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[bookmark: _Ref31310268][bookmark: _Toc32199253]Introduction
Component fatigue is based upon three principle cornerstones, material properties, component geometry and loading conditions. Within the engine system there are many components which undergo various dynamic stresses. The four areas focused upon in this report are, the gudgeon pin, con rod, con rod cap and bolt and finally the crankshaft. Stress concentration factors are considered throughout and critical stress areas are analysed in the case of each and a final safety factor is drawn upon and evaluated. The following is the analysis of a Ford Fox 1 litre turbocharged IC engine.
[bookmark: _Toc32199254]Gudgeon Pin Analysis
The gudgeon pin is a cylindrical part which connects the connecting rod to the piston. Operating as a bushing it allows transfer of the gas forces from the piston into the con-rod while still allowing freedom of rotation. This however is an area of high load transfer under unique circumstances. A gudgeon in most cases are designed to rotate in order to prevent stress concentrations.
[bookmark: _Toc32199255]Material and Endurance Limit
Approximately 90% of failures experienced within a steel under use is due to fatigue, the fluctuation of steel over numerous cycles (Campbell, 2008), Therefore, an endurance limit is specified for each material for infinite stress cycles. 
The gudgeon pin is assumed to be made of Nickel-Cromium alloy (Inconel) 625, a metal alloy capable of high temperature operation. The tensile strength is 1010.1 MPa at a temperature of 649°C. The temperatures of the gudgeon pin are approximately 140°C (Clark, et al., 2009). The endurance limit is calculated at 0.478 using Figure 23 - Fatigue properties of Inconel 625. (Precision Castparts Corp, 2020) This lowers the allowable range from 1681.97 to 803.98 N/mm^2.
[bookmark: _Toc32199256]Method
Examining the Ford connecting rod it is immediately clear there is an angled edge approximated half way down the small end bearing location. This causes for interesting stress considerations not readily come across. In order to calculate and further analyse the stresses present a three-dimensional model is made to allow for accurate measurements.
[image: ]
[bookmark: _Toc32198893]Figure 1 - Gudgeon cutaway modelled in Solidworks depicting the distances from the chamfered edge of the connecting rod to the centre of gravity of the pin.
The program allows the calculation of two important factors, the mass of the gudgeon pin protruding out of the connecting rod and secondly the centre of mass (MCENTRE), necessary to find the distance between the edge of the con-rod bushing chamfer and the point the inertia force of the pin is acting. The findings are detailed in Error! Reference source not found. 

[bookmark: _Toc32198944][bookmark: _Toc32199234]Table 1 - Gudgeon pin measurement.
	Measurements

	

	Length (Total)
	60
	mm

	L(A1)
	11.32
	mm

	L(A2)
	8.3
	mm

	L(B1)
	9.82
	mm

	L(B2)
	6.8
	mm

	Outer Dia
	20
	mm

	Inner Dia 1
	14.5
	mm

	Inner Dia 2
	12
	mm

	Mass (Total)
	0.0670
	kg

	Mass (x)
	0.0228
	kg



Due to the chamfer in the small end the length from the force acting to the moment are different about point A and B. Thus, this is taken into consideration for further calculation, the moment about A is used for maximum inertial force while point B is used for maximum compression forces.
Once mechanical measurements are taken calculations are done within Microsoft Excel using previously analysed combustion data. Net force acting on the gudgeon pin is calculated from acceleration and piston assembly mass, giving the compression force and tensile force. The pin inertia also has to be considered and is therefore calculated using Equation 1 - Pin inertia force.. Only the mass extruding past point A is considered.


[bookmark: _Ref31962117][bookmark: _Toc32198920]Equation 1 - Pin inertia force.

Once the force magnitudes are understood bending moments on the pin can be calculated. For maximum inertia force both piston inertia and pin inertia are acting in the same direction, away from the crank causing the pin to go into compression at A. While under maximum compression the pin is under tension, the piston force acting towards the crank. The pin inertia however at maximum compression is acting towards the crankshaft as well as this occurs 33 degrees after TDC. Worst case scenario is assumed and max compression is set to act at TDC causing the pin inertia to oppose the compression force.


[bookmark: _Toc32198921]Equation 2 - Bending moment formula non-specific to point A or B. Point reference is signified by 'X'.

Bending Stresses are calculated using Equation 3 - Bending stress formula., which takes in consideration the cross-sectional area studied of the gudgeon pin found by Equation 4 - Gudgeon pin area.


[bookmark: _Ref31964340][bookmark: _Toc32198922]Equation 3 - Bending stress formula.

[bookmark: _Ref31964376][bookmark: _Toc32198923]Equation 4 - Gudgeon pin area.

Shear force must also be considered. This is achieved through Equation 5 - Shear force, featuring net force..


[bookmark: _Ref31964592][bookmark: _Toc32198924]Equation 5 - Shear force, featuring net force.

Finally, combined stress is calculated.


[bookmark: _Toc32198925]Equation 6 - Combined stress for either A or B.
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[bookmark: _Toc32198894]Figure 2 - Complete spreadsheet calculation table for gudgeon pin stresses. Done for point A and B.

[bookmark: _Toc32199257]Goodman Diagram and Safety Factor
[bookmark: _Toc32199235]Table 2 - Final stresses and FSF of the gudgeon pin.
	Final Stresses

	ϬMAX
	373.23
	N/mm^2

	ϬMIN
	-35.00
	N/mm^2

	ϬRANGE
	408.23
	N/mm^2

	ϬMEAN
	169.1141
	N/mm^2

	 
	
	 

	Allowable Range
	803.98
	N/mm^2

	FSF
	1.97
	 




[image: ]
[bookmark: _Toc32198895]Figure 3 - Gudgeon pin Goodman diagram.

[bookmark: _Toc32199258]Connecting Rod Stresses
Another reciprocating element in the engine assembly is the connecting rod, which will be looked at in the following Segment. Stress is measured in three points along the con-rod as shown in figure Figure 4 - Areas of the connecting rod analysed. Cross sectional lines for each point are defined in the drawing..
[image: ]
[bookmark: _Ref31968620][bookmark: _Toc32198896]Figure 4 - Areas of the connecting rod analysed. Cross sectional lines for each point are defined in the drawing.
The rod is assumed to be made of powder forged steel, 3Cu6C (ATZ/MTZ-Fachbuch, 2016). The Ford produced connecting rod has a UTS of 750 N/mm^2 (McDonald, 2019) and an assumed endurance limit of 0.45.

[bookmark: _Toc32199259]Stress Concentrations
Stress concentration factors are an important consideration in any form of stress calculation. Most calculations depend on the component being made of constant section material. This however is hardly the case as mechanical components are often complex and contain features such as holes, radiuses, grooves, shoulders etc. These features cause areas of increased stress otherwise known as stress concentrations. To consider these within calculations a stress concentration factor, Kt, is used. Tabulated data from both Peterson’s and Roark’s stress concentration factors were used. Both stress concentrations factors of A and B did not fall within the limits of Peterson’s chart and therefore Roark’s formula for a square fillet under bending was used, displayed in Figure 5. Point C fit the trend line of Peterson’s and produced a reasonable safety factor. 

[bookmark: _Toc32198945][bookmark: _Toc32199236]Table 3 - Stress concentration factors calculated for each point. Points A and C were only made possible through Roark’s formula while point C was found using Peterson's graph.
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[bookmark: _Ref32182826][bookmark: _Toc32198897]Figure 5 - Peterson's (Left) and Roark's (Right) stress concentration factor indentfication method for a filleted shoulder. (PILKEY, 1997) (YOUNG & BUDYNAS, 2002)

[bookmark: _Toc32199260]Point A
Point A consists of the small end of the connecting rod. As detailed in Figure 4 - Areas of the connecting rod analysed. Cross sectional lines for each point are defined in the drawing. the cross-sectional areas take are different for maximum compression and maximum inertial forces. This is due to the top half not experiencing any loading during compression. On the other hand, the greatest stress from inertial force is experienced through one of the halves of the small end hole. Therefore, separate cross-sectional areas are found through 3D modelling for both as shown in Figure 6 - Point A cross sectional cuts. The area studied under compression on the left, the area under tension on the right. 
The inertial force experienced on the small end is the sum of first order acceleration and the mass of the piston assembly and gudgeon pin as well as the mass of the small end bearing. The force is split between the two sides of the small end hole and thus is half of the total inertial force.

[bookmark: _Toc32198926]Equation 7 - Net force specific to that seen in the small end of the connecting rod.



[bookmark: _Toc32198927]Equation 8 - Hoop stress seen in the small end of the connecting rod.


[bookmark: _Toc32198928]Equation 9 - Nominal Stress.
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[bookmark: _Ref31970764][bookmark: _Toc32198898]Figure 6 - Point A cross sectional cuts. The area studied under compression on the left, the area under tension on the right.
	Stresses @ A

	ϬMAX
	-265.11
	N/mm^2

	ϬMIN
	44.07
	N/mm^2

	ϬRANGE
	309.18
	N/mm^2

	ϬMEAN
	-110.52
	N/mm^2

	 
	
	 

	Max Range
	744.68
	N/mm^2

	FSF
	2.41
	 


[bookmark: _Toc32198899]Figure 7 - Stresses and FSF at point A.
[image: ]
[bookmark: _Toc32198900]Figure 8 - Connecting rod point A Goodman diagram.
[bookmark: _Toc32199261]Point B
The second area looked at is the bottom section of the I beam. Again, the method is repeated and the area is found, as seen in Figure 9 - Point B cross sectional cut taken from Solidworks.

[image: ]
[bookmark: _Ref31971918][bookmark: _Toc32198901]Figure 9 - Point B cross sectional cut taken from Solidworks.
The net force must be recalculated due to the change in masses. This is done through Equation 10 - Net force calculation for point B. A change in conrod mass is the main factor..


[bookmark: _Ref31973576][bookmark: _Toc32198929]Equation 10 - Net force calculation for point B. A change in conrod mass is the main factor.

	Stresses @ B

	ϬMAX
	-103.71
	N/mm^2

	ϬMIN
	21.47
	N/mm^2

	ϬRANGE
	125.19
	N/mm^2

	ϬMEAN
	-41.12
	N/mm^2

	 
	
	 

	Max Range
	704.9578
	N/mm^2

	FSF
	5.631293
	 


[bookmark: _Toc32198902]Figure 10 - Stresses and FSF at point B.
[image: ]
[bookmark: _Toc32198903]Figure 11 - Connecting rod point B Goodman diagram.
[bookmark: _Toc32199262]Point C
Point C focuses on the lower segment of the connecting rod cap. The cross-sectional area is taken just before the bolt hole channel extrusion. The area measured is 133.19 mm^2. 
[image: ]
[bookmark: _Toc32198904]Figure 12 - Point C cross sectional area cut, taken along the connecting rod cap.
The compression force is considered to be negligible for this section, the compression force is transfer to the crankshaft bearing and therefore does not act through the bearing cap. Only Inertial force is present. The inertial force is recalculated to include the centrifugal force generated by the lower rotating mass. This is represented by Equation 11 - Net force formula for point C. Differing from the previous formulas as the rotational inertia is also added.

[bookmark: _Ref32136292][bookmark: _Ref31974581][bookmark: _Toc32198930]Equation 11 - Net force formula for point C. Differing from the previous formulas as the rotational inertia is also added.

	Stresses @ C

	ϬMAX
	52.51
	N/mm^2

	ϬMIN
	0.00
	N/mm^2

	ϬRANGE
	52.51
	N/mm^2

	ϬMEAN
	26.26
	N/mm^2

	 
	
	 

	Max Range
	361.87
	N/mm^2

	FSF
	6.89
	 


[bookmark: _Toc32198905]Figure 13 - Stresses and FSF at point C.
[image: ]
[bookmark: _Toc32198906]Figure 14 - Connecting rod point C Goodman diagram.
[bookmark: _Toc32199263]Connecting Rod Cap & Bolt Stresses
The connecting rod cap and especially the bolts are responsible for transferring the inertial loads from the piston assembly and con-rod onto the crankshaft. They are therefore subject to an array of dynamic loading conditions. Therefore, the bolts are a component highly studied and developed for specific applications. In this section the standard connecting rod cap and bolt will be analysed. 
[bookmark: _Toc32199264]Method & Analysis
The cap is naturally made of the same material as the connecting rod therefore the same material properties are used for the following calculations. The cross-sectional area is measured as before and is detailed in Figure 15. It can be observed that the bolt hole is closer to the bearing surface than other edge, an important feature in preventing the occurrence of splitting/gapping to occur under high loads.
[image: ]
[bookmark: _Ref32083736][bookmark: _Toc32198907]Figure 15 - Cross-sectional area used for further calculations of the connecting rod cap. Modelled in Solidworks.

[bookmark: _Toc32198946][bookmark: _Toc32199237]Table 4 - Connecting rod cap data.
	CONROD CAP

	

	Element
	Inertial
	Unit

	Minimum Cross-Sectional Area
	121.86
	mm^2

	Cap Length
	27.92
	mm

	Young's modulus
	165000.00
	N/mm^2

	Cap Stiffness (Kcap)
	720161.17
	N/mm

	UTS
	750.00
	N.mm^2

	Endurance Limit
	0.45
	-



The connecting rod bolt is assumed to be made out of an alloy steel similar to that of 40XH2MA (Myagkov, et al., 2014). The UTS of the bolt is stated on the face of the head as pictured below. The endurance limit factor is 0.447 that of the UTS and the elastic modulus is 204000 N/mm^2. The cross-sectional area of the 8mm metric fine pitch bolt to be 39.20mm^2 (Dietsche & Reif, 2018). These elements as well as following stiffness calculations are outlined in Error! Reference source not found..
[image: ]
[bookmark: _Toc32198908]Figure 16 - Connecting rod bolt head identify the UTS of the bolt.
A bolt is most likely to fail at three locations, under the head of the bolt, at the end of the thread and at the first engaged thread. The last being the most prominent at 65% of bolt failure occurrences according to (PILKEY, 1997). It is found at this location the bolt stress concentration factor to be between 1.17 and 4.33, progressively decreasing each successive thread, for a metric fine 8mm bolt from FEA testing done by (Lehnhoff & Bunyard, 2000). Under the bolt head Kt is 3.18. For the purpose of calculations done in this report the figure is taken as 3.18 for all bolt calculations and is assumed to be a reasonable figure for a sensible final safety factor.
[bookmark: _Toc32198947][bookmark: _Toc32199238]Table 5 - Connecting rod OEM standard bolt data table.
	OEM CONROD BOLT

	

	Element
	Inertial
	Unit

	Minimum Cross-Sectional Area
	39.20
	mm^2

	Cap Length
	27.92
	mm

	Young's modulus
	205000.00
	N/mm^2

	Bolt Stiffness (Kbolt)
	287822.35
	N/mm

	UTS
	1100.00
	N.mm^2

	Endurance Limit
	0.45
	-

	Endurance Limit Calc
	491.70
	N.mm^2

	Kt
	3.18
	 

	Final Endurance Limit
	154.6226415
	N/mm^2

	Range
	55.43
	N/mm^2



The ratio of bolt stiffness to connecting rod cap stiffness give a good indication of the clamping force of the assembly. The goal is always to achieve as high a ratio as possible. In order to calculate the ratio, the bolt stiffness and cap stiffness is calculated using Equation 12. The length of the bolt to the second engaged thread, LCAP, is measured by engaging the bolt thread and then completing one clockwise turn.



[bookmark: _Ref32087679][bookmark: _Toc32198931]Equation 12 - Stiffness of either the bolt or connecting rod cap.


[bookmark: _Toc32198932]Equation 13 - Connecting rod cap and bolt stiffness ratio.

The alternating loads present on the bolt and cap are the sum of the inertial forces driven my reciprocating mass and also the rotational mass, defined earlier in Equation 11. Only half of the net force is acting on each bolt at one time as the load is distributed. As the load causes tension within the bolt the value is positive. Calculated values are displayed in the table below. 
[bookmark: _Toc32198948][bookmark: _Toc32199239]Table 6 - Maximum alternating load experienced by the bolt.
	Max Inertial Force

	-18263.56
	N

	9131.78
	N



Tightening torques play a critical role in the operation of a bolt over time, improper consideration of this factor can lead to loosening under operation and ultimate failure. Therefore, in most instances’ bolts are torqued up to 90% yield. (ATZ/MTZ-Fachbuch, 2016).
The torque required to tighten the bolt up to 90% of yield is a product of the resisting torques, acting in the opposite direction of tightening, present within the threads and the and the face of the bolt head where it mates against the connecting rod cap surface. This interaction is defined below.

[bookmark: _Toc32198933]Equation 14 - Total bolt tightening torque.



[bookmark: _Toc32198934]Equation 15 - Relistening torque present at threads.


[bookmark: _Toc32198935]Equation 16 - Resisting torque present at bolt head.
The maximum torque that can be applied to the bolt is limited by the UTS of the material and geometry. The geometry of the bolt referenced in this investigation stem from tabulated data stated previously. Bolt dimension nomenclature and values can be found in Figure 25. Stemming from the UTS is the maximum permissible clamping force, FCLAMPING. A bolt experiences a combination of torsional stress and axial stress under tightening, these are taken as 90% and 60% of the yield point, this produces a final yield point of approximately 594 N/mm^2. This is assuming the initial yield point is 90% that of the UTS, which is commonly the case with alloy steels. FCLAMPING, is defined below.


[bookmark: _Toc32198936]Equation 17 - Clamping force.

The final calculations of the standard bolt are represented below.

[bookmark: _Toc32198949][bookmark: _Toc32199240]Table 7 - Various bolt load and torque calculation result data.
	CALCULATIONS

	

	Element
	Inertial
	Unit

	Stiffness Ratio
	2.50
	-

	Stretch (dx)
	0.0069
	mm

	Extra Force
	1997.13
	N

	Extra Nominal Stress
	55.43
	N/mm^2

	Yield Stress factor
	0.90
	-

	Axial Stress factor
	0.60
	-

	Final Tensile Strength
	594
	N/mm^2

	Torques

	Clamping Force
	25202.93
	N

	µBoltHead
	0.12
	 

	µThreads
	0.18
	 

	Thread Friction Force
	4536.53
	N

	Resisting Torque @ Threads
	16671.74
	Nmm

	 
	16.67
	Nm

	Bolt Head Friction Force
	3024.35
	 

	Resisting Torque @ Bolt Head
	15832.48
	Nmm

	 
	15.83
	Nm

	Total Torque
	32.50
	Nm



The minimum stress present within the bolt is 90% of the yield point. The maximum stress however is the result of the extra nominal stress from the inertial loads experienced acting on top of fastened stresses. The extra force is a product of the stiffness ratio between the cap and bolt and the maximum inertial force acting on the single bolt, found in Equation 19.

[bookmark: _Toc32198937]Equation 18 - Nominal stress produced by the extra force.

[bookmark: _Ref32143969][bookmark: _Toc32198938]Equation 19 - Extra force produced by inertia loads.

Once the maximum and minimum stress are found the mean and total range of stress experience is calculated, this includes the average of both of the stress concentration factors and fatigue factor. That of which is present in the bolt studied is displayed in table below.
[bookmark: _Toc32198950][bookmark: _Toc32199241]Table 8 - Final Stress results for OEM connecting rod bolt.
	Combination Fatigue

	ϬMAX
	946.43
	N/mm^2

	ϬMIN
	891.00
	N/mm^2

	ϬRANGE
	55.43
	N/mm^2

	ϬMEAN
	918.72
	N/mm^2

	 
	
	 

	Allowable Range
	50.96
	N/mm^2

	FSF
	0.92
	 



[image: ]
[bookmark: _Toc32198909]Figure 17 - Goodman diagram for the standard OEM connecting rod bolt.
[bookmark: _Toc32199265]An Ideal Bolt Design
Following the analysis of the Ford connecting rod bolt an improved design is created under the loading scenario of a high revving race developed engine capable of operating at 10000 RPM. The aim is to develop a bolt which maintains a similar safety factor to the Ford bolt under the same geometry constraints of thread size and diameter, cap length and head geometry. The clamping force and tightening torque is to be kept the same in order to not affect the roundness of the big end bearing. 
[image: ]
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[bookmark: _Ref32186693][bookmark: _Toc32198910]Figure 18 - Solidworks drawings of the standard OEM bolt (top) and the improved bolt (bottom) design. The main difference being the wasted shank and guidance shoulder.
The design achieved is illustrated in Figure 18. Comparing this to the original bolt, above, a clear tapered shank is apparent as well as a pronounced shoulder. The taper spans between the shoulder and the thread section. The shoulder is developer to help centre the bolt and prevent excess bending under load. The reason for the taper is to lower the overall stiffness of the bolt increasing the stiffness ratio. The overall stiffness is described by the relationship in Equation 20. The final total stiffness is lower than that of the lowest section stiffness, and produces a stiffness ratio of 8.64.

[bookmark: _Ref32168328][bookmark: _Toc32198939]Equation 20 - Total stiffness in a component from multiple stiffnesses.
The taper is achieved by an increase in the UTS of the material. The improved bolt is made of alloy steel H11 exhibiting a UTS 55% higher than that of the original material. (Elgin Fastener Group, LLC, 2020). From Equation 21 the minimum diameter of the taper can be achieved, a valued of 5.46 mm

[bookmark: _Ref32168677][bookmark: _Toc32198940]Equation 21 - Minimum achievable diameter from change in UTS.
The improved bolt has a final safety factor of 4.18 under the increased load of 1000 rpm. 
[bookmark: _Toc32198951][bookmark: _Toc32199242]Table 9 - Stresses and safety factor present in the improved bolt design.
	Final Stresses Improved Bolt

	ϬMAX
	1536.57
	N/mm^2

	ϬMIN
	1485.00
	N/mm^2

	ϬRANGE
	51.57
	N/mm^2

	ϬMEAN
	1510.78
	N/mm^2

	 
	
	 

	Allowable Range
	135.63
	N/mm^2

	FSF
	2.63
	 



[bookmark: _Toc32199266]Crankshaft Stresses
Converting the reciprocating motion into rotational motion is the crankshaft. The following is the analysis of stresses seen through the most common breaking point within the crankshaft. Measurements are taken around the critical points such as the journal diameters as well as length. All measurements taken are detailed in Error! Reference source not found. Images of measurements being taken are also displayed in Figure 27 - Crankshaft measurement process. Using a mircometer for journal diameters and a height gauge on a flat measurement table for journal and counter weight lengths. 
[bookmark: _Toc32198952][bookmark: _Toc32199243]Table 10 - Crankshaft measurements.
	Measurements

	

	Main Bearing Length
	21.49
	mm

	Con-Rod Journal Length
	19.83
	mm

	Balancing Mass Length
	19.25
	mm

	Main Bearing Journal Dia
	43.995
	mm

	Con-Rod Journal Dia
	39.995
	mm

	B to Main Bearing Centre (x)
	29.995
	mm

	A-B=D
	19.25
	mm

	Crital Beam Width
	41.995
	mm



The material is identified as spheroidal graphite cast iron commonly used in the manufacture of crankshafts. The ultimate tensile strength is found to be 765 N/mm^2 (Asi, 2006) and the endurance limit, 0.44, (Shirani, et al., 2010). The stress concentration present in the crankshaft is within the undercut radius by the main bearing journals as seen in Figure 19. Using graphical data specified by Peterson a stress concentration factor of 5.4 is identified. This does however seem exceptionally high and therefore produces a relatively low safety factor.
[image: ] [image: ]
[bookmark: _Ref32188394][bookmark: _Toc32198911]Figure 19 - Crankshaft stress concentration is most present in the undercut fillets either side of the bearing face, seen on the left. On the right is the chart by (PILKEY, 1997) used to identify the stress concentration magnitude.
[bookmark: _Toc32198953][bookmark: _Toc32199244]Table 11 - Crankshaft material specification.
	Material Specification

	

	spheroidal graphite cast iron 

	UTS
	765
	N/mm^2

	Endurance Limit
	0.44
	 

	Endurance Limit Result
	336.6
	N/mm^2

	Stress Concentration Factor
	5.4
	 

	Final Endurance Limit
	62.33333
	N/mm^2



The greatest stress experienced by the crankshaft is from gas force. In order to calculate the resultant compressive force, the inertial force as well as centrifugal force from the rotating mass, MROTATIONAL, has to be taken into consideration. The net force is found through the use of Equation 22 - Net force acting on the crankshaft connecting rod bearing journal. The resultant force acting on the bearing is half that experienced by the connecting rod bearing journal.

[bookmark: _Ref32074308][bookmark: _Toc32198941]Equation 22 - Net force acting on the crankshaft connecting rod bearing journal.
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[bookmark: _Ref32078535][bookmark: _Toc32198912]Figure 20 - Diagram depicting stressed line of the crankshaft. Moments are taken around point B.
Reviewing figure Figure 20, the bending moment is taken at point B. The net bending moment experienced at this point is found through the equation below. This allows the bending stress to be calculated using the values, I and Y, found through methods described previously.


Shear force is present under firing as the compression force drives down on the bearing surface. Therefore, shear stress must also be considered. The total shear force experienced at B is half that of the compression force. The shear stress is calculated using Equation 23.


[bookmark: _Ref32079633][bookmark: _Toc32198942]Equation 23 - Shear stress present at point B within the crankshaft.
The combined stress is calculated from the addition of both bending stress and shear stress leading to the maximum stress experienced at point B. The minimum stress is present when the compressive force is opposed by the inertial force and is given by Equation 24.

[bookmark: _Ref32080376][bookmark: _Toc32198943]Equation 24 - Minimum stress calculation concerning the crankshaft at point B.
Following this the actual stress range and mean is found as well as the allowable range using the methods described in previous sections. The final findings are present in 
[bookmark: _Toc32198954][bookmark: _Toc32199245]Table 12 - Final crankshaft stresses and FSF.
	Final Crankshaft Stresses

	ϬMAX
	212.60
	 

	ϬMIN
	-83.27
	 

	ϬRANGE
	295.87
	 

	ϬMEAN
	64.66
	 

	 
	
	 

	Max Range
	114.13
	N/mm^2

	FSF
	0.39
	 



A Goodman diagram is drawn up.
[image: ]
[bookmark: _Toc32198913]Figure 21 - Goodman diagram for the crankshaft.
[bookmark: _Toc32199267]Conclusion
The design of the Ford rod with the chamfered small end bearing created an interesting bending moment analysis situation concerning the gudgeon pin. One in which moments about both points had to be considered for either compressive or tensile loading to allow for an accurate representation of actual bending. An added manufacturing process, done presumably to lower the mass of the connecting rod where a lower force is present at maximum inertia. This is seen to be an effective method in turbo charged low revving engines where initial forces are of less concern. Overall a safety factor of 1.97 was observed, assumed a worst case TDC situation 
Accurate analysis of the connecting rod sections was achieved through three-dimensional modelling. Stress concentration factor identification proved challenging due to the complex geometry present. The final factors were calculated using Roark’s formulae and Petersons graphical data. These however may be an underestimation according to that achieved in J. R. Bailey in his findings, therefore further investigation can be done through FEA analysis.
Subject to dynamic loading the connecting rod cap and especially bolts are an area od high rpm failure if not properly considered. The most common failures experienced are at the first and second engaged thread. It is observed however that Ford have implemented low cost methods to reduce the bolt stiffness through extended cut thread. 
Following on form the OEM bolt with the aim of achieving a greater cap to bolt stiffness ratio for high RPM operation basic principles were effectively implemented in within the design of a new improved bolt, Using alloy steel H11 a wasted shank between the engaged thread and bolt head present as a result from the higher UTS. A stiffness ratio of 8.64 was achieved over the original 2.5. The safety factor increased to over twice that of the original under increased operational load. The improvement however is not feasible for mass manufacture and relies on the spoils of being an exotic material, very applicable however for bespoke high-performance applications. 
A few assumptions must be taken into consideration. Firstly, the clamping force is kept constant to retain main bearing roundness, tightening the new bolt to this torque specification will leave it largely under yield and maybe be subject to loosening. Secondly changes in the mass have not been considered.
Lastly, the crankshaft maximally stressed by compressive loading and commonly experiences fractures between the webbing and connecting rod bearing journal. A safety factor of 0.39 was calculated which was presumed too low and was suspected to be caused by the high stress concertation factor found through Peterson’s graphical data. Another area which will benefit from FEA analysis, although trends experienced were deemed correct. 
Overall the complicity of loading and stresses experienced with in an IC engine are numerous. This investigation however has showcased a good understanding of the magnitude of values present and the resultant impact.
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[bookmark: _Toc32198914]Figure 22 - Wire drawing of gudgeon pin in position with the small end of the connecting rod.
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[bookmark: _Ref31961409][bookmark: _Toc32198915]Figure 23 - Fatigue properties of Inconel 625. (Precision Castparts Corp, 2020)
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[bookmark: _Toc32198916]Figure 24 - Overview of component 2 calculations within Microsoft Excel.
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[bookmark: _Ref32139682][bookmark: _Toc32198917]Figure 25 - Bolt geometry data referenced in the report. (Dietsche & Reif, 2018)
[image: ]
[bookmark: _Toc32198918]Figure 26 - Improved bolt excel calculations. (Bailey, 1967)
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[bookmark: _Ref32073399][bookmark: _Toc32198919]Figure 27 - Crankshaft measurement process. Using a mircometer for journal diameters and a height gauge on a flat measurement table for journal and counter weight lengths.
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ASSIGNMENT TITLE: CALCULATION ON PISTON, ROD,
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You are required to carry out calculations on your “standard” project engine and to use
this baseline to provide working safety factors for infinite fatigue life for the duty cycle
of the “standard” vehicle.

These safety factors provide a numerical guideline for acceptable safety factors for your
modified engines and their “race” duty cycles.

I (a) From the maximum net compressive force and maximum net tensile
force on the gudgeon pin for the “standard” engine, calculate the mean stress and
range of stresses for the gudgeon pin. From these, plot a Goodman diagram to
determine the baseline gudgeon pin fatigue safety factor. Combine both bending

and shear stresses in your calculation.
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2. (a) From calculating maximum net compressive and tensile forces at the
three critical rod-sections shown below, plot Goodman diagrams for each
section to determine the standard “unmodified” fatigue safety factors.
Apply suitable stress concentration factors (ref. Bosch Automotive
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Table 7: Metric standard thread
Designation example: M8 (nominal thread diameter 8 mm).
Nominal Pitch Pitch Minor Thread depth Stress area
thread diameter diameter
dia.
d=D P dr=D, dy D hy H, As in mm2
) 0.5 2675 2.387 2.459 0.307 0.271 5.03
4 0.7 3.5645 3.141 3.242 0.429 0.379 8.78
5 0.8 4.480 4.019 4.134 0.491 0.433 14.2
6 1 5.350 4.773 4.917 0.613 0.541 20.1
8 1.25 7.188 6.466 6.647 0.767 0.677 36.6
10 15 9.026 8.160 8.376 0.920 0.812 58.0
12 175 10.863 9.853 10.106 1.074 0.947 84.3
14 2 12.701 11.546 11.835 1.227 1.083 115
16 2 14.701 13.546 13.835 1.227 1.083 157
20 25 18.376 16.933 17.294 1.534 1.353 245
24 3 22.051 20.319 20.752 1.840 1.624 353

Table 8: Metric fine thread

Designation example: M8 x 1 (nominal thread diameter 8 mm and pitch 1 mm).
Nominal Pitch Pitch Minor Thread depth Stress area
thread diameter diameter
dia.
d=D P do=D> dy Dy hy H, Agin mm2
8 1 7.350 6.773 6.917 0.613 0.541 39.2
10 1.25 9.188 8.466 8.647 0.767 0.677 61.2
10 1 9.350 8.773 8.917 0.613 0.541 64.5
12 1.5 11.026 10.160 10.376 0.920 0.812 88.1
12 1.25 11.188 10.466 10.647 0.767 0.677 92.1
16 1.5 15.026 14.160 14.376 0.920 0.812 167
18 1.5 17.026 16.160 16.376 0.920 0.812 216
20 2 18.701 17.546 17.835 1.227 1.083 258
20 1.5 19.026 18.160 18.376 0.920 0.812 272
22 15 21.026 20.160 20.376 0.920 0.812 333
24 2 22.701 21.546 21.835 1227 1.083 384
L24 15 23.026 22.160 22.376 0.920 0.812 401
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