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1. Introduction

The second and final assignment in the Advanced Engine Design third year module involved conducting some analysis on different parts of the 1.6L Ford engine previously used in the first piece of coursework. This assignment is in essence an extension of the previous tasks as the data such as net compression and inertia forces calculated in the past were used to analyse different areas of the engine. 
The four main areas of interest were the gudgeon pin, connecting rod (conrod), the conrod cap bolts and the crankshaft. All of these parts were analysed individually in order to determine the stresses imposed on certain crucial sections where they may fail under large amounts of stress. The chance of them failing under high amounts of stress at high RPM were determined via a value known as the fatigue safety factor which measures how close a section is to failing based on the range of stresses. The fatigue safety factor is linked to a value called the endurance limit, this value stays constant in steel (used in most of the Ford engine) however if the material was changed to aluminium for example then the endurance limit would change as time goes on due to aluminium not being as strong as steel, all these parameters need to be taken into account when determining the fatigue safety factor making it such an intense and crucial process. If the fatigue safety factor falls below a value of one, then the part is likely to fail at some point and will not last forever (classed as 107 cycles in steel) as needed by Ford to be classed as safe. This regulation will then form the basis of determining how safe these parts are.








2. Gathering Measurements
The first area of the engine to be analysed would be the gudgeon pin. The first step to analyse the gudgeon pin would be to determine the position of the CoG and hence the mass of the pin sticking out to find the forces acting on this area of the pin. The CoG can be determined by modelling the gudgeon pin using the CAD software Solidworks, the other measurements needed (inner & outer diameter and length between the conrod and piston pin bore) can be determined by simply measuring the pin using a set of Vernier callipers which will give just as accurate values. Once these measurements have been gathered, they can be used to determine the mass of the pin sticking out the side of the conrod assembly and from which the inertia forces are calculated, they are also used to calculate the second moment of area and hence the stresses caused by the bending moment.
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Figure 1 – Sketched Gudgeon Pin with Measurement Info
Once the gudgeon pin measurements have been taken the next task is to gather the measurements for three different sections of the conrod. The first section (A) to measure is in the bottom of the fillet connecting the small end and the shank, the second section (B) was in the fillet between the shank and the bottom of the rod which connects to the cap while the third section (C) is in a small area in the cap between a radius at the bottom of the cap and where the bolt sits. One option is to CAD the entire conrod using Solidworks and take the measurements that way and then cut out sections of the model in order to take measurements or in this case the Vernier callipers were used as this was thought to be the more accurate way at the time due to CAD work not being the author’s strongest attribute as using CAD when it may not be 100% accurate on a complex model like a conrod may make more issues than just measuring with standard Vernier callipers. The measurements are taken in these specific sections and used to create cross sectional areas upon which the forces and stresses are taken to act, the areas considered in the three different sections are shown below.
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Figures 2, 3 & 4 – Sketched Conrod Section A, B and C Respectively
The same process of measuring using the Vernier callipers was used for tasks three and four where the bolts were accurately measured in areas such as the thread diameter, thread pitch and length of the thread, overall bolt length and head diameter. The seating diameter and surface area of the bolt seating area on the cap was also measured in order to determine the stiffness of both the bolt and cap. The compressed length of the cap and bolt is also measured in order to determine the previously mentioned stiffnesses, this is the length from the bottom of the head up to the second engaged thread where the bolt attaches the cap to the conrod.
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Figure 5 – CAD Model of Standard Conrod Bolt

Finally, measurements are taken on the crankshaft bearings at the weakest fillet point where the bearing is most likely to fail under high stresses. The bearing diameter and length is measured along with the distance between the fillet points and the effective area in order to determine the second moment of area between the weak fillet points. These will then be used to calculate the tensile and compressive stresses on each fillet similar to the process used in the gudgeon pin calculations.
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Figure 6 – Sketched Crankshaft Fillets A & B












3. Calculating Stresses
3.1 Gudgeon Pin

The next step in order to calculate the stress in the gudgeon pin is to use the pre-determined gas forces as calculated in the previous assignment, however this formula is shown again in equation 1. Once this has been completed the measurements that have been taken are used to calculate the mass of the pin sticking out, this is done using equation 2 as seen below. The calculated mass is then used to determine the inertia force acting on the pin at different points in the cycle (equation 4) and the standard inertia force using the piston mass (equation 3) is used to give the net compressive force acting upon the piston assembly – seen in equation 5. The bending moment acting upon the chosen focus point on the pin is then calculated using the net compressive force as shown in equation 6. Once the bending moment has been calculated when the engine is firing, it must be calculated again however this time when the engine is at TDC (top-dead centre) exhaust (equation 7). At this particular point the bending moment at TDC is considered negative as this exact point on the pin is under compression, while the values under firing are positive due to the point being under tension. The value known as the bending stress is then determined (equation 9) for both previously mentioned parts of the cycle using the bending moment at each part of the cycle and the second moment of area for the pin (equation 8) mentioned in section 2 of this report. This bending stress however only accounts for one of two types of stress acting on the gudgeon pin, the other being shear stress – shown in equation 11. The shear stress also acts on the pin and is calculating using the previously measured inner and outer diameters as well as the shear force (equation 10). These two stress values are then combined in another calculation to give a value known as the Von Mises stress or the resultant stress as shown in equation 12. The results for the conducted calculations are shown in the figure below.
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Figure 7 – Stresses in Gudgeon Pin

3.2 Conrod
The stresses for the conrod sections are calculated in a very similar way to the gudgeon pin except for some changes depending on where the forces are applied and whether the section is in compression or tension. In the case of the three previously shown sections of the conrod that were analysed (A, B & C) they are at different stages in the conrod and hence different masses are used to represent this when calculating the inertia force, slightly differently to the way it was done with the gudgeon pin. 
Section A sits in a fillet at the top of the rod and so none of the rod mass is taken into consideration when calculating the inertia force acting at this point, hence the calculation for inertia force in equation 3 is used. Section B is slightly different due to its positioning within the rod, like section A it sits within a fillet however it is around one third of the way down the rod and more toward the cap that is why the inertia force calculation for section B (equation 13) includes one third of the rod mass alongside the piston and gudgeon pin masses - accounting for the extra reciprocating mass. The inertia force at section C (equation 16) is also similar to B in that is accounts for reciprocating mass (equation 14) however rotational mass (equation 15) is also involved here due to the section being in the cap at the bottom of the rod. These inertia forces are then used to determine net compressive force at each section. Other than these inertia force calculations the way the stress is calculated differs slightly with cross sectional areas from section 2 and net force at each section being directly involved as opposed to bending moments and shear force. The calculation for stresses can be seen in equation 17 where maximum net compressive force is used upon firing the negative of minimum net compressive force is used for TDC exhaust. Another extra stress value can be calculated for section A known as the hoop stress (calculated at TDC exhaust) which was not required but can be determined in order to gain extra information, this formula is shown in equation 18. As there is no shear stress involved, those stresses are classed as the resultant stresses and will be used in the mean and range later on in section 4 of the report. The results of the stress calculations for the respective conrod sections can be seen below.

Equation 13

Equation 14

Equation 15

Equation 16

Equation 17

Equation 18
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Figure 8 – Stresses in Conrod Section A
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Figure 9 – Stresses in Conrod Section B
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Figure 10 – Stresses in Conrod Section C
3.3 Conrod Cap Bolts
This section of the assignment required much more work to determine stresses placed on the bolts as it is done in a different way to the other two parts so far and they needed a different type of analysis. The first calculation required finding the stiffness of both the cap (equation 19) and the bolt (equation 20) and from this the bolt-cap stiffness ratio is determined (equation 21). The inertia force acting on each side of the cap at TDC can also be calculated similarly to the method from section C of the conrod using the formula shown in equation 22. 
As the bolt has to be tightened into yield (assumed at 90% of bolt UTS), the axial stress before turning the bolt is then assumed to be at 60% of the yield value and used (along with the bolt cross sectional area) within the formula for determining the clamping force of the bolt when the engine was originally built (equation 23). This value is then used to determine the circumferential frictional force at the threads (equation 24) using an assumed coefficient of friction, this newly calculated force in then used in the formula to determine the moment of circumferential force (equation 25). Following that, the circumferential friction force at the head (equation 26) is calculated in a similar way to the formula in equation 23 except a different coefficient of friction was assumed for this value. The torque needed to overcome head friction is then worked out using equation 27 and this is then added to the moment of circumferential force at the threads from equation 25 in order to give the total torque needed to tighten the bolt (equation 28).
Following that, the stress can be determined using the guideline given by Ford that the bolts must be turned an extra 35 degrees to reach the required tightness. The total stress when clamped (also known as minimum bolt stress) is then assumed to be 90% of the yield value and the initial bolt stress before turning the 35 degrees is worked out using the formula as shown in equation 29. The axial stress for one full turn (equation 31) is then determined using the axial strain (equation 30) and the final total stress (equation 33) can then be calculated using the initial stress before turning 35 degrees and the total increase in stress after turning the 35 degrees – seen in equation 32. 
The range of stress for the bolt is determined in a different way to the other 3 engine parts due to this method working out the range and the minimum in order to find the maximum. In the bolts, the range is found using the force at minimum bolt stress (equation 34) as shown in the formula displayed in equation 35. Extra calculations such as the additional bolt stretch and then the bolt stiffness when the stretch is added can be seen in equations 36 and 37 respectively. The results for the bolt stresses are shown below.
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Figures 11&12 – Stresses in Conrod Cap Bolts

3.4 Crankshaft
The crankshaft uses the previously displayed inertia force formula for section C of the conrod (equation 16) in order to determine the net compressive force being applied onto the areas of the crank that were discussed previously in section 2. Calculations were undertaken on the crankshaft at the two weak fillet points by the main journal of the crank that were most likely to fail, the formulae used were identical to that used in the gudgeon pin in terms of bending and shear stresses leading to resultant stress at each point depending on which point was in tension (positive value) or compression (negative value) at either TDC exhaust or when the engine was firing. The only difference in this case compared to the gudgeon pin calculations was that L1 would be the distance from fillet A to the centre of the main bearing (where force is taken to be applied) and L2 would be the distance from fillet B to the centre of the main bearing. The stress results for the crankshaft are shown below.
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Figure 13  – Stresses in Crankshaft







4. Calculating Fatigue Safety Factor & Analysis of Results
The first step in determining fatigue safety factor is to calculate the range of stresses (equation 38) and the mean stress (equation 39) from the resultant stresses calculated previously in section 3. The range shown here however does not apply to section 3.3 (the conrod cap bolts) as these were already calculated using equation 35. 

Equation 38

Equation 39
Once these values have been determined the next step is to identify the parameter known as the endurance limit using the material UTS and stress concentration factors (KT). The gudgeon pin equations do not take into account stress concentration factors due to there being no fillets involved however the other three engine parts do use them to give a more accurate endurance limit (equation 41) as opposed to the standard version where no stress concentration factors are applied, known as the polished endurance limit. In this case the stress concentration factors have been assumed. In order to work out the polished endurance limit the UTS of the material is multiplied by a factor of 0.45 in this case (as shown in equation 40) but for softer materials the value can be lowered or for hardened materials it can be increased. Following this, the allowable range when the mean is equal to zero and the actual allowable range at the current mean are determined, shown in equations 42 and 43 respectively. Finally, the fatigue safety factor (equation 44) is calculated using the allowable range at the current mean and the actual range to determine how safe the part is under current stresses. The previously mentioned equations as well as numerical results for all parts can be seen below. All results shown in this report were taken at 6000 RPM for means of comparison as this is the highest value of RPM available for this data and in most cases, it is where the largest values of stress are found. Even though some forces can be higher at different RPM, the values of stress at different RPMs cannot be added to together to create a resultant stress meaning it is more accurate to take all stress values from the engine at 6000 RPM.  

Equation 40

Equation 41

Equation 42

Equation 43

Equation 44
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Figure 14  – Fatigue Safety Factor for Gudgeon Pin
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Figure 15  – Fatigue Safety Factor for Conrod Section A
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Figure 16  – Fatigue Safety Factor for Conrod Section B
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Figure 17  – Fatigue Safety Factor for Conrod Section C
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Figure 18  – Fatigue Safety Factor for Conrod Cap Bolts
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Figure 19  – Fatigue Safety Factor for Crankshaft
[image: ]All of these calculated values can then be used to create goodman diagrams as shown in the screenshots from the excel file below for each part. The goodman diagram is used to evaluate the accuracy of allowable range and hence fatigue safety factor, sometimes being calculated using the diagram itself directly with the formula in equation 43 actually working via the goodman diagram. The way of determining if the calculations are accurate is if the diagram matches up correctly, with the allowable range at current mean ideally totalling the y axis values for points X and Y on the graph. The points X and Y are the intersections of the line x=mean and the lines from points A and B to the point (UTS, UTS) respectively with point A (0, EL) and point B (0, -EL) on all goodman diagrams. The X and Y values can be found by using the trendline equation function and inputting the x coordinate as the mean stress in order to find the y coordinate.







Figure 20  – Goodman Diagram Gudgeon Pin
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Figure 21  – Goodman Diagram Conrod Sections A, B & C


[image: ]








Figure 22  – Goodman Diagram Conrod Cap Bolts
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Figure 23 – Goodman Diagram Crankshaft
As seen in the screenshots all safety factors are above one - except the bolts - making them safe and as previously explained in the introduction it means they are classed as ‘lasting forever’. The goodman diagrams for part 2 and 4 don’t line up exactly as wanted and this is likely due to the stress concentrations not being accurate and just being assumed, so to improve the accuracy of the assignment this would have to be edited and calculated more accurately as opposed to using assumptions. The safety factor in the bolt does need to be increased, this could be brought down with some re-design to make them still safe enough yet with less material. Alternatively, they could be made even higher quality with different materials and conducting different processes on them to make them stronger such as nitriding them like some other parts in this assignment have been. The bolts could be changed to allow for difference in diameters but the thread must remain the same if the conrod is to remain the same, which causes for some in depth design changes and the potential to redesign the whole engine internals in order to change the safety factors and design of the bolt which can be impractical.
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Figure 24  – Bolt Upgrades
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