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[bookmark: _Toc225082282]1. Introduction 
The mechanical loading throughout the internal combustion engine’s components should be critically considered and analysed for the powertrain design. Because the piston and connecting rod assembly are subject to large amounts of force, it is an important factor of the engines design as failure could occur. Therefore, a fatigue-based assessment is important within the engine design because components such as the connecting rod and bolt holes are exposed to repeated cyclic stresses and are subject to failure when local stress increases (Witek & Zelek, 2019). As the engine speed increases so does the load magnitude meaning that theses’ components durability cannot just be judged from peak stress, but fatigue behaviour also needs to be considered. 
This report analysis the loading and fatigue behaviour of key engine components within the Ford 1.6 Sigma engine. Using pressure data, engine geometry and components mass, the forces acting throughout the engine cycle are determined and used in order to evaluate the stresses and fatigue safety factors of the connecting rod midpoint, gudgeon pin and connecting rod bolt. To gain further knowledge of how these components will act under high pressure, the speed will be extended to 9000rpm in order to further analyse the components. The connecting rod bolt will then be redesigned back to operative conditions. 

























[bookmark: _Toc225082283]2. Methodology 
By using the provided Ford Sigma engine geometry, component measurements and cylinder pressure data, the first values that were calculated were the inertia force, piston position, velocity and acceleration. The data calculated from these would be used to find the gas force from the pressure, and the inertia force would be calculated through mass and acceleration. The net force and the connecting rod force would be obtained by adding the gas and inertia force, as this would be the foundation of the stress analysis for the other engine components. 
For section one, the stress values of the connecting rod midpoint, a point on the gudgeon pin and the connecting rod bolt would all be calculated by first finding the maximum and minimum stresses and each engine speed. By finding these stresses the mean and range stress could be calculated in order to compare the fatigue behaviour of the three components over the different RPM’s. The fatigue safety factor would be illustrated with Goodman’s diagrams to allow comparison between the effect of raising the engine speed would have on the performance of the components. A Goodman’s diagram is appropriate here as it will show the how the fatigue is assessed based on the mean stress and alternating stress to the fatigue limit  (Morrissey, et al., 2003). For the gudgeon’s pin, this approach was simplified in order to get reasonable results. However, research has shown that the stress distribution around the gudgeon pin is mainly influenced by the geometry and load transfer (Fessler & Hyde, 1997).
Section two looks at how the connecting rod bolt would behave at 9000rpm. The updated bolt stresses and FSF would then be calculated again from the new rpm, as well as the inertia, gas and net force values. 
The next section would look at the bolt redesign from the 9000rpm results in order to improve the fatigue performance of the bolt. To develop this the bolt diameter and sections of the geometry would be changed to reduce the load on the bolt and stiffness. The new FSF and forces calculated would then be compared against the original values at 6000rpm and see how much the bolt has improved. 
Finally, the instantaneous torque behaviour of the cross-plane and standard crankshaft configurations would be look at to see the torque delivery characteristics throughout combustion at different engine speeds. This would provide information to analyse how the crankshaft layout affects torque delivery. 












[bookmark: _Toc225082284]2.1 Relevant Equations
Rod Angle:

[bookmark: _Toc225081091]Equation 1- Rod Angle.
Piston Acceleration

[bookmark: _Toc225081092]Equation 2- Piston Acceleration.
Reciprocating Mass:

[bookmark: _Toc225081093]Equation 3- Reciprocating Mass.
Gas Force:

[bookmark: _Toc225081094]Equation 4- Gas Force.
Inertia Force:

[bookmark: _Toc225081095]Equation 5- Inertia Force.
Net Force:

[bookmark: _Toc225081096]Equation 6- Net Force.
Rod Force:

[bookmark: _Toc225081097]Equation 7- Rod Force.
Mean Stress:

[bookmark: _Toc225081098]Equation 8- Mean Stress.
Stress Range:

[bookmark: _Toc225081099]Equation 9- Stress Range.
Allowable Range Stress:

[bookmark: _Toc225081100]Equation 10- Allowable Stress Range.
Fatigue Safety Factor:

[bookmark: _Toc225081101]Equation 11- FSF.





[bookmark: _Toc225082285]3. Force, Stress and Fatigue Safety Factor Analysis
[bookmark: _Toc225082286]3.1 Overview 
This section will look at the provided pressure data and the engine components specifications to assess the stresses and fatigue behaviour of these components for the Ford 1.6 Sigma engine. Form these specifications the gas, inertia and resulting component forces will be used to evaluate the stresses state of the midpoint of the connecting rod, a point on the gudgeon pin and the connecting rod bolt. Fatigue safety factor calculations will be used to further analyse the life expectancy of the components. This will be done by calculating mean stress, stress range and the FSF by using the minimum and maximum stresses. 

[bookmark: _Toc225082287]3.2 Force Calculation Results
[bookmark: _Toc225082288][image: A graph of a function

AI-generated content may be incorrect.]3.2.1 Piston Position vs Crank Angle 
[bookmark: _Toc225078843]Figure 1- Piston Position.
Figure one shows how the piston position varies across TDC and BDC over the combustion cycle. It can be seen that the curves are non-linear due to the influence of the engine’s geometry. 





[bookmark: _Toc225082289]3.2.2 Pressure vs Crank Angle 
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[bookmark: _Toc225078844]Figure 2- Pressure.
Figure 2 shows the pressure trace of the engine across all crank angles at different rpm’s, with the highest pressure occuring at 6000rpm with the pressure in the cylinder reaching around 9.6x106 Pa. and at 1000rpm pressure reaches 4.6x106 Pa. By looking at the pressure pattern it can be seen that peak pressure doesn’t occur direclty at TDC, a a consistant rise occurs with a drop in pressure after 0º crank angle and the pressure contiues to rise rapidly until peak pressure at 30º.

















[bookmark: _Toc225082290]3.2.3 Piston Velocity vs Crank Angle 
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[bookmark: _Toc225078845]Figure 3- Piston Velocity.
The graph above shows that the piston velocity continuously changes throughout the combustion cycle. The highest velocities occur at the highest rpm’s, at 6000rpm the piston reaches a speed of 27m/s and 4m/s at 1000rpm. 






















[bookmark: _Toc225082291]3.2.4 Piston Acceleration vs Crank Angle 
[image: A graph of a graph
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[bookmark: _Toc225078846]Figure 4- Piston Acceleration.
The results from the piston acceleration shows that high acceleration happens near TDC and BDC. Similar to the pressure and velocity graphs, at 6000rpm the acceleration’s the highest and as the rpm decreases so does the acceleration. This will therefore influence the other engine forces. 





















[bookmark: _Toc225082292]3.2.5 Gas Force vs Crank Angle
[image: A graph of gas force
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[bookmark: _Toc225078847]Figure 5- Gas Force.
It can be seen that the gas force trend follows closely with the pressure trend, as this is because it is determined from the cylinder pressure acting over the piston area. Where the gas force is at its maximum is also where the compressive loading is at its highest acting on the engine assembly components.  

[bookmark: _Toc225082293]3.2.6 Inertia Force vs Crank Angle 
[image: A graph of a graph of a function

AI-generated content may be incorrect.]
[bookmark: _Toc225078848]Figure 6- Inertia Force.
Similar to the gas force, the inertia force is influenced by the piston acceleration. At TDC the inertia force is at its peak, where the peak acceleration also occurs. At higher rpm’s the inertia force will be the highest. The inertia force is significant to engine design as it is an essential to look at the tensile loading. 
[bookmark: _Toc225082294]3.2.7 Net Force vs Crank Angle 
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[bookmark: _Toc225078849]Figure 7- Net Force.
Net force is the combined force from the gas and inertia forces acting on the engine components throughout the combustion cycle. The net force shows that when the gas force is dominant, the load will be compressive, while the inertia is significant the net force will reduce. By calculating the net force, it will provide the main loading inputs that will be used to analyse stresses of other components. 























[bookmark: _Toc225082295]3.2.8 Rod Force vs Crank Angle 
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[bookmark: _Toc225078850]Figure 8- Rod Force.
The figure above shows the rod force axially transmitted through the connecting rod after the net force has been resolved through the rod angle. This shows that the trend follows closely with the pressure graph, as the connecting rod force does vary in crank angle between each rpm. 






















[bookmark: _Toc225082296]3.3 Connecting Rod Midpoint Results 
[bookmark: _Toc225082297]3.3.1 Connecting Rod Stress and FSF Calculations 
[bookmark: _Toc225078864]Table 1- Connecting Rod Stresses.
	RPM
	Max Stress (MPa)
	Min Stress (MPa)
	Mean Stress (MPa)
	Stress Range (MPa)
	Allowable Range (MPa)
	FSF

	1000
	115.05
	1.1749
	58.11
	113.87
	847.71
	7.44

	1500
	144.43
	0.60113
	72.51
	143.82
	834.74
	5.80

	2000
	179.09
	-0.92724
	89.08
	180.02
	819.83
	4.55

	2500
	187.45
	-3.0558
	92.19
	190.51
	817.02
	4.29

	3000
	192.93
	-5.4589
	93.73
	198.39
	815.64
	4.11

	3500
	196.78
	-8.529
	94.13
	205.31
	815.29
	3.97

	4000
	198.81
	-11.852
	93.48
	210.67
	815.87
	3.87

	4500
	194.12
	-15.68
	89.22
	209.81
	819.71
	3.91

	5000
	197.22
	-19.868
	88.68
	217.09
	820.19
	3.78

	5500
	205.65
	-24.652
	90.50
	230.31
	818.55
	3.55

	6000
	205.98
	-30.292
	87.84
	236.27
	820.94
	3.47



[bookmark: _Toc225082298]3.3.2 Results and Goodman’s Diagram 
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[bookmark: _Toc225078851]Figure 9- Connecting Rod Midpoint FSF.
[image: A graph of a stress test
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[bookmark: _Toc225078852]Figure 10- Connecting Rod Midpoint Goodman's Diagram.
Looking at figure 10 , the connecting rod midpoint results show that the fatigue safety factor decreases as the engine speed increases. At 1000rpm the FSF starts from 7.44 and decreases rapidly to 4.55 at 2000rpm. From there the FSF steadily decreases to 3.47 at 6000rpm. From table 1 the maximum stress rises from 115.05 MPa to 205.98 MPa and the stress range increases from 113.87 MPa at 1000rpm to 205.98 MPa at 6000rpm. The minimum stress gradually becomes more negative as the engine speed increases, from 1.17 MPa to -30.29 MPa, this indicates that the tensile inertia force is affecting the component as higher speeds. Figure 9 also supports this as it shows that the stress remains within the allowable range. 

















[bookmark: _Toc225082299]3.4 Gudgeon Pin Results 
[bookmark: _Toc225082300]3.4.1 Gudgeon Pin Stress and FSF Calculations
[bookmark: _Toc225078865]Table 2- Gudgeon Pin Stresses.
	RPM
	Max Stress (MPa)
	Min Stress (MPa)
	Mean Stress (MPa)
	Stress Range (MPa)
	Allowable Range (MPa)
	FSF

	1000
	146.11
	1.5686
	73.84
	144.54
	833.54
	5.77

	1500
	183.09
	0.92411
	92.01
	182.16
	817.19
	4.49

	2000
	227.91
	0.033904
	113.97
	227.88
	797.42
	3.50

	2500
	238.85
	0.057579
	119.45
	238.79
	792.49
	3.32

	3000
	245.99
	0.091484
	123.04
	245.91
	789.26
	3.21

	3500
	251.28
	0.10414
	125.69
	251.18
	786.88
	3.13

	4000
	254.29
	0.031379
	127.16
	254.26
	785.56
	3.09

	4500
	248.38
	0.1651
	124.27
	248.21
	788.16
	3.18

	5000
	252.71
	0.19267
	126.45
	252.52
	786.19
	3.11

	5500
	264.33
	0.026284
	132.18
	264.31
	781.04
	2.96

	6000
	265.48
	0.26157
	132.87
	265.22
	780.42
	2.94



[bookmark: _Toc225082301]3.4.2 Results and Goodman’s Diagram
[image: ]
[bookmark: _Toc225078853]Figure 11- Gudgeon Pin FSF.
[image: A graph of a function
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[bookmark: _Toc225078854]Figure 12- Gudgeon Pin Goodman's Diagram.
The gudgeon pin results also show a reduction in the FSF, at 1000rpm the FSF starts at 5.77 and decreases to its final state of 2.94 at 6000rpm. Between 4000 and 4500rpm the FSF slightly increases from 3.09 to 3.18, this could be due to how the engine is operating. The maximum stress of the gudgeon pin increases from 146.11 MPa to 265.48 MPa, with the stress range staying high as the minimum stress is low and stays around zero this is due to the pin experiencing stress from side loading. As the FSF stays above one the pin is considered acceptable. The Goodman diagram confirms that the gudgeon pin remains consistent. 


















[bookmark: _Toc225082302]3.5 Connecting Rod Bolt Results 
[bookmark: _Toc225082303]3.5.1 Connecting Rod Bolt Stress and FSF Calculations
[bookmark: _Toc225078866]Table 3- Connecting Rod Bolt Stresses.
	RPM
	Max Stress (MPa)
	Min Stress (MPa)
	Mean Stress (MPa)
	Stress Range (MPa)
	Allowable Range (MPa)
	FSF

	1000
	535.46
	534.6
	535.03
	0.86
	117.71
	137.41

	1500
	536.53
	534.6
	535.56
	1.93
	117.59
	61.01

	2000
	538.03
	534.6
	536.31
	3.43
	117.43
	34.27

	2500
	539.95
	534.6
	537.28
	5.35
	117.23
	21.89

	3000
	542.31
	534.6
	538.45
	7.71
	116.99
	15.17

	3500
	545.09
	534.6
	539.85
	10.49
	116.71
	11.12

	4000
	548.31
	534.6
	541.45
	13.71
	116.36
	8.49

	4500
	551.95
	534.6
	543.27
	17.35
	115.98
	6.69

	5000
	556.02
	534.6
	545.31
	21.42
	115.56
	5.39

	5500
	560.51
	534.6
	547.56
	25.91
	115.09
	4.44

	6000
	565.44
	534.6
	550.02
	30.84
	114.58
	3.72



[bookmark: _Toc225082304]3.5.2 Results and Goodman’s Diagram
[image: A graph with a blue line
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[bookmark: _Toc225078855]Figure 13- Connecting Rod Bolt FSF.
[image: A graph of a graph
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[bookmark: _Toc225078856]Figure 14- Connecting Rod Bolt Goodman's Diagram.
For the connecting rod bolt shows a different trend due to the preload on it. At 1000rpm the bolt has a FSF of 137.41, which is considerably higher than the other engine components and has a stress range of 0.86 MPa. As the engine reaches 6000rpm the maximum stress increases from 535.46 MPa to 565.44 MPa and the minimum stress stays at 534.6 MPa throughout the entire rpm cycle. As the engine reaches 6000rpm the FSF has reduced to 3.72. by looking at the calculated data the bolt shows to be the most speed sensitive component, as this is also shown through the Goodman’s diagram. 


















[bookmark: _Toc225082305]4. Extension to 9000rpm and Recalculated Bolt FSF 
[bookmark: _Toc225082306]4.1 Overview 
This section will now be looking at extending the RPM range from 6000 to 9000rpm and reassess the fatigue behaviour of the connecting rod bolt under higher loadings. This follows section 1 as it was identified that the bolt had started at 137.4 FSF at 1000rpm and went down to 3.71 FSF at 6000rpm. By extending the range to 9000rpm it will allow for further analysis on the bolt and determine whether the original bolt specifications are acceptable at this higher RPM. 

[bookmark: _Toc225082307]4.2 Interpolated 9000rpm Results 
[bookmark: _Toc225082308]4.2.1 Recalculated Connecting Rod Bolt Values at 9000rpm 
[bookmark: _Toc225078867]Table 4- Recalculated Bolt at 9000rpm.
	Target RPM 
	9000

	Pressure at TDC (MPa)
	5.15

	Gas Force at TDC (kN)
	25.26

	Inertia Force at TDC (kN)
	16.36

	Net Piston Force at TDC (kN)
	8.91

	Cap Separating Loas (kN)
	27.67

	New Bolt Max Stress (MPa)
	603.99

	Bolt Mean Stress (MPa)
	569.29

	Bolt Actual Range (MPa)
	69.39

	Bolt Allowable Range (MPa)
	110.56

	Bolt FSF at 9000rpm
	1.60



The table above shows all the new values calculated for the bolt at 9000rpm, it is clear that the bolt would have experienced much higher stresses at this extended engine speed.
















[bookmark: _Toc225082309]4.2.2 Bolt FSF vs RPM
[image: ]
[bookmark: _Toc225078857]Figure 15- Bolt FSF at 9000rpm.
The graph shows the extended rpm results; the trend follows the same line as section one. Continuing down to 9000rpm the FSF continues to follow the same path down towards the final rpm, from 6000rpm the FSF does drop off rapidly from 3.72 to 1.60 at 9000 rpm. This shows that the bolt is significantly affected by the cyclic loading. 
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[bookmark: _Toc225078858]Figure 16- Pressure at 9000rpm.



[bookmark: _Toc225082310]4.3 Analysis of Bolt Behaviour
Looking at the bolt calculations from section one and two to compare both rpm FSF results, it is clear that the drop of the FSF between 6000rpm and 9000rpm is influenced by the inertia loading acting on the connecting rod which in turn also increases the bolt maximum stresses. However, as the recalculated FSF is 1.60 and remains above one, the stress margin is now smaller, suggesting that the bolt geometry is less suitable for operation at 9000rpm but is still within the tolerance. The sensitivity that the connecting rod bolt is experiencing is consistent with related published data, as the fatigue is at a critical point due to local stresses or manufacturing defects during production (Griza, et al., 2009).





































[bookmark: _Toc225082311]5. Connecting Rod Bolt Redesign
[bookmark: _Toc225082312]5.1 Overview
Section 3 now looks at the potential of the connecting rod bolt being redesigned from the 9000rpm results from section 2. As increasing the engine speed put higher stresses on the bolt and reduced the FSF to 1.60, it is important that the redesign will allow the bolt to operate at the same rpm without the potential to fail. The reference value of the FSF is 3.72 which was calculated at 6000rpm. 

[bookmark: _Toc225082313]5.2 Redesign Approach 
[bookmark: _Toc225078868]Table 5- Redesigned Bolt Values.
	Target FSF
	3.72

	Original equivalent bolt diameter (mm)
	7.35

	Best wasted-shank diameter d2 (mm)
	4

	Best wasted-shank area A2 (mm^2)
	12.57

	L1 (mm)
	4

	L2 (mm)
	18

	L3 (mm)
	5.26



The redesign approach chosen was a wasted shank, as this will improve the fatigue performance of the bolt and reducing the stiffness lowers the external load directly transferred directly into the bolt. The original diameter measured at 7.35mm while the new design that was appropriate measured at 4mm and an area of 12.57mm2. in order to achieve the redesign, the bolt was divided into three sections where the measurement scan be seen in the table above.


















[bookmark: _Toc225082314]5.3 Redesigned Bolt Results
[bookmark: _Toc225078869]Table 6- Redesigned Bolt Results.
	Bolt Cases
	FSF
	Max. Stress
	Mean Stress
	Stress Range 
	Bolt Stiffness (N/mm)

	Original 
	3.72
	
	
	
	3.11x105

	Bolt at 9000rpm 
	1.60
	603.99
	569.29
	69.39
	3.11x105

	Bolt Redesign
	3.69
	565.64
	550.12
	31.04
	1.21x1-5
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[bookmark: _Toc225078859]Figure 17- Wasted Shank Diameter.
The bolt redesign results shown in table 6 and figure 17 show that the bolt has significantly improved its overall performance. the new geometry has increased the FSF from 1.60 to 3.69, which is much closer towards the original reference used at 6000rpm with a value of 3.72. The maximum stress has also improved by reducing to 550.12 MPa, and the stress range reducing to 31.04 MPa. Overall, the bolt redesign has been successful with the bolt able to experience the cyclic load required at 9000rpm. 
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[bookmark: _Toc225078860]Figure 18- Bolt FSF Comparison.






























[bookmark: _Toc225082315]6. Instantaneous Torque Comparison
[bookmark: _Toc225082316]6.1 Overview
By comparing the instantaneous torque behaviour of the standard and cross-plane we are able to assess how the crankshaft configuration affects the delivered torque. The comparison of the mean torque and torque ripple were used to see the differences in torque smoothness and suitability.

[bookmark: _Toc225082317]6.2 Torque Results 
[bookmark: _Toc225082318]6.2.1 Torque Table Results 
[bookmark: _Toc225078870]Table 7- Torque Results.
	RPM
	Mean Torque Standard (Nm)
	Mean Torque Cross Plane (Nm)
	Torque Ripple Standard (Nm)
	Torque Ripple Cross Plane (Nm)

	1000
	145
	145
	663.15
	775.95

	1500
	207.23
	207.23
	897.35
	1079.4

	2000
	232.33
	232.33
	940.67
	1172.8

	2500
	244.23
	244.23
	949.02
	1230.4

	3000
	253.94
	253.94
	951.58
	1289

	3500
	253.11
	253.11
	892.24
	1282.5

	4000
	251.8
	251.8
	835.81
	1290.8

	4500
	252.17
	252.17
	786.03
	1317.9

	5000
	250.37
	250.37
	734.87
	1334.1

	5500
	244.27
	244.27
	652.46
	1307.1

	6000
	229.82
	229.82
	545.3
	1239.2



The calculated results show that the mean torque is identical between the standard and the cross plane, while the cross-plane torque ripple is higher than the standard torque ripple. 















[bookmark: _Toc225082319]6.2.2 Torque Graphs Comparison
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[bookmark: _Toc225078861]Figure 19- Torque at 6000rpm.
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[bookmark: _Toc225078862]Figure 20- Standard and Cross-Plane Torque.
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[bookmark: _Toc225078863]Figure 21- Torque Ripple Comparison.
The instantaneous torque at 6000rpm show both the mean torque have the same values, but the cross-plane arrangement shows a wider variation in torque between its peak and minimum. The standard torque follows the same trend throughout the combustion cycle, whereas the cross plane shows much more variation through the compression and expansion cycles. Figure 21 also shows this as the standard torque ripple has peaked at 545.3Nm compared with the cross-plane which peaked at 1239.2Nm. 























[bookmark: _Toc225082320]7. Limitations
From the results presented the actual stress of each component will be more complicated due to all components being evaluated on idealised loading conditions, where they don’t fully show the three-dimensional stress behaviour, deformation or contact effects. In real world analysis the stresses for the gudgeon pin and bolt would be greater than values in this study as it is a highly concentrated area. 
Furthermore, the fatigue safety factor is dependent on the material properties, endurance limits and the stress calculated from the provided information. Whereas engine manufactures would take into account the surface finish, quality, temperature, and assembly. It can also be argued that the FSF calculated for the bolt at 9000rpm is inaccurate due to the data being estimated. 































[bookmark: _Toc225082321]8. Conclusion 
This study has provided information that has shown that the fatigue safety factor of all three components reduced as the engine speed increased. The gudgeon pin experienced the FSF decreasing from 5.77 to 2.94, the connecting rod midpoint had reduced from 7.44 to 3.47 and the connecting rod bolt had started with an FSF of 137.4 which lowered to 3.72. This shows that the gudgeon pin had the smallest design margin, while the connecting rod bolt had the largest and was more likely to fail under a higher engine speed. However, all three components did have a FSF of above one suggesting that they are suitable for the engine. The bolt analysis study showed that the FSF of the bolt had drastically decreased 1.60 while the maximum stress had increased when the engine reached 9000rpm. By introducing a wasted-shank design to the bolt it had increased the FSF back to its original operating conditions and therefore the engine would most likely last longer. The torque comparison also revealed that the cross- plane configuration had more of an effect on the torque ripple, the mean torque had stayed the same for both layouts. This had shown that the arrangement of the crank does have an influence on the way torque is delivered from the engine. Overall, the findings have shown that the bolt redesign can have a positive effect on the stress and life of the component, as well as that research of fatigue is crucial for component design. 
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