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[bookmark: _Toc32175143]Introduction 

[bookmark: _Hlk23412695]In order for correct operation of an ICE the internal components of the engine must be properly designed for the operating conditions and applied loads that all the parts will endure. This report will cover how to determine these loads by numerically analysing a Ford 1.6L GTDI EcoBoost engine and reverse engineering the generated results. This has been accomplished by taking the real world in-cylinder pressure data and then back calculating the applied forces in order to determine the reasoning behind the material / design choices the Ford engineers decided upon when designing the components. The key results from this report will outline the fatigue safety factors for the gudgeon pin, connecting rod, crankshaft and connecting rod bolts.






[bookmark: _Toc32175144]Gudgeon Pin Numerical Analysis 

The following results have been calculated using a quasi-static approach in order to ensure the critical loads and resulting forces were considered for every degree of crank angle. The input variables for the OEM Ford 1.6L GTDI EcoBoost Gudgeon pin can be seen below, Table 1.  
[bookmark: _Ref23427219][bookmark: _Toc23424814][bookmark: _Ref23427210][bookmark: _Toc23675724]Table 1: OEM Gudgeon Pin Specifications
[image: ]
In order to determine the maximum bending and shear stress conditions that the gudgeon pin will experience during engine operation the following forces were calculated from the given pressure data. It is important to note that different RPM combinations were used due to the maximum compressive force occurring at 5700 RPM and the maximum tensile force occurring at 6000 RPM due to a higher rotational velocity. 
1. Maximum Vertical Loading at 5700 RPM (Gas force – Piston Inertia) = 39926.32 N @ 22o ATDC
2. Maximum Vertical Loading at 60000 RPM (Gas force – Piston Inertia) = 7031.79 N @ 362 o ATDC
The bending and shear stress results were then calculated with the above forces along with the inertia force caused by the gudgeon pin overhang. The table below outlines the combined bending and shear stress results achieved, see Appendix A for further clarification.
Table 2: Combined Stress Results
[image: ]
The tensile combined stress from 5700 RPM and the compressive combined stress from 6000 RPM was then used to produce a Goodman diagram. The purpose of a Goodman diagram is to determine the fatigue life of a material by establishing if the loading conditions on the part are kept within the endurance limit, (e.g. range of stress must be lower than the allowable range). If this condition is met, the part will last forever (Economides, 1996). The tables and graph below highlight the results achieved.
                                   Table 3: Gudgeon Pin Results                                             Table 4: Gudgeon Plasma Nitriding Results
 [image: ]  [image: ]
[image: ]
Figure 1: Gudgeon Pin Goodman Diagram
The results from reverse engineering the Gudgeon pin established a fatigue safety factor of 1.9 and 2.12 when adding 100N/mm2 of surface compression with plasma nitriding. These results validate the successful design of this specific gudgeon pin when operating within the normal operating conditions.
[bookmark: _Toc32175145]Connecting Rod Numerical Analysis

In order to properly understand the different stress concentrations that a connecting rod experience during normal loading conditions, three specific locations were chosen to reverse engineer the different fatigue safety factors. The underlying principles used to determine the fatigue safety factor for all three points were exactly the same besides the input variables such as the cross-sectional area, geometric dimensions, masses and the stress concentration factor. The stress concentration factors at Point A and B were determined by using Roark’s formula, figure 2 and Peterson’s factors for Point C, figure 3.  

The reason why Roark’s formula was used is because Peterson’s graphical concentration factors did not support such large radius’s and thus the value could not be determined accurately and since connecting rod failures typically occur between Point A and B (figure 3), the decision was made to use the most accurate method. The list below depicts the results for the stress concentration factors for Point A and B. 
[image: ][image: ] [image: ]
Figure 2: Roark's Stress Concentration Factor Formula, (MechaniCalc, 2019)
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Point A  (Piston Pin Radius)




Point B  (Crank Pin Radius)




[image: Image result for connecting rod fea analysis]
Figure 3: Typical Connecting Rod Failure, (Becker, n.d.)
Point C  (Crank Cap Radius)



                     
Figure 4: Peterson’s Stress Concentration Factors, (PILKEY, 1997)
The next step was to calculate the maximum and minimum nominal stress along with a Goodman diagram for all the connecting rod sections. This will then explain how the ford engineers were able to design a connecting rod that is able to withstand the standard loading conditions. 
The method used to determine the nominal stresses was to take the appropriate loading force and dividing by the specific cross-sectional area. This step was relatively straight forward as the forces acting on the connecting rod were calculated from the previous geometric parameters. The critical step was accurately measuring the different cross-sectional areas. This was done by first using digital callipers and then validated against a SolidWorks model of the connecting rod, reference appendix B for clarification.
[bookmark: _Toc32175146]Point A ( Piston Pin Radius)
In order to properly simulate the loading conditions that point A will incur during standard loading conditions the combustion force at 5700 RPM and inertia force at 6000 RPM was used to create a worst-case scenario.  The tables and figures below illustrate the input variables and results obtained.
                   Table 5: Connecting Rod Specifications – A 		                 Table 6: Connecting Rod Results - A
[image: ]  [image: ]
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Figure 5: Connecting Rod Goodman Diagram - A
The results from point A illustrate that the fatigue safety factor is well above 1 and thus will withstand a lifetime of standard operating conditions. 
[bookmark: _Toc32175147]Point B ( Crank Pin Radius)
The input variables were the only difference between point A and point B due to the methodology being the same. The results and input variables can be seen below. 
       Table 7: Connecting Rod Specifications – B		                 Table 8- Connecting Rod Results - B
[image: ] [image: ]
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Figure 6: Connecting Rod Goodman Diagram - B
Again, the fatigue safety factor result proved that the lower radius for this specific connecting rod and loading conditions met the required strength and thus would be able to withstand standard operating loads.
[bookmark: _Toc32175148]Point C ( Crank Cap Radius)
The results and input variables are shown below for point C.
         Table 9: Connecting Rod Specifications – C                                             Table 10: Connecting Rod Results - C
[image: ]  [image: ]
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Figure 7: Connecting Rod Goodman Diagram – C
The fatigue safety factors result from the simulation are deemed to be acceptable due to the fact that they are similar to typical failure patterns. It is interesting to note that the lowest factor of safety value occurred at point A, meaning that this location could potentially be the first failure point when modified loading conditions are present. Although this assumes that all measurements taken were accurate. 
[bookmark: _Toc32175149]Connecting Rod Bolts Numerical Analysis
A connecting rod bolt’s critical failure is caused by the maximum inertia force at TDC of the exhaust stroke due to the high tensile load the bolt experiences, which is why it was decided to use a rev ceiling of 6500 RPM instead of the standard 6000 RPM to account for overrevs and thus a worst case scenario. The input variables used for the simulation of the connecting rod bolts are as follows:
[image: ]
Figure 8: Connecting Rod Bolts - OEM Specifications
It is important to note that the friction coefficients were adapted from the Bosch Automotive handbook (Gmbh, 2014) and the stress concentration factor was taken from Terry Lehnoff’s report on “Bolt Thread and Head Fillet Stress Concentration Factors”, where it was stated that depending on the complexity of the bolt the stress concentration factor can be anywhere from 1.17 to 4.33 and specifically around  1.85 for M8 high tensile loading bolts (Lehnhoff, 2000). The next step was to then determine the extra force at the threads along with the torque needed to tighten the bolt correctly. These results are shown below. 
[image: ]
The results achieved from the simulation resulted in a fatigue safety factor of 0.79 when taken to 90% yield as seen in figure 9 and 10. Although the bolt is failing when tightening to 90% yield these results are promising because it is demonstrating the importance of tightening the connecting rod bolts into yield in order to transfer the extra force into the shank and away from the threads.  

[image: ]
Figure 9: OEM Bolt - Results
[image: ]
Figure 10: Goodman Diagram - OEM Bolt
The next step was to tighten the bolt into yield and the results from tightening into yield can be seen below.
[image: ]
Figure 11: Tightening into Yield Case 1 
[image: ]
Figure 12: Tightening into Yield Case 2
By tightening into yield (i.e. stress after 90% of UTS) the total stress increased by only 4.8% in case 1 but this small increment will then allow the bolt to stretch further without failing due to the flat curve of the stress/strain graph. This is due to the fact that a material is able to stretch further without the stress going up, the downside to tightening into yield is that the part will now be forever deformed. It is also interesting to note that the only possible tightening sequence for the connecting rod bolt is 18 N.m then 35o because case two will create a torque spec that will create a total stress that is more than the UTS, thus causing the bolt to fail during install. Once the general parameters for the OEM bolt was established the next task was to design a connecting rod bolt that was able to withstand a higher revving engine while using the fundamental principles discovered in the OEM bolt. The same procedure was used to create the new part for an engine that could now rev to 9500 RPM. The differences between the OEM and the redesigned bolt are the following input parameters. 
1. Bolt face diameter was reduced to 8.98mm.
2. Piston assembly was reduced by 69.7 grams.
3. UTS increased to 1400 (e.g. ARP Bolts)
4. [image: ]Bolt stiffness reduced due to decreasing the diameter of the middle shank, figure 13 and 16. 







By reducing the middle shank area the bolt stiffness is reduced in that area, and thus creating a part that is able to take the extra force and translate it into stretch at the shank rather than extra force at the threads. The results from the newly designed bolt are as follows.
[image: ]
Figure 13: Stress and Torque Specs - New Design Bolt
[image: ]
Figure 14: New Design Bolt - Results
[image: ]It is interesting to note that the by increasing the rev ceiling by 3500 RPM the inertia forced increased by 96.5% without reducing the mass of the piston assembly due to the fact the relationship is exponential, and this is why it is very hard to design high revving engines. It is important to note that the piston assembly was lightened to reduce the inertia load and thus producing a newly designed bolt that has the same torque spec, which ensures that the journals do not need to be machined. The final check for the newly designed bolt is that the fatigue factor of safety is identical to the OEM bolt which confirms that the newly designed bolt will withstand the 9500 RPM when tightened into yield.   





Figure 15: Connecting Rod Bolt Solidworks Drawing

[bookmark: _Toc32175150]Crankshaft Numerical Analysis

Typically the weakest section of a crankshaft is the fillet between the main journal and the crank pin journal due to the large bending and shear stress generated from the gas force that is exerted from the connecting rod onto the crankshaft. The following analysis will demonstrate how to calculate the fatigue safety factor at the crankshaft fillet, thus determining the overall safety factor of the crankshaft since the fillet is the weakest section. This is assuming that the oil passages have no significance when generating stress concentrations. 
[image: ]In order to properly simulate the fatigue safety factor the vertical net force was translated into the rod force which was then converted into the perpendicular force that would be exerted onto the crankshaft. This step was very important because it allowed the net forces at every crank angle degree to be converted into a useable force when calculating the bending and shear stress. Without this step a large assumption of the highest gas force occurring at TDC would have to be made. The next important step was to calculate the stress concentration factor, which was taken from Peterson’s crankshaft stress factors, figure below.
Stress Concentration Factor








Figure 16: : Peterson’s Stress Concentration Factors, (PILKEY, 1997)
[image: ]The input variables used for the simulation can be seen below.
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Figure 17: Crankshaft OEM Specifications
The bending and sheer stress was then calculated with the inertia and combustion force from 5700 RPM to generate the maximum stress at the fillet. While the forces from 6000 RPM was used to calculate the minimum stress at the fillet. The simulation provided the results below, reference appendix D. 
[image: ]
Figure 18: Crankshaft OEM Specifications
These results mean that the Ford engineers have not successfully designed the crankshaft to withstand standard loading conditions, but this is because the effect of cold rolling or even plasma nitriding was not added yet. In actual fact, the simulation is validated because the crankshaft would fail without cold rolling which is a typical result in real world applications. The next set of results were generated from cold rolling and plasma nitriding which can be seen in the figures below. The only changes for input variables are the cold rolling added a surface compression of 250 N/mm2 and plasma nitriding added 800 N/mm2 of surface compression. The cold rolling value was adapted from the Effect of Fillet Rolling report (Gürbü, 2017), which states such stress values as being typical results.
[image: ]   [image: ]
               Figure 19: Crankshaft Cold Rolling Results		         Figure 20: Crankshaft Plasma Nitriding Results
The addition of cold rolling increased the fatigue safety of factor by 34% over OEM and plasma nitriding by 111%. The Goodman diagram for the cold rolled solution is below, as that is what Ford used. 
[image: ]
Figure 21: Crankshaft Goodman Diagram
Additionally, the torsional stress was calculated to ensure that the input variables and simulated results were producing valid results. This ensured that the crankshaft was not failing due to other failure modes.

[image: ]
Figure 22: Torsional Stress Input Variables
[image: ]
Figure 23: Torsional Stress Results
The torsional results have validated that the bending and shear stress are the predominant failure modes and thus the previous results have been deemed suitable.

[bookmark: _Toc22637031][bookmark: _Toc32175151]Conclusion	 
The results generated from this report have demonstrated the OEM fatigue safety factors that Ford engineers utilize by reverse engineering certain components of the Ford 1.6L engine. The important takeaway from this report is that in order to design robust engine components the entire system must be looked at as a whole due to the complexity of the solutions used to design parts that can withstand difficult loading situations. This report however was limited in certain areas due to the time restraint, and in order to create better simulations for future designs the crankshaft should be modelled in Solidworks along with the piston assembly so that the dimensions and input parameters could be refined further.     

 


Bibliography

Becker, B., n.d. Connecting Rod Physics. [Online] 
Available at: https://nasaspeed.news/tech/engine/connecting-rod-physics/
Economides, M., 1996. Production Engineering. s.l.:Standard Handbook of Petroleum and Natural Gas Engineering, Volume 2,.
Gmbh, R. B., 2014. Bosch Automotive Handbook. s.l.:Bosch.
Gürbü, G. Ç. a. R., 2017. Effect of Fillet Rolling Load on the Fatigue Performance of a Micro-Alloy Steel Diesel Engine Crankshaft. 
Lehnhoff, T. F., 2000. Bolt Thread and Head Fillet Stress Concentration Factors. J. Pressure Vessel Technol..
MechaniCalc, I., 2019. Stress Concentration Factors. [Online] 
Available at: https://mechanicalc.com/calculators/stress-concentration/
PILKEY, W. D., 1997. PETERSON'S STRESS CONCENTRATION Factors. s.l.: John Wiley & Sons, Inc.






Appendix A – Gudgeon Pin
[image: ]
[image: ]
[image: ] [image: ]


Appendix B – Connecting Rod
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Appendix C – Connecting Rod Bolts
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Appendix D – Crankshaft
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Wrist Pin Outer Diameter

20.88 mm

Wrist Pin Inner Diameter

11.90 mm

Half of Wrist Pin Mass

0.040 kg

Length from Conrod - CoG Pin

6.70 mm

Length from Conrod - Piston Contact

12.05 mm

I - Second Moment of Area

8345.85 mm^4

A - Cross Sectional Area

231.19 mm^2

UTS

1000.00 N/mm^2

Endurance Limit

450.00 N/mm^2

Nitrogen Surface Compression

100.00 N/mm^2

OEM Specifications - Gudgeon Pin
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Tensile Compressive Tensile Compressive

332.57 -70.69 339.09 -63.06

Combined Stress N/mm^2 - 6000 RPM Combined Stress N/mm^2 - 5700 RPM
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Mean Stress

134.20 N/mm^2

Allowable Range 

779.22 N/mm^2

Range of Stress

409.78 N/mm^2

Fatigue Safety Factor

1.90 -

Results
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Mean Stress

34.20 N/mm^2

Allowable Range 

869.22 N/mm^2

Range of Stress

409.78 N/mm^2

Fatigue Safety Factor

2.12 -

Results - Plasma Nitriding
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The reason why Roark’s formula was used is because Peterson’s graphical concentration factors did not
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Piston + Pin +(Top Hoop) Mass

0.402 kg

 Cross Sectional Area - Max

106.12 mm^2

Cross Sectional Area - Min

212.23 mm^2

Cross Sectional Area - Hoop

46.53 mm^2

Stress Concentration Factor Kt

1.23 -

UTS

750.00 N/mm^2

Polished Endurance Limit

337.50 N/mm^2

Final Endurance Limit

274.39 N/mm^2

OEM Specifications - Connecting Rod
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Nominal Hoop Stress

90.54 N/mm^2

Max Nominal Stress

39.70 N/mm^2

Min Nominal Stress

-187.78 N/mm^2

Mean Stress

-74.04 N/mm^2

Range of Stress

227.48 N/mm^2

Allowable Range

602.96 N/mm^2

Fatigue Safety Factor

2.65 -

Results


image14.png
Alternating Stress (N/mmA2)

1000

800

600

400

200

Goodman Diagram - Connecting Rod "

-200

300 400

Mean Stress (N/mm~2)

500

600

700

800




image15.emf
Piston + Pin +(1/3 Conrod) Mass

0.482 kg

 Cross Sectional Area Max

277.23 mm^2

Stress Concentration Factor Kt

1.31 -

UTS

750.00 N/mm^2

Polished Endurance Limit

337.50 N/mm^2

Final Endurance Limit

257.63 N/mm^2

OEM Specifications - Connecting Rod
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Max Nominal Stress

36.40 N/mm^2

Min Nominal Stress

-138.88 N/mm^2

Mean Stress

-51.24 N/mm^2

Range of Stress

175.28 N/mm^2

Allowable Range

550.47 N/mm^2

Fatigue Safety Factor

3.14 -

Results
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Goodman Diagram - Connecting Rod "B"
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Piston + Pin +(Conrod above bolts)

0.630 kg

 Cross Sectional Area Max

183.75 mm^2

Stress Concentration Factor Kt

2.90 -

UTS

750.00 N/mm^2

Polished Endurance Limit

337.50 N/mm^2

Final Endurance Limit

116.38 N/mm^2

OEM Specifications - Connecting Rod
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Max Nominal Stress

35.91 N/mm^2

Min Nominal Stress

0.00 N/mm^2

Mean Stress

17.96 N/mm^2

Range of Stress

35.91 N/mm^2

Allowable Range

227.19 N/mm^2

Fatigue Safety Factor

6.33 -

Results
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Goodman Diagram - Connecting Rod "C"
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Inner Diameter Bolt

6.90 mm

Outter Bolt Diamater

7.80 mm

Average Diameter Bolt

7.35 mm

Bolt Seating Face Diameter

12.80 mm

Average Seating Face Diamater

10.30 mm

Area Bolt

42.43 mm^2

Young's Modulus - Bolt

2.10E+05 N/mm^2

Area Cap

52.05 mm^2

Young's Modulus - Cap

1.70E+05 N/mm^2

Cap - Bolt Ratio

0.99 -

K Bolt After Yield Change

80.00 %

Length to 2nd Engaged Thread

24.20 mm

Thread Pitch Length

1.00 mm

Stress Concentration Factor Kt

1.85 -

Bolt UTS

1100.00 N/mm^2

Polished Endurance Limit

495.00 N/mm^2

Final Endurance Limit

267.57 N/mm^2

Friction Coefficient Beneath Head

0.15 -

Friction Coefficient of Thread

0.22 -

Cap Mass

0.117 kg

Mass Reciprocating (piston + pin + 1/3 rod)

0.482 kg

Mass Rotating (2/3 Rod)

0.265 kg

OEM Specifications - Connecting Rod Bolts


image22.emf
Pin Acceleration (m/s^2) 6500 RPM Inertia Force (N) 6500 RPM Bolt Force (N) Extra Nominal Stress (N/mm^2)

24584.79 14638.83 3672.41 98.21

Resisting Torque at Threads (N.m) Resisting Torque at Bolt Head (N.m) Tightening Torque (N.m)

20.38 19.47 39.85

90% Yield
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Max Stress

989.21 N/mm^2

Min Stress

891.00 N/mm^2

Mean Stress

940.11 N/mm^2

Range of Stress

98.21 N/mm^2

Allowable Range

77.79 N/mm^2

Fatigue Safety Factor

0.79 -

Results -  90% Yield


image24.png
Goodman Diagram - OEM Bolt
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18 N.m Bolt Stress (N/mm^2) 35 Deg Stress (N/mm^2) Total Stress (N/mm^2)

402.50 634.94 1037.45

18 N.m + 35 Degrees
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To Yield Stress (N/mm^2) 35 Deg Stress (N/mm^2) Total Stress (N/mm^2) Bolt Stretch After Yield (mm)

990.00 630.55 1620.55 0.05

18 N.m + Yield + 35 Degrees
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Upper Bolt Diamater

7.00 mm

Middle Bolt Diameter

4.00 mm

Lower Bolt Diamater

7.35 mm

Upper Bolt Area

38.48 mm^2

Middle Bolt Area

12.57 mm^2

Lower Bolt Area

42.43 mm^2

Upper Bolt Length

4.31 mm

Middle Bolt Length

15.00 mm

Lower Bolt Length

18.32 mm

Upper Bolt Stiffness

1875115.34 N/mm

Middle Bolt Stiffness

175929.19 N/mm

Lower Bolt Stiffness

486360.60 N/mm

Total Bolt Stiffness

120867.93 N/mm

Super Bolt Redesign
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Pin Acceleration (m/s^2) 6500 RPM Inertia Force (N) 6500 RPM Bolt Force (N) Extra Nominal Stress (N/mm^2)

52515.43 27611.35 4687.09 125.35

Resisting Torque at Threads (N.m) Resisting Torque at Bolt Head (N.m) Tightening Torque (N.m)

22.40 17.43 39.84

90% Yield
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Max Stress

989.21 N/mm^2

Min Stress

891.00 N/mm^2

Mean Stress

940.11 N/mm^2

Range of Stress

98.21 N/mm^2

Allowable Range

77.79 N/mm^2

Fatigue Safety Factor

0.79 -

Results -  90% Yield
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Chart 5.19  Stress concentration factors K, for a crankshaft in bending (strain gage values of Arai
1965). See figure of Chart 5.18 for notation.





image32.emf
Crank Pin Diameter

44.20 mm

Main Journal Diamater

48.15 mm

Fillet Radius

4.00 mm

R/D

0.0905 -

S/D

0.35 -

Mass Reciprocating (piston + pin + 1/3 rod)

0.482 kg

Mass Rotating (2/3 Rod)

0.265 kg

Length from Critcal Stress to Force (L2)

33.26 mm

Width from A - B (D)

21.26 mm

Critical Beam Effective Width

46.18 mm

I - Second Moment of Area

36975.62 mm^4

A - Cross Sectional Area

286.50 mm^2

Stress Concentration Factor Kt

3.2 -

UTS

750.00 N/mm^2

Polished Endurance Limit

337.50 N/mm^2

Final Endurance Limit

105.47 N/mm^2

OEM Specifications - Crankshaft
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Max Stress

133.24 N/mm^2

Min Stress

-93.87 N/mm^2

Mean Stress

19.68 N/mm^2

Range of Stress

227.11 N/mm^2

Allowable Range

205.40 N/mm^2

Fatigue Safety Factor

0.90 -

Results
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Max Stress

-116.76 N/mm^2

Min Stress

-343.87 N/mm^2

Mean Stress

-230.32 N/mm^2

Range of Stress

227.11 N/mm^2

Allowable Range

275.71 N/mm^2

Fatigue Safety Factor

1.21 -

Results
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Max Stress

-666.76 N/mm^2

Min Stress

-893.87 N/mm^2

Mean Stress

-780.32 N/mm^2

Range of Stress

227.11 N/mm^2

Allowable Range

430.40 N/mm^2

Fatigue Safety Factor

1.90 -

Results


image36.png
Goodman Diagram - Crankshaft
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Max Instantaneous Torque - 5700 RPM

803910.46 N.mm

Min Instantaneous Torque -6000 RPM

-362873.20 N.mm

Distance from Neutral Axis

24.08 mm

Polar Moment of Inertia

5.28E+05 mm^4

Max Shear Stress

36.68 N/mm^2

Min Shear Stress

-16.56 N/mm^2

Torsional Stress
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Max Stress

36.68 N/mm^2

Min Stress

-16.56 N/mm^2

Mean Stress

10.06 N/mm^2

Range of Stress

53.23 N/mm^2

Allowable Range

208.11 N/mm^2

Fatigue Safety Factor

3.91 -

Results
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