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Abstract

The main emphasis of this study was conduct detailed analysis of major structural parts found within an engine assembly. These include gudgeon-pin, connecting-rod, connecting-rod bolts and crankshaft. This was done by calculating the fatigue safety factors for all said components for normal operating condition then showing what modification would have to take place if the RPM was increased to gain better performance without risk of failure of these parts.
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Gudgeon Pin

To better understand the longevity of the gudgeon pin the following techniques and calculations were made to gain a baseline fatigue safety factor. 
By means of replicating the part in Solidworks from dimensional and mass measurements, the CoG (centre of gravity), length of pin half way into the piston skirt, second moment of area, cross sectional area and moments of the forces acting about the protruding part of the pin where calculated.
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[bookmark: _Toc32214141]Figure 1- Solidworks Image of Protruding Gudgeon Pin
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Where the value of y equals zero stress equates to zero. The value represents the distance away from the neutral axis.  As this distance increases the magnitude of the stress also increases.
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The maximum  downwards created by the increase in pressure due to heat released from combustion can be seen at 5700 RPM (revolutions per minute), with a force of 41275.44N 19after top dead centre (TDC). 
For the purposes of this study all forces were assumed to act uniformly, therefore only one side of the gudgeon pin was needed to be accounted for.
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Force of Inertia at the Gudgeon Pin





Bending Moment about the Gudgeon Pin













Bending Stress at the Gudgeon Pin






Shear Stress at the Gudgeon Pin







Combined Stress at the Gudgeon Pin
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The maximum  upwards created by the inertia of the piston can be seen at 7000 RPM, accounting for a scenario where an early selection of a lower gear occurs, with a force of 10026.02N at TDC. 
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Combined Stress at the Gudgeon Pin









[bookmark: _Toc32214092]
Fatigue Safety Factor
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[bookmark: _Toc32214142]Figure 2- Alternating Stress
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[bookmark: _Toc32214143]Figure 3-Goodman Diagram-Gudgeon Pin


When looking at a Goodman diagram the following things can be seen. The two diagonal lines highlight the materials endurance limit. The area in between these lines shows the viewer where the material will behave in line with Hook’s law. Outside the lines shows yield and plastic deformation up to the UTS lines where failure occurs. The distance between to two mean points shows the allowable range, from this a fatigue safety factor can be summarised. When the mean line cross the y-axis to the left the part is experiencing a compressive force by in which it is been acted upon or as a part of the manufactures design for instance pulse plasma nitriding.
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The endurance limit of a material can be thought of the maximum stress it can hypothetically endure forever or in other words an endless number of cycles. For steel this around 0.4 – 0.55 of its ultimate tensile strength (UTS). To easily identify if a part a surpass this limit the allowable range must be calculated. From this so can the fatigue safety factor. The aim been to have a factor of safety above one, with forever increasing reliability of the part as the number increases.
Assuming the grade of steel used was AISI 4340 Steel. This would give the gudgeon pin a UTS of 1110 .
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[bookmark: _Toc32214144]Figure 4- Solidworks Replica of Ford Connecting-Rod

By accurately measuring the standard con-rod it was then possible to replicate it in Solidworks. The purpose of this was to acquire realistic representations of the three critical points subjected to stress. The modelled part also aided calculations by the cross-sectional areas of these three points been easy to obtain by splitting the part through the centre of the stress concentration. The material was assumed as powder forged steel for the standard con-rod and forged steel for the modified. As of before forces at 5700 and 7000 RPM were used in this study.
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[bookmark: _Toc32214145]Figure 5- Showing a Comparison Between Powder Forged and Forged Steel Connecting-Rod Distortion

[bookmark: _Toc32214100]Stress Concentration Factors
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[bookmark: _Toc32214146]Figure 6- Stress Concentration Factors
 


Due to the con-rods geometry in regards to changes in diameter and the use of fillet radii, when acted upon by external forces, the stress will not act uniformly through the material. These fillets and radii have a similar effect to a notch in the material though not to the same degree. The force lines at these points bunch together creating what is known as a stress concentration. It is at these points the part is most likely to fail and consequently need to be accounted for when considering the endurance limit of the material.
For the purposes for this study these concentrations were calculated utilizing work carried out by Walter and Deborah Pikey (Walter D Pilkey, 1997). By referring to the above diagrams the stress concentrations of the three points of interest were considered. Point A was found to have a concentration factor of around 1.05 and point B around 1.1. These were small enough to be considered negligible and not used in any further calculation. Point C was seen to have a concentration factor of around 3.2 caused by the 2mm radius around the bolt holes on the big end cap. 
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[bookmark: _Toc32214147]Figure 7- Solidworks Replica of Ford Little End Bearing
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Mean of Nominal Stress




Range of Nominal Stress







[bookmark: _Hlk32165768]Endurance Limit Standard (Powder Forged Steel)








Endurance Limit Modified (Forged Steel)









[bookmark: _Toc32214105]Goodman Diagram (Standard)
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[bookmark: _Toc32214148]Figure 8- Goodman Diagram of Stress About Point A on The Standard Connecting-Rod


[bookmark: _Toc32214106]Goodman Diagram (Modified)


[image: ]
[bookmark: _Toc32214149]Figure 9-Goodman Diagram of Stress About Point A on The Modified Connecting-Rod



Allowable Range Modified (Powder Forged Steel)



                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             


Fatigue Safety Factor (Powder Forged Steel)





Allowable Range Modified (Forged Steel)


                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             


Fatigue Safety Factor (Forged Steel)
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[bookmark: _Toc32214150]Figure 10-Solidworks Imagines Showing a Third of the Connecting-Rod and Cross-Sectional Area
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[bookmark: _Toc32214111]Goodman Diagram (Standard)
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[bookmark: _Toc32214151]Figure 11-Goodman Diagram Showing the Stresses About Point B on the Standard Connecting-Rod


[bookmark: _Toc32214112]Goodman Diagram (Modified)
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[bookmark: _Toc32214152]Figure 12-Gooodman Diagram Showing the Stresses About Point B on the Standard Connecting-Rod

	


Allowable Range (Powder Forged Steel)


                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             


Fatigue Safety Factor (Powder Forged Steel)





Allowable Range Modified (Forged Steel)
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[bookmark: _Toc32214153]Figure 13- Connecting-Rod Cap and Cross-Sectional Area


When considering the con-rod cap only the tensile force of the exhaust stoke needs to be considered, due to this been the only point within the combustion cycle the cap sees all the stress. The highest stress concentration can be found within the small radius near the bolt hole.
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Polished Endurance Limit (Powder Forged Steel)








Polished Endurance Limit (Forged Steel)













[bookmark: _Hlk32165670]Final Endurance Limit (Powder Forged Steel)







Final Endurance Limit (Powder Forged Steel)








[bookmark: _Toc32214116]Goodman Diagram (Standard)
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[bookmark: _Toc32214154]Figure 14-Goodman Diagram Showing the Stresses About Point C on the Standard Connecting-Rod



[bookmark: _Toc32214117]Goodman Diagram (Modified)
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[bookmark: _Toc32214155]Figure 15- Goodman Diagram Showing the Stresses About Point C on the Modified Connecting-Rod


Allowable Range (Powder Forged Steel)


                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             


Fatigue Safety Factor (Powder Forged Steel)





Allowable Range (Forged Steel)


                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             


Fatigue Safety Factor (Forged Steel)
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[bookmark: _Toc32214156]Figure 16- Solidworks Image of Standard 4340 Steel Connecting-Rod Bolt





For the purposes of this part of the study the connecting had been assumed to have already been modified to forged steel. To prove or disprove to whether or not it was necessary to upgrade the con-rod bolts when increasing the RPM range of the engine.
[bookmark: _Toc32214119]Bolt Specifications
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[bookmark: _Toc32214157]Figure 17- Metric Fine Thread Table Bosch Automotive Handbook







Material: AISI 4340 Steel
Youngs Modulus: 205000
Density: 7850 
UTS: 1110 
Outer Thread Diameter: 8 mm
Inner Thread Diameter: 6.773mm
Average Thread Area: 42.8516 
Length to Second Engaged Thread: 22.3mm

[bookmark: _Toc32214120]Bolt to Con-Rod Cap Stiffness Ratio
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[bookmark: _Toc32214123]Extra Nominal Stress at Root of Bolt
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Minimum and Maximum Stress
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Axial Stress


 
 
Clamping Force





[bookmark: _Hlk32197677]Circumferential Frictional Force at Threads
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[bookmark: _Toc32214158]Figure 18- Steel Frictional Coefficients Bosch Automotive Handbook



 
 

Resisting Torque at Thread
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 18.02 N.M

Circumferential Frictional Force at Bolt Head


 
 

Average Seating Force Diameter



Resisting Torque at Bolt Head




 17.41 N.M
Total Tightening Torque 
            





[bookmark: _Toc32214126]Mean and Range Stress on Bolt



Mean of Nominal Stress
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Polished Endurance Limit (Powder Forged Steel)
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[bookmark: _Toc32214159]Figure 19- Stress Concentration Factors for M8 Threads
 

For the purposes of this study work previously carried out by (Xin Chen, 2015) , (Lehnhoff, 2000) and (Walter D Pilkey, 1997) was referred to and studied in-depth to get an average for the stress concentration factors for an 8mm thread and head of a bolt. The highest concentration factors were found to be around the first and second engaged threads. Though many studies have shown bolts fail from necking about the shank or head failure only the thread factor was conceded due to been mathematically larger.
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[image: ]
[bookmark: _Toc32214160]Figure 20- Goodman Diagram of the Standard Connecting-Rod Bolt
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Fatigue Safety Factor 
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Modified Bolt

Chrome Moly
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[bookmark: _Toc32214161]Figure 21- Modified Connecting-Rod Bolt Chrome Moly

Once calculation had been made on the standard con-rod bolts it was seen that they were reaching their minimal factor of safety of one around 7000 RPM. If the engine was to remain standard this would be acceptable due to it only centring this rev range in rare occasions such as early gear changes. If the intention was to up this limit to say 9000 RPM the standard bolts would be rendered useless. 
To overcome this problem the material Chrome Moly was chosen. With a higher UTS value of 1378.952  , compared with the standard bolts UTS of 1110 . This in turn created another problem effecting the clamping force been higher than the original. This was due to the bolt not stretching in the same fashion, meaning it would in fact cause a seizer of the big-end bearing or crack the cap itself. For this reason, a calculator was made using excel so that different design modifications could be explored to change the stiffness of the bolt, by changing the lengths and diameters along the shank. Radii and fillets were also introduced to limit any undue stress concentration. The final design boasted an increase in safety of over 113%. While keeping with original overall length and thread size meaning this could be used in the standard con-rod.
Bolt Stiffness
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[bookmark: _Toc32214162]Figure 22- Graph Comparing the Fatigue Safety Factors of the Two Connecting-Rod Bolts
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[bookmark: _Toc32214163]Figure 23-Solidworks Replica of Ford Crankshaft









Only the firing stoke needs to be considered when looking at the crankshaft due to this been where it experiences the most force. There are circumstances where unplanned extra force could be exerted on the crank, for instance hydro locking due to a flooding of the combustion chamber of fuel. But in this case only normal conditions were considered.
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Force on Bearings



Nominal Bearing Pressure






Bending Moment at B
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Second Moment of Area
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[bookmark: _Toc32214164]Figure 24-Goodman Diagram of Stresses on the Crankshaft
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[bookmark: _Toc32214138]Conclusion

A great deal of valuable knowledge was gained by conducting this study. The longevity of the assembly in real world condition were seen to be more than satisfactory with safety factors of one and above. Adaptation to the engine for reliability when considering increasing performance was achieved, along with a great appreciation of the level of detail that goes into something thought to be a simple object like a bolt.
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Type 4 Stroke RPM Torque (Nm)Power (Kw)

Configuration Inline Material

Titanium

Conrod 267.4 g 1000 140 15

Fuel System Injection Density 4500Kg/m^3 Conrod Cap 103.8 g 1500 231 36

RPM Peak Pressure (Bar)Peak Avg Gas ForceNumber Cylinders 4 Young's Modulus 110000N/mm^2 Bolts 35.19 g 1700 237 40
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M Stretch 0.040634268mm Circlip 0.77 g 3500 245 90
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4500 85.926 84.306342118.089Cyl Volume 3.99E-04 m^3 Nominal Stress 223.003984N/mm^2 Total Loss 15.8085Kw 6000 172 108

5000 90.154 87.23544190.515Clearance Vol43.84615385cc Static Safety Factor 4.260013579

5500 95.038 92.988346584.491Clearance Vol4.38462E-05m^3 Static Safety Factor -28.4802161

5700 98.158 95.25548113.812Tot Volume 4.43E-04 m^3 Net Compressive Force 41478.74102N

6000 97.497 95.60647789.811Piston mass 0.398 Kg Net Tensile Stress -6204.306856N

RPM

5700

Rev/m Comp Stress 223.003984N/mm^2

Angular V ω

596.9026042Rad/s Tensile Stress -33.35648847N/mm^2

 μ 0.1

Crank Angle(Deg)Peak Pressure (Bar)Gas ForceCrank Angle RadiansRod Angle  Rod Angle DegreesRod Force Piston Side Force1st Order Inertia2nd Order Inertia S

 ∆S ∆S/∆t

  Finertia Net Force C Rod DistortionStress Strain Force Friction R/S/F ForceLinear Force

-360 2.703 1324.921 -6.283185 7.4423E-17 4.26414E-15-6199.490059 -4.6E-13 5771.443236 1752.968207 00.0001143.901227 18905.567524.4114-6199.49006 -0.0406 -33.330592 -0.000303 -4.61386E-14 -0.000375 -6199.4901 0

-359 2.691 1319.039 -6.265732 0.00530087 0.303717346 -6203.51234 -32.8838 5770.564217 1751.900346 0.0001140.0001264.324037 18900.667522.4646-6203.42518 -0.0406 -33.352217 -0.0003032 -3.288384403 -0.001247 -6239.684636.2593851

-358 2.678 1312.667 -6.248279 0.01060027 0.607350706-6204.306856 -65.7661 5767.927429 1748.698064 0.0002410.000139 4.74553 18885.997516.6255-6203.95828 -0.0406 -33.356488 -0.0003032 -6.576609326 -0.002278 -6276.6496 72.691275

-357 2.691 1319.039 -6.230825 0.01589674 0.9108161-6188.641495 -98.3751 5763.533674 1743.365264 0.0003790.0001515.165577 18861.567506.8989-6187.85956 -0.0405 -33.272266 -0.0003025 -9.837508021 -0.003462 -6296.8541108.994526

-356 2.691 1319.039 -6.213372 0.02118881 1.214029555-6175.639624 -130.845 5757.38429 1735.908441 0.000530.0001635.584051 18827.377493.2927-6174.25335 -0.0404 -33.202364 -0.0003018 -13.08446815 -0.004801 -6319.5688145.315423

-355 2.678 1312.667 -6.195919 0.02647502 1.516907112-6165.311214 -163.208 5749.481152 1726.336681 0.0006940.0001756.000824 18783.467475.8178-6163.15062 -0.0404 -33.146834 -0.0003013 -16.32076919 -0.00629 -6344.8397181.689051

-354 2.665 1306.295 -6.178466 0.03175391 1.819364831 -6151.29422 -195.295 5739.826666 1714.661646 0.0008690.0001886.415769 18729.877454.4883-6148.19327 -0.0403 -33.071474 -0.0003006 -19.52947986 -0.007932 -6366.1185217.925225

-353 2.626 1287.179 -6.161012 0.037024 2.121318792-6146.354965 -227.511 5728.423773 1700.897559 0.001057 0.0002 6.82876 18666.647429.3213-6142.14281 -0.0403 -33.044919 -0.0003004 -22.75106442 -0.009728 -6396.6167254.473867

-352 2.575 1262.18 -6.143559 0.04228383 2.422685104-6143.648495 -259.7 5715.275947 1685.061191 0.0012560.000212 7.23967 18593.817400.3371-6138.15713 -0.0402 -33.030368 -0.0003003 -25.96995964 -0.011658 -6429.3181291.160921

-351 2.549 1249.436 -6.126106 0.04753195 2.723379911-6125.041168 -291.026 5700.387193 1667.171836 0.0014680.0002247.648376 18511.45 7367.559-6118.12336 -0.0401 -32.930329 -0.0002994 -29.10255136 -0.013714 -6445.1692327.045872

-350 2.511 1230.809 -6.108652 0.05276688 3.023319391-6108.706407 -322.188 5683.762045 1647.251288 0.0016920.0002368.054751 18419.637331.0133-6100.20401 -0.0400 -32.842508 -0.0002986 -32.21878017 -0.015891 -6463.113362.908977

-349 2.485 1218.065 -6.091199 0.05798716 3.322419769-6082.888432 -352.532 5665.405568 1625.323819 0.0019270.0002478.458673 18318.427290.7294-6072.66441 -0.0398 -32.703701 -0.0002973 -35.25318068 -0.018183 -6470.6734398.009012

-348 2.447 1199.439 -6.073746 0.06319134 3.62059732-6059.394862 -382.647 5645.323354 1601.416143 0.0021740.0002598.860019 18207.897246.7395-6047.30086 -0.0397 -32.577392 -0.0002962 -38.26465266 -0.020591 -6480.306433.005178

-347 2.408 1180.322 -6.056293 0.06837796 3.917768376-6032.854734 -412.193 5623.52152 1575.557388 0.0024340.0002719.258665 18088.147199.0789-6018.75679 -0.0395 -32.434703 -0.0002949 -41.21929049 -0.023112 -6486.2669467.510143
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