real crank over in the case, however this could have had error involved due to the friction being different for real to motion simulation. Graph 3 illustrates the Super TIX-51AF optimised connecting rod requires less energy to keep the crankshaft rotating, therefore the connecting rod with less mass will cause less of a power to be lost from the engine. 
[bookmark: _Ref39061295][bookmark: _Toc39172527]Graph 3 Energy Consumed by Motor to compare lower mass



[bookmark: _Toc39172474]Acceleration Simulation
To give an indication of the improvement in acceleration from 0-60mph which is a common test for many race vehicles, a rectilinear motion motorcycle lap simulation created by the author has been used. Using the principles defined in Vittore Cossalter’s Motorcycle Dynamics book, the appropriate bike specification was taken from the KTM RC250R and applied to the simulation.
With 2D Data Analysis tools, the true acceleration benchmark from 0-60mph was found and can be seen in Appendix 2. Using the lap simulation tool created by the author, the equivalent mass of the motorcycle is considered to have changed during the study due to the reduction in crank assembly moment of inertia as the mass a now lower including the optimised connecting rod made from Super TIX-51AF. This moment of inertia of the complete crank assembly is found in Solidworks as seen below and compared directly to the assembly with the improved connecting rod:
[image: ][bookmark: _Toc39172582]Table 26 Moment of inertia crank assembly comparison



The time taken for the motorcycle to reach 60mph from a stationary position from the Data Logger on the motorcycle taken from an average of front and rear wheel speed is 3.85 seconds as opposed to the real motorcycle taking 3.87 seconds, this 1% error margin is acceptable to continue to evaluate the effect on vehicle performance which a lower mass connecting rod can have. 
[image: ][bookmark: _Toc39172583]Table 27 Acceleration time comparison 0-60mph


 This improvement does not seem large but over a complete lap, this could equate to a larger difference in lap times. The author would like to have been able to complete a full lap-time simulation however this was not possible as it was outside of the scope of the project and did not allocate time to complete this. However, small the 3% improvement may seem, the cost for connecting rod optimisation is commonly defined with a term called £’s per second per lap, this is how the component feasibility would be carried out, if the capital spent on the development was within an acceptable range and the time per lap was deemed to be worth the money spent, then this would be highly considered by the chief engineer as a path for development. Errors from the acceleration simulation can have been introduced from inaccurate vehicle specification measurements and limitations of the simulation itself from the governing motion equations. 

[bookmark: _Toc39172475]Reduction in balance shaft mass
From changing the rotational and reciprocating masses, this puts the engine into a state of imbalance regarding the balance shaft which is currently installed to the engine. Due to unforeseen circumstances this has not been able to be completed to its full potential however, the balance shaft mass to be used with the new connecting rod has been calculated using a method provided by Malcolm McDonald which will enable a further reduction in engine rotational mass therefore increasing power further with fewer mechanical losses. 
Considering for 100% balance in a single cylinder engine:

[bookmark: _Ref39062746][bookmark: _Toc39172556]Equation 28 100% 1st order single cylinder engine balance formula

Using Equation 28 and the reciprocating mass for the Super TIX-51AF optimised rod in section 8.6:

So, for a 1kg balance shaft:


Therefore, the mass moment of the 1kg balance shaft is:

Using the same method for the original Steel 4340 connecting rod mass, the mass moment of the original balance shaft is:

So, by reducing the reciprocating mass of the connecting rod by 9%, this results in a further reduction of the balance shaft mass moment by 9%.
This in a real scenario can be completed by simply removing material from the current balance shaft which does not create additional design work and manufacturing processes. 

To see the full illustration of this please see section in Appendix 4.



[bookmark: _Toc39172476]Piston Skirt Friction
The excel model created by the author includes the friction which is caused between the piston skirt and the cylinder walls. To further evaluate the impact of reducing the mass of the connecting rod assembly, the overall work done by the piston skirt friction for the steel 4340 connecting rod is compared to that of the Super TIX-51AF. 
[bookmark: _Toc39172584]Table 28 Piston Skirt Friction Comparison



As a positive chain of effects, reducing the rods mass has in-turn reduced the inertia which is caused by the mass and the acceleration of the piston, this causes less of a side force on the connecting rod therefore does not un-settle the piston so aggressively causing in less of a contact force between the piston skirt and cylinder walls as stated above. 
To summarise the meaning of this, by reducing the work done by the skirt friction, it is in turn reducing the power lost to this form of friction by 6%.
[bookmark: _Toc39172477]Pandemic Impact
Throughout this document, the unforeseen circumstances have been referred to briefly, however that does not cover the entire impact which this Covid-19 situation has had on the authors ability to complete this piece of work.
· Missing FEA Validation (The FEA is not correlated to a physical test which the author had planned to execute on the Hounsfield Tensometer).
· Test coupons of Super TIX-51AF were due to arrive from Nippon Steel in Japan but the author never received these coupons, 14th March the author was informed the company was operating limited services and could not assist further. To have the coupons for testing in the Hounsfield device would have enabled for accurate material properties to be defined.
· The university closing prevented the author from accessing the 3D printers in order to make a prototype of the optimised rod to check for available space in the engine cases.
· Due to the weight of the physical crank assembly, this all remained in university so the author lost access to the engine parts therefore could not remove and model the existing balance shaft to complete the full plan of modelling and creating a motion simulation illustrating this.
· Mental wellbeing proved the biggest challenge during this time for the author.
[bookmark: _Toc39172478]Conclusion
This report documents the reverse engineering, modelling and FEA optimisation of the KTM RC250R connecting rod made of 4340 steel alloy in order to reduce the mass. The material which prevailed itself during the research literature period of this project is Super TIX-51AF. Upon applying this material, it was proven that the connecting rod experienced a displacement value deemed unsafe, therefore by optimising the connecting rod I-beam shank, the stress has been reduced and therefore the displacement was reduced back to the same as the original rod. 
A benchmark for the 4340 steel connecting rod was established with the use of an excel model built by the author, this benchmark is defined by the fatigue safety factors which were calculated and the target displacement values found in both FEA and excel model.
With the optimised connecting rod being made from Super TIX-51AF the author was able to reduce the mass of the rod assembly by 30%. Rod shank displacement was a key gateway in this project which was met by thickening the centre of the connecting rod shank itself. 
A 30% reduction in overall connecting rod mass equates to a 9% reduction in reciprocating mass and 20% for the rotational mass. By using an FEA package this process was accelerated significantly however the results from the computational stress analysis only depict the effect of a change in stead of the full scenario which is taking place. 
By reducing the mass of the connecting rod and the cap itself by changing material, as aforementioned, the resultant FSF was in fact above the required SF as the reduced young’s modulus called for the shank to be thicker. Therefore, without further testing it can’t be concluded that the service life of this component has increased in fact but the FSF would indicate this is true, however it cannot be until further analysis is carried out.
The author by carrying out an experimental acceleration simulation as part of a lap simulator within the authors archive of tools has established that the motorcycle with a SuperTIX-51AF Titanium Alloy connecting rod as opposed to a 4340 Steel rod designed by PANKL can in fact reach 0-60mph in an estimated 0.13 seconds quicker which is a 3% improvement of the bikes current capability. 
Less power is sapped by the engine due to inertial mass during the change in direction of the piston along with the reduction in friction between the piston skirt and cylinder wall, these types of power gain are in fact reductions in mechanical power losses, whereas the acceleration simulation is showing the improvement in equivalent mass from reduced crank assembly moment of inertia.
Overall, the project has fallen behind due to the validity issue however if this project were to be carried out again by the author, a method of more detailed FEA and a different software would be selected and utilised. 
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[bookmark: _Toc39172480]Appendix
[bookmark: _Toc39172481]Appendix 1 (Euler’s Buckling Theory)
Euler’s theory for buckling of columns, is a measurement of a form of column or beam displacement. This displacement is a result of a compressive force in an axial direction along the length of the column or beam. This formula gives the design engineer the force at which the column or beam will buckle at several modes, but in the context of a connecting rod it is assumed the 1st mode is the only one necessary as a buckle with halt an engines process. This equation is shown below:

Where:

 


[bookmark: _Toc39172482]Appendix 3 (Acceleration Simulation)
The lap simulator aspect of the acceleration simulation is the same principle, however just a portion of straight circuit to ascertain a 0-60mph time has been completed. Figure 39 illustrates the full set of data measured by the author on the KTM RC250R.[bookmark: _Ref39159394][bookmark: _Toc39172522]Figure 39 Acceleration Simulation Bike Data

To gather the the gear ratio data, the gearbox was removed and analysed during the engine strip down which took place at the beginning of this project to measure and model the parts in a CAD package. Images of the gearbox and equipment are unavailable due to unforeseen circumstances stated in ‘Pandemic Impact’.
To ensure the motorcycle weighed the same amount in the simulation as the real bike weighed, the spec sheet for the bike was checked for that specific session and the amount of fuel was calculated which the bike had on board at the time. This can be seen in Table 29 below.
[image: ][bookmark: _Ref39159765][bookmark: _Toc39172585]Table 29 Acceleration Simulation Reference Fuel Data

[image: ][image: ]


Dyno data for the KTM RC250GP was provided to the author from Kiefer Racing as aforementioned, this data came in the form of a CSV and had to be manipulated into a user-friendly format for the author to use as a reference for the maximum acceleration due to power available at any given rpm and gear due to ratios. The power and torque curve for this bike can be seen below:[bookmark: _Toc39172528]Graph 4 KTM RC250GP Power and Torque Curve

As Previously stated, individual gear ratios were identified during the engine strip process, this is the reference for gear ratios below:
[bookmark: _Toc39172586]Table 30 Acceleration Simulation Gearbox Setup











Using Vittore Cossalter’s instructions for linear motion of a motorcycle, the actual acceleration of the motorcycle for any given and rpm was found by calculating the following:
· Drag Force 
· Maximum acceleration from power
· Traction limited acceleration
· Wheelie limited acceleration
Actual acceleration is the minimum which the bike is capable due to its geometry limitations and friction co-efficient from the rear tyre. With all the factors and variables known, the simulation can be complete, and a time produced to the author. To validate this initially the same test was completed using 2D data logging software. By selecting a time plot instead of distance, the author was able to check how long it took for the bike to accelerate away from the start line of a race and reach 60mph, which is carried out in 1st gear.



The excel export from the 2D log file can be seen below with the final time also shown: 


[bookmark: _Toc39172523]Figure 40 2D Data Export

[bookmark: _Toc39172483]Appendix 4 (Balance Shaft Illustration)
To reduce vibrations caused by overall out of balance resultant forces, equating to a horizontal force as opposed to a vertical force can be done by the use of a balance shaft which this bike already possesses. The full illustration can be seen below: 
[image: ][bookmark: _Toc39172524]Figure 41 Balance shaft illustration
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Parameter Value Units

Engine Speed 13500rpm

Triumph Peak Cyl Pressure 81.92bar

KTM Power @ 13500rpm 38kW

Time for 1 revolution 0.00444seconds

Work Done by gas pressure 198.55Joules

Power before friction 44.72kW

Power lost to friction 6.69kW

Power after friction 38kW
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Component Material Real Mass (kg) CAD Model Mass (kg) % Error 

Crankshaft Alloy Steel (SS) 2.95057 2.95863 0.27%

Piston Aluminium 4032-T6 0.15700 0.15951 1.57%

Rod cap bolts 1.8519 Steel 0.01510 0.01510 0.00%

Gudgeon pin Alloy Steel 0.03040 0.03122 2.63%
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Component Material Real Mass (kg) CAD Model Mass (kg) % Error 

Connecting Rod 4340 Alloy Steel Forged 0.14695 0.14708 0.09%

Rod cap 4340 Alloy Steel Forged 0.0815 0.0809 -0.74%
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Optimised Design

Description Steel 4340 Super TIX-51AF Super TIX-51AF

σ

max
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σ

min

-428.00 -455.27 -282.26

σ

mean

-91.50 -117.91 -70.64

Range of stress 673.00 674.72 423.24

Endurance Limit 499.50 450.00 450.00

Allowable Range 1081.35 1006.12 963.58

FSF 1.61 1.49 2.28

Standard Design
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Optimised Design

Description Steel 4340 Super TIX-51AF Super TIX-51AF
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Steel 4340 Original Optimised Super TIX-51AF

Connecting Rod 0.13999 0.09829 30%

Connecting Rod Cap 0.07697 0.04565 41%

Connecting Rod Bolts 0.01510 0.01510 N/A

Connecting Rod Assembly 0.24716 0.17414 30%

Reciprocating Assembly 0.27432 0.24998 9%

Rotating Assembly 0.08780 0.07044 20%

% Reduction Component

Mass (kg)
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Steel 4340 Super TIX-51AF % Reduction
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Steel 4340 Super TIX-51AF Time Saved (seconds) % Reduction
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Steel 4340 Super TIX-51AF % Reduction

Max Skirt Friction Force (N) 231.41 217.92 6%

Work Done by Skirt Friction (Joules) 22.86 21.47 6%
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Max Skirt Friction Force (N) 231.41 217.92 6%

Work Done by Skirt Friction (Joules) 22.86 21.47 6%
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Task # Description Task Notes

10

Complete a fatigue study on the original connecting 

rod and compare with the titanium counterpart

The connecting rod must not fail before the prescribed service 

interval of 1500km

11

Adjust counter balance shaft mass to account for 

different balance of crank mechanism assembly

To eliminate vibrations introduced by changing the dynamic 

balance of both the rotating and reciprocating assembly

8 Change material of connecting rod original design

Defining areas of the connecting rod which needs either material 

added or taken away to meet the design criteria

9 Produce proposed design of titanium connecting rod 

This design must be re-tested and iterations of optimisation for 

mass reduction will be carried out

Create CAD solid model of the current connecting 

rod and crank mechanism assembly

Comparing results with excel model will allow author to validate 

relationship between hand calcualtions and computional method

Bolt pre-tension is a vital piece of information which the FE model 

will require in order to yield realistic results

This is a design parameter used by many sources throuhgout the 

literature review

This will allow for comparison between the forces which are 

calculated by the Solidworks motion study

This is utilise the Triumph provided data from (Williams O), with a 

calculated scaling factor

This is a requirement for the motion study to be a credible source 

of data

Paying close attention to fillets to represent the correct stress 

concentration factors

Create FEA simulation for current connecting rod

Define bolt pre-tension

Define safety factors for each integral part of the 

current connecting rod

Develop motion study simualtion with the crank 

mechanism

Build an excel engine simulation of 720° using the 

equations stated in the review of literature

Validate mass of components

1

2

7

6

5

4

3
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Parameter Value Units

Displacement 249.50cc 0.0002495m

3

Clearance Volume 18.4cc 0.0000184m

3

Bore Ø 81mm 0.081m

Stroke 48.25mm 0.04825m

Conrod Length 95.85mm 0.09585m

Crankpin Throw 24.125mm 0.024125m

Piston ring height 0.65mm 0.00065m

Parameter Value Units

Rod 146.95g 0.1470kg

Rod cap 81.50g 0.0815kg

Rod bolt 15.10g 0.0151kg

Rod assembly 258.65g 0.2587kg

Gudgeon pin 30.36g 0.0304kg

Pin circlip 0.60g 0.0006kg

Piston 157.00g 0.1570kg

Piston top ring 3.90g 0.0039kg

Piston oil ring 3.80g 0.0038kg

Reciprcating Assembly 282.48g 0.2825kg

Rotating Assembly 90.93g 0.0909kg

SI Units

SI Units

Geometry

Masses
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