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Introduction

As the pressing increase for lighter and more efficient engines that last indefinitely is rising, knowledge and understanding of the components inside the internal combustion engine is forever increasing. 
The following report will investigate into three key areas of the combustion engines’ rotating and reciprocating assemblies, including the fatigue life and safety factors considered when designing and manufacturing the components. Firstly, a look into the stress analysis of different points of the connecting rod (con rod) and how they are affected differently when put under the same force.
Following this, an investigation into the connecting rod bolts and the in-depth analysis that can be considered when simulating the forces acting on this area, with consequences to stress concentration factors and how they affect the fatigue safety factors.
Finally, an investigation into the fatigue safety factors of the Ford 1.6l crankshaft and what considerations have been made when simulating this. 

[bookmark: _Toc32175277]Specification

	Component
	Material

	Gudgeon Pin
	Cast Steel (finished)

	Connecting Rod
	Powder Forged Steel

	Con-Rod Bolts
	Steel (unknown grade)

	Crank Shaft
	Cast Steel

	Upgraded Bolts
	718 Grade Inconel


To conduct the experiment, specifications of materials of parts and dimensions must be determined by first creating the parts on Solidworks computer aided design (CAD) package. Once the components have been made, the dimensions can been determine using the measuring tool. The following table shows the materials used within the experiment.

[bookmark: _Toc32177188]Table 1 - Material Allocation
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[bookmark: _Toc32175293]Figure 1 - Connecting Rod Dimensions from CoG
	1.6l con rod
	Percentage

	Rotating
	71.3%

	Reciprocating 
	28.7%


 (Chen, 2009) writes that the reciprocating mass of a connecting rod is considered 1/3 of the overall mass, and the rotating mass is considered 2/3 of the overall mass of the connecting rod, this however is an educated assumption as it resembles the weight on each of side of the centre of mass. By first finding the centre of mass using Solidworks, it is then possible to calculate a more precise assumption towards the amount of con-rod mass that is reciprocating and rotating. 




[bookmark: _Toc32177189]Table 2 - Rotating and Reciprocating mass percentages

The table shows the percentage of mass in a con rod used for reciprocating and rotating mass in comparison to the more commonly used 66.6% percent for rotating and 33.3% for reciprocating.
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[bookmark: _Toc32175294]Figure 2 - Pin Dimensions
The above Figure shows the drawings created on Solidworks used when measuring for the experiment.
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[bookmark: _Toc32175295]Figure 3 - Piston Assembly Dimensions

Figure 3 shows the Piston, Gudgeon Pin and Connecting Rod assembly, used to identify measurements for the experiment. As can be seen from the figure, the dimensions used through the experiment are presented and will be elaborated on when used.

[bookmark: _Toc32175278]The Goodman Diagram

The Goodman or Goodman-Haigh diagram is a graph showing the interaction between mean and alternating stresses on the fatigue life of a material. The equation is normally presented as a linear curve of mean and alternating stress that provides the maximum number of stress cycles the material can stand before failing from fatigue.
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By first calculating the inertia force at 5700rpm of the pin using.

;

Where the  is the mass from the centre of gravity of the exposed area to the end of the Gudgeon pin, in this case 0.02493kg. From this an inertia bending moment can be found by multiplying max inertia of the pin by L2. A gas force bending moment can be also found by multiplying half the max gas force (as half of the force acts on each side of the pin) by L1. 
Once these have both been determined, a max bending moment can be found by using.



Following this, the max stress can be found.



Where  is the distance from the neutral axis to the outer diameter, and  is the second moment of area calculated using.

;

To determine the resultant stress, the shear stress is needed and can be found.


;

Now that this has been determined, the resultant stress can be found.


  
Once this has been found, the same procedure must be done for the opposite side of the pin, to calculate the tensile forces and a Goodman diagram can be made.
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[bookmark: _Toc32175296]Figure 4 - Goodman Diagram, Gudgeon Pin

The above diagram shows a Goodman diagram of the Gudgeon pin, as can be seen from the graph the range found from the calculations is well within the allowable limit. 
Furthermore, using the calculations, a fatigue safety factor (FSF) of 2.71 has been found, with an FSF of this being well above 1, there is no fear of the Gudgeon pin failing in standard conditions, this may not be the case in a modified engine however as the pin may see abnormal loadings. as can be seen from the diagram the actual range is in the positive, showing that there is more compressive load than tensile.
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[bookmark: _Toc32175297]Figure 5 - Connecting Rod Points of interest

The above figure shows the points which will be investigated in the following section of report. 
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Before calculating the FSF, it is necessary to find out whether any stress concentrations factors need to be considered for each case. After considering the Peterson stress concentration tables, it can be said that in the case of point A there are no significant stress concentrations.

To first calculate the FSF of the Point A the minimum and maximum stress will need calculating using the max gas force and max inertia force alongside the area of point A, the masses considered in this point of the con rod area considered to be just the piston, Gudgeon pin and piston rings as point A is relatively high up the con rod. following this, the range of stress can be found along with the mean stress and the allowable range. 



Where  is the elastic limit of the material, calculated by multiplying 0.45 (assumed to be the endurance limit for steel (Toolbox, 2018)) by the UTS of the material. 
Once this has been determined an FSF of 2.22 has been found, proving that in these conditions, there is minimal risk of the con rod failing in this point.
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[bookmark: _Toc32175298]Figure 6 - Point A Goodman Diagram
The Goodman diagram above also shows that con rod at point A is well within the allowable range of alternating stress.
[bookmark: _Toc32175282]Point B

Point B is a like point A as there’s no stress concentrations, however as point B is much lower down on the con rod, therefor there will be more mass above this point, however this is accounted for by using the appropriate amount of the con rod mass as calculated previously in the report being 71.3% as point B is very near the centre of gravity.
Once the inertia has been recalculated with the new mass, the same procedure can take place and an FSF of 2.479 has been calculated. Much the same as point A, this is well above 1 meaning in these circumstances there is no fear of the con rod failing because of fatigue at this point.
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[bookmark: _Toc32175299]Figure 7 - Point B Goodman Diagram
As can be seen from Point B’s Goodman diagram, the actual range is well within the allowable range for point B. Point C differs from point A and B in the respect that the actual range is behind the zero, proving that there is more tensile loading in this area than compressive.
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Point C experiences different forces to the likes of point A and B. Seeing as point C is below the crank pin, the gas forces transmitted through the con rod do not reach point C and terminate through the crankpin. 
Another difference between point C and the previous points, is the stress concentration. As the radius at the base of the cap where the bolt face has been machined is significantly smaller, it is expected to see a concentration factor, after considering the Peterson stress concentration tables, graphs and formulas, a stress concentration factor of 2.3 has been determined.
Once the same procedure as A and B has been completed, the stress concentration must be considered.



Where  is the stress concentration factor. With this a Goodman diagram can be made and an FSF can be found.
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[bookmark: _Toc32175300]Figure 8 - Point C Goodman diagram
As can be seen from the figure, the con rod at point C is well within the allowable range, it can also be seen that there is no stress due to gas force as previously explained. Including the stress concentration, the FSF results in 6.545, proving that there is not worry of there being any fatigue failure around point C in their conditions.
[bookmark: _Toc32175284]Ratio of bolt to cap Stiffness

According to (Zhu, 2017) the con rod bolt is a common reason to why an engine has failed in standard conditions, this being the reason why large amounts of research/testing must be put into place to develop and optimise this area of the internal combustion engine.
Given that the con rod bolt is put under a set amount of axial force when tightened, the only source of fatigue will come from the inertia forces produced in the combustion cycle. This puts the con rod cap and bolt in relationship of stiffness in which the bolt stretches related to reduction in reaction force from the cap (both defined as cap and bolt stiffness).
Using the material characteristics, it is possible to calculate the stiffness using the following equation.

;

Using this, a cap stiffness of 1069737N/mm and bolt stiffness of 403386N/mm has been found resulting in a stiffness ratio of 2.65.

[bookmark: _Toc32175285]Stiffness of bolt

To calculate the stiffness of the Ford bolt as a whole, similar calculations have to take place as the previous task, however this time the length () of the bolt is taken from the contacting face to the engaged thread, as any thread after this is considered ineffective and discounted.

;

Resulting in a bolt stiffness of 320241.28N/mm which is to be expected with a decreased length.
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Just like the calculated loads on point C the bolts see similar forces acting on them, using the stiffness values previously found, it is possible to find the extension on the bolt while going though extension, and consequently change in force that the bolt experiences through the duty cycle.

;

Using this equation, the alternating force to be 1405.35N at 6000RPM, this can then be added to the previously found axial stress (25546.99N) and result in 26952.24N. This new force will be considered when designing the bolt, in order to reduce the extra force, reducing  would make a significant difference as it is the most frequent factor in the equation.

[bookmark: _Toc32175287]Required Torque

Assuming it is going to be used again, the bolt will not intend to be tightened passed yield point but up to 90% yield, and it is necessary to calculate the torque needed to get to this. This means overcoming the frictional forces produced by the contacting surfaces, in this case the bolt head, face and the threads. 

;

The above equation shows the torque required under the circumstances of  being the coefficient of friction verbally supplied by (McDonald, 2019) of 0.12 for the head and 0.18 for the thread friction,  being the axial force, and  being the radius which the force is acting, in the case of the threads, the radius of the pitch and the head, is a mean radius between the shank and head, resulting in a Total Tightening torque of 29.14Nm.
Through limited amount of details from the manufacture, and because the entirety of the area is considered a ‘non-serviceable item’, there is limited information to compare the results.


[bookmark: _Toc32175288]Concentration factors

With the extra bolt force already calculated, it is then possible to calculate the range of stress the bolt experiences during the duty cycle.
Finding the stress in the bolts is like the previous task, however a factor of concentration must be taken into place when calculating, as the factory bolt has no shank, the only concentration factor that must be taken into place are the threads. 

[image: ]
[bookmark: _Toc32175301]Figure 9 - Thread stress concentration formulas
Using the above formulas, it is possible to calculate the Kt value for the threads, and therefor the stress values for the bolts can be found. 
[bookmark: _Toc32177190]Table 3 - New calculations of stress
	New Min Stress
	891

	
	

	New Max Stress
	923.6762133

	
	

	New Mean Stress
	907.3381066

	
	

	New Stress Range
	32.67621329



As expected, the range of stress is relatively minor for this component, however the bolts are only subjected to less than 1500N of force, in comparison to the con rod which withstands much higher values. 
With these values and the stress concentration considered, an FSF of 1.25 has been calculated, which would be reasonable as (Taylor, 1968) describes the stress concentrations, stress concentrations in corners and badly designed bolts as being key area’s when designing an engine. As can be seen from the diagram below, the actual range is far from the allowable range, however the allowable range is quite small showing that in these circumstances the bolts would be suitable given that the engine was running properly and no modifications made.

[image: ]
[bookmark: _Toc32175302]Figure 10 - Standard Bolt Goodman Diagram
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For the sake of the experiment, an increase in RPM has been made up too 9000RPM. To accommodate for this, new inertia forces are calculated to verify whether the standard bolt can withstand the increase in RPM. 
Once the same procedure as the previous experiment has taken place with the new inertia forces at 9000RPM, an FSF of 0.4994 has been found, this is because of the extra inertia forces acting on the bolts, this shows that the factory bolt would not withstand the increase in engine speed.
To solve this problem, adaptations will be made to the standard bolt. As seen prior to this in the report the reduction in stiffness would offer a significant increase in the cap/bolt ratio. Reduction in the cross-sectional area would suffice as this contributes largely into the stiffness equation, by creating a version of the bolt with a reduced shank through the middle section of the bolt, the overall stiffness should reduce.
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[bookmark: _Toc32175303]Figure 11 - New connecting bolt design

The new designs involve a much shorter amount of thread in comparison to the standard bolt, this is because a significant amount of thread was not being used and could be exchanged for a thinner diameter. In trade for the threads, a shank has been introduced with a diameter of 5.4mm. as can be seen from the design, the original tunnel diameter in the cap can be kept the same as the shank tapers up to the head of the bolt.

;

Using the equation above a total stiffness can be found. Like a spring in series, the whole system of springs (or in this case lengths and diameters of material) is only as great as its lowest value of stiffness.
With the new overall stiffness of the bolt found, the calculations are re-made and an FSF of 0.647 has been found, this however is un-acceptable amount as it still sits below 1. Furthermore, changes to a different material will be considered.
With a UTS of 1800 and an E of 280*10^3, Inconel 718 would be a good consideration material for the new ford con rod. The results of the calculations are shows below.

[bookmark: _Toc32177191]Table 4 - New Bolt with material adaptation
	New Min Stress
	1188.594

	
	

	New Max Stress
	1265.89598

	
	

	New Mean Stress
	1227.244992

	
	

	New Stress Range
	77.30198496

	
	

	FSF
	1.316



Form the table above it can be seen that the FSF of the new bolt, with differed material is 1.316 including the RPM increase, which is higher than the original bolt. This would be suitable under these circumstances as the FSF is above 1.
By tightening for the same clamping force, a new torque of 31.23994Nm has been calculated, by using the same clamping force there will be no deformation in the big end bore when tightening.







[bookmark: _Toc32175290]Fatigue safety factors for crankshaft

A certain level of safety must be obtained on the crankshaft, by approaching the stress experiment on the crank same way as previously calculated the same methods will apply.
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[bookmark: _Toc32175304]Figure 12 - Crank dimensions
Figure 12 shows a single web area on the crankshaft and the key points and forces acting on it.
Point A is a fillet a focus of the calculations, the above figure shows the forces from net forces and the reaction forces transferred through the crankshaft. The Fnet is transmitted through the crank evenly between two journals. To first find the bending moment, the  (second moment of area) must be found.

;
Where D is the distance between A and B shown on the diagram.

;

using this the stresses due to bending can be calculated. A stress concentration factor 0f 1.8 at the fillet of point A has been found using the Peterson equations. just like the Gudgeon pin had to account for additional forces, there is also a shear aspect to be considered when finding the resultant stress. The shear forces found are taken as being across the vertical section above point A.
The shear stress can be found using the following equation.

;

a resultant stress is then found.

;

Just like in the previous experiments, once the resultant stress has been found, the FSF can be calculated and a Goodman diagram can be drawn.

[image: ]
[bookmark: _Toc32175305]Figure 13 - Crankshaft Goodman Diagram

As can be seen from the Goodman diagram, in standard conditions, the crank works well within its limitations, and a fatigue safety factor of 1.28 can be calculated. Expectedly, the crankshaft is under more compressional stress rather than tensile.
[bookmark: _Toc32175291]Conclusion 

The experiment as a whole gave an in depth idea to what stresses can be expected to be found when analysing the reciprocating and rotating assembly for stress in the internal combustion, it also highlighted other areas of stress analysis such as the concentration factors and fatigue safety factors that will be taken into further experiments of this sort.
Furthermore, the investigation portrayed the importance of stress analysis on the connecting rod bolts and why they are normally the reason for fatigue failure in modified engines, while providing a good understanding as to how these problems can be rectified if engineered and installed appropriately.
The experiment also showed how different points of the connecting rod can experience different forces and loads, while showing case specific fatigue safety factors for different areas of the connecting rod.
To conclude, the tasks and investigations allocated to the experiment didn’t only show many factors can be considered, but raised question to how much further these components can be analysed and how detailed the analyses can be taken forward, for example the connecting rod cap (point C) calculating to have an FSF of 6.545 may be the case under these circumstances but further investigation to find what other factors can be taken into place would be beneficial.
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Figure 3 - Piston/ Con-Rod/ Gudgeon pin Assembly

Figure 3 shows the Piston, Gudgeon Pin and Connecting Rod assembly, used to identify
measurements for the experiment.

The Goodman Diagram

The Goodman or Goodman-Haigh diagram is a graph showing the interaction between
mean and alternating stresses on the fatigue life of a material. The equation is normally
presented as a linear curve of mean and alternating stress that provides the maximum
number of stress cveles the material can stand before failing from fatiaue.
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