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[bookmark: _Toc32141124]Abstract
Over the course of this report calculations have been made on a standard engine’s connecting rods, connecting rod bolts, and crank shaft in order to complete an analysis of the fatigue safety factors of specific key points on each component. The engine is then up-rated to 10,000 RPM and tests are repeated on the connecting rod bolts; the bolts are then redesigned to achieve a suitable fatigue safety factor for the new maximum forces.
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[bookmark: _Toc32141125]Introduction
The purpose of this report is to calculate fatigue safety factors at key points in an engine’s Gudgeon pin, connecting rod, connecting rod bolts, and crank shaft for a standard and an upgraded engine. This is done through analysis of stresses acting on each component.
[bookmark: _Toc32141126]Masses and forces
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[bookmark: _Toc32141127]Question 1
Using previously calculated maximum net compressive and tensile forces the fatigue safety factor of the part is found by finding the mean and range of stresses; this is then plotted on a Goodman diagram to find the desired result.
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[bookmark: _Toc32084734]Figure 1 Gudgeon pin diagram
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[bookmark: _Toc32084735]Figure 2 Gudgeon pin diameters
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[bookmark: _Toc32084736]Figure 3 Goodman diagram for question 1








[bookmark: _Toc32141128]Question 2
Using a Goodman diagram made from maximum net compressive and tensile forces, the fatigue safety factors for 3 key cross-sections of the connecting rod is found using accurate stress concentration factors.
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[bookmark: _Toc32084737]Figure 4 Connecting rod key points diagram
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[bookmark: _Toc32084738]Figure 5 Goodman diagram for question 2 (Point A)
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[bookmark: _Toc32084739]Figure 6 Goodman diagram for question 2 (Point B)
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[bookmark: _Toc32084740]Figure 7 Goodman diagram for question 2 (Point C)
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The ratio of cap stiffness to bolt stiffness is calculated at 0.34:1 showing that the bolt is very close to 3 times as stiff as the cap.
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[bookmark: _Toc32084741]Figure 8 Goodman diagram for question 3






[bookmark: _Toc32141133]Question 3G
For question 3G the engine has been uprated to run at 10,000RPM, and as such the forces on the connecting rod bolt have changed; this requires the bolt to be redesigned in order to achieve a fatigue safety factor of over 1.
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[bookmark: _Toc32084742]Figure 9 Goodman diagram question 3G initial results




The fatigue safety factor of the connecting rod bolt for the uprated engine is shown to be 0.147; this shows that the bolts would fail long before the end of their desired life cycle.
In order to improve this number, the bolt will have to be redesigned and optimised for the new forces being exerted on it. A simple test would be to first calculate the fatigue safety factor using a material with a higher ultimate tensile strength (UTS). A high-tension steel will improve the UTS from 1000 to 1200 (Masteel, 2020).




As the mean stress in the system is greater than the UTS of the material, calculating the fatigue safety factor would be redundant. This is because the bolt would be operating beyond its maximum tensile strength, taking the material out of its plastic deformation range and into yield. (Roylance, 2001). From this it has become clear that the connecting rod is too heavy; to lighten the rod the material is changed from steel which has a density of 7800 , to titanium which has a density of 4500  (toolbox, 2020). By changing the material, the density of the part is reduced to 57.692% of its original mass.














Using the original bolt steel with a UTS of 1000 .











While this result is an improvement on the initial fatigue safety factor, it has not yet reached the design requirement of a fatigue safety factor of over 1. The fatigue safety factor of a bolt can be changed by many different factors; for example, the pre-load put on the bolt can be increased to its maximum possible point before going into yield, however if this is done the “big end” hole may need to be altered to stay perfectly circular (jaqua, 1997). Other ways of improving the fatigue safety factor without altering the pre-load of the bolt is to change its physical characteristics, this can be done by reducing the overall stiffness of the bolt. This can be achieved by changing the length of the bolt; because the length of the bolt is inversely proportional to its stiffness increasing the length of the bolt’s clamping distance will help reduce the stiffness, as will increasing the contact clamping area of the bolt head. (Robert Bosch company, 2020), (Xin Chen, 2015). Using these principles, the length of the bolt is increased by 50% from 34.77mm to 52.155mm. This changed the stiffness of the bolt to;


















The fatigue safety factor very nearly reaches the required minimum of 1; to achieve the final improvement the diameter of the bolt cap is increased by 1mm on each side. This increases the diameter from an initial 12.85mm to 14.85mm; this in turn increases the area of the cap from 129.687 to 173.198. This change in area will also change the stiffness of the cap as expressed by  the equation .
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[bookmark: _Toc32084743]Figure 10 Goodman diagram for question 3G final




The redesigned bolt has now exceeded the minimum fatigue safety factor outlined at the start of the design brief. The bolt design can now be optimised to reduce stress concentration points and total weight; this is achieved by changing the material from which  the bolt is made to the previously tested high tensile strength steel. However now that the bolt has achieved an acceptable fatigue safety factor, care must be taken not to change the stiffness of the bolt. This is achieved because steel is a material that obeys Hooke’s law; which states that a material or spring connected in series cannot have a stiffness greater than that of the lowest value.  (The Encyclopedia Britannica, 2020). A steel with a UTS of       1400  has been selected to maximise the durability of the bolt (products, 2020). The diameter of the bolt shank can now be calculated; however the threaded section of the bolt must remain the same size and with the same thread pitch to maintain the correct clamping force and pre-load on the bolt.
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[bookmark: _Toc32084744]Figure 11 Standard vs up-rated bolt design
The redesigned bolt has a narrowed shank to provide a point which has the same stiffness as required by the design specification, however the threaded area of the bolt is maintained at the larger diameter in order to keep the threaded dimensions the same. This will increase the durability of the bolt as the larger sections will have a higher stiffness. At each intersection the bolt also has a taper; this will reduce any areas in which stress concentration can build. The cap of the bolt also has a larger diameter which has increased the stiffness of the cap, moving any likely breaking points to the narrowed section of the bolt shank. (monville, 2016)

[bookmark: _Toc32141134]Question 4
Create a Goodman diagram at vital crank sections to calculate the fatigue safety factor for a standard crankshaft. All forces are calculated at TDC to act as a “worst case scenario”.
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[bookmark: _Toc32084745]Figure 12 Question 4 crank diagram
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[bookmark: _Toc32084746]Figure 13 Goodman diagram for question 4
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[bookmark: _Toc32141136]Appendix
To accompany this report the connecting rod that has been used for both this assignment and the previous one has been modelled in the CAD software Solidworks. The forces acting upon the rod were calculated using the model made for the previous assignment; it was then used at almost the same RPM as was used in question 3G. As the only component that was being analysed was the connecting rod extra care was taken to ensure the modelling was as close to the real world as possible. Using the clearance volume, bore, and displacement per degree of crank travel it is possible to simulate the pressure acting within the cylinder.



(P.L.DHAR, 2017)
The polytropic index can be found by taking the gradient of two straight sections of a graph that is made when logs of pressure and volume are taken and plotted against each other.

[bookmark: _Toc32140958]Appendix Figure 1 Log PV graph
From the newly calculated pressure and volume data it is possible to then use the force modelling that was created in order to find the forces acting on the piston. The force used to complete a motion analysis on the piston assembly was the net force (gas force-inertia force), this was separated into time taken for each degree of crank travel, which was then imported to Solidworks as the motion load acting on the piston. For two full rotations less than 0.1 second is required in total.
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[bookmark: _Toc32140959]Appendix Figure 2 Full piston assembly
After the modelling of the connecting rod and the forces acting on it, it is possible to complete a motion analysis of the connecting rod at 10250RPM. This will show how the connecting rod is likely to react under the same conditions as the redesigned bolt. The motion simulation was completed to accompany the redesigned bolt with a redesigned connecting rod.
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[bookmark: _Toc32140960]Appendix Figure 3 Connecting rod motion analysis result
The motion analysis showed that if the standard connecting rod were to be put into the uprated engine used in this report it would likely deform and become unsafe to use. In order to improve the safety of the connecting rod it must be redesigned to handle the increased loads and stresses of the uprated engine.
To redesign the rod several factors were changed, the material was changed from the steel used from factory to a treated and aged titanium alloy; the titanium alloy has a UTS of 1050 while also being far lighter than the steel. This leads to the uprated rod being 33.97% lighter than its standard steel counterpart. The rod was also made thicker in order to increase its surface area; the increased cross-sectional area helps to dissipate forces acting on the rod over a larger area. The cross-sectional area of the rod is directly related to its stiffness, . Finally, gusseting was added across the relieved areas on each side of the rod to provide extra support for the rod. (Ramesh B T, 2017), (Pranav G Charkha, 2009).
[image: ]
[bookmark: _Toc32140961]Appendix Figure 4 Uprated connecting rod from Solidworks
The optimisation of the connecting rod has brought the stress concentrations to a level where the connecting rod may be able to operate effectively, however the forces still leave large displacements in the connecting rod which need to be removed. This is done by introducing supports in the piston cap which significantly shorten the distances over which forces act when transferring from the piston to the rod through the Gudgeon pin. This effectively reduces any torque acting in the system as torque is force x distance. (carley, 2017)
[image: ]
The added support provided by the piston cap leaves very little distance for the engine forces to act across. This will reduce any torque acting on the connecting rod and remove large displacements that would lead the to the rod failing. When compared side by side the forces acting on the connecting rod and how they changed can be seen by the dramatic changes made to the connecting rod to allow it to survive the harsher conditions of the uprated engine.
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[bookmark: _Toc32140962]Appendix Figure 5 Side by side comparison of standard and uprated connecting rods
While this redesigned connecting rod has been altered to survive the larger forces acting on it, the design is far from perfect and more work can be done to lighten and strengthen the rod.
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