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[bookmark: _Toc193033385]1 Introduction
A critical challenge in motorsport is optimising engine performance whilst ensuring durability. To increase power output, often engine speeds are increased. However, this presents complications due to the increased mechanical loads which subject the engine internals to greater stresses and fatigue. The aim of this report is to evaluate the structural properties of the bottom end components in the Ford 1.6 Sigma engine. By utilising  supplied cylinder pressure data and kinematic equations, the forces on the connecting rod, the Gudgeon pin and the conrod bolts can be calculated. The results from the calculations will then be used to create Goodman diagrams which display the stress values and fatigue safety factors. In order to assess the effects of increased engine speeds, the pressure data will be extrapolated to 9000 RPM. Based on the new calculated safety factors, a redesign of the connecting rod bolts will be performed to achieve a safety factor as close to the original 6000 RPM limit.

















[bookmark: _Toc193033386]2 Methodology
[bookmark: _Toc193033387]2.1 Engine Data
Experimental cylinder pressure data, and its corresponding crank angles, are imported for analysis. To extend the RPM range from 6000 to 9000, the RPMs are interpolated which allows the cylinder pressure data to be extrapolated up to 9000RPM. The increased stresses will then be calculated and used to find the Fatigue Safety Factors, informing the redesign process of the con rod bolts.
	Nomenclature

	R
	Crankshaft Radius (m)

	L
	Connecting Rod Length (m)

	θ
	Crankshaft Angle

	∅
	Connecting Rod Angle

	ω
	Engine Rotational Speed

	S
	Piston Position (relative to TDC)

	
	Forcex


[bookmark: _Toc193013918][bookmark: _Toc193034476]Table 1 - Nomenclature
	Engine Data

	Bore
	79mm

	Rod
	134mm

	Stroke
	81.4mm

	Crank Radius
	40.7mm

	Piston Mass
	258g

	Rod Mass
	372g

	Ring Mass
	9g

	Clip Mass
	5g

	Pin Mass
	80g


[bookmark: _Toc193013919][bookmark: _Toc193034477][image: A graph of a plane

AI-generated content may be incorrect.]Table 2 - Engine Data[bookmark: _Toc193013947][bookmark: _Toc193034420]Figure 1 Piston Position & Velocity vs Crank Angle

[image: A graph of a graph showing a graph of a cylinder pressure

AI-generated content may be incorrect.][bookmark: _Toc193013948][bookmark: _Toc193034421]Figure 2 Cylinder Pressure vs Engine Speed


[bookmark: _Toc193033388]2.2 Piston Kinematics
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[bookmark: _Toc193013949][bookmark: _Toc193034422]Figure 3 Piston Acceleration Plot

Using the Kinematic equations, piston position can be calculated. By taking the first order differential of this Velocity can be calculated, and the second order differential will give the piston acceleration.
[image: A graph with a rainbow colored line
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[bookmark: _Toc193013950][bookmark: _Toc193034423]Figure 4 Inertia Force Plot

To find inertia force exerted on the Connecting rod, the acceleration can be multiplied by the reciprocating mass. This is considered to be the masses of the piston, pin, rings and 1/3 of the connecting rod.
                         			[1]
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[bookmark: _Toc193013951][bookmark: _Toc193034424]Figure 5 Gas Force Plot

To calculate the cylinder pressure as a force, the cylinder pressure is multiplied by the area of the piston where the pressure acts.
                                                   					[2]
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[bookmark: _Toc193013952][bookmark: _Toc193034425]Figure 6 Net Force Plot

                                                              [3]
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[bookmark: _Toc193013953][bookmark: _Toc193034426]Figure 7 Rod Force Plot

Since the connecting rod is rarely aligned to the cylinder axis, the force acting on the con rod must consider the rod angle.
                                                                        [4]
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[bookmark: _Toc193013954][bookmark: _Toc193034427]Figure 8 Side Force Plot
The gas force combined with the con rod angle causes there to be a side force exerted due to the piston pressing against the cylinder walls, the direction of this force will change as the angle of the con rod changes.
                                                     [5]
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[bookmark: _Toc193013955][bookmark: _Toc193034428]Figure 9 Friction Force Plot
The sliding motion of the piston generates a friction force which should be accounted for, the influencing factors for this are the side force and the coefficient of friction. For oil, a typical coefficient of friction (μ) is normally around 0.1.
                                                                                                                        [6]














[bookmark: _Toc193033389]3 Fatigue Safety Factors
Material failure caused by cyclic loads is known as fatigue. Fatigue failure can occur at stress levels below the materials Ultimate Tensile Stress (UTS), making it a critical concern in engineering applications, especially for parts which experience fluctuating stress. (Suresh, 1998). There are 3 stages in fatigue failure, crack initiation, crack propagation, and failure. Typically, fatigue begins at stress concentrations such as sharp corners and material defects. As cyclic loading occurs, the crack can propagate, eventually leading to material failure (Stephens et al., 2000)
This is relevant to con rods as they experience cyclic loadings with each engine cycle, making them prone to potential fatigue failure. In order to reduce the risk of fatigue failure, surface treatments can be applied. These surface finish pressures (SFP) can be applied through techniques such as shot peening and nitriding. The residual compressive stresses formed on the surface and the sublayer of the material significantly improve the physical and chemical properties by inhibiting the movement of dislocations (Long Bai et al., 2020). Long Bai et al in ‘Simulation analysis of shot peening on the surface of high-load connecting rods’  2020 found that residual stresses on the con rod after shot peening is approximately -421 to -498Mpa. For the purposes of this investigation a SFP of -450Mpa will be used for the con rod.
[bookmark: _Toc193033390]3.1 Connecting Rod
	Connecting Rod Specifications

	CSA at mid length
	139.65mm^2

	Ultimate Tensile Stress
	750MPa

	Endurance Limit
	45% of UTS


[bookmark: _Toc193013920][bookmark: _Toc193034478]Table 3 Connecting Rod Specifications
If the maximum and minimum stress, UTS and material endurance limit are known, the Fatigue Safety Factor (FSF) can be calculated. The FSF defines the allowable stress range a component can endure under cyclic loadings, helping ensure it operates safely in its fatigue limits. 
                                                                                                                                                           [7]
                                                    [8]
                                                                             [9]
Fatigue Safety Factor (FSF) can be calculated as the ratio of allowable stress over stress range.
                                                                                                                                    [10]
A component can be considered safe from fatigue failure if the Fatigue Safety Factor is above 1. If the FSF is less than 1, then the likelihood of fatigue failure is increased. This however doesn’t mean the component will instantly fail, there can still be a significant number of cycles until failure. A goodman diagram can be used to analyse the effect of mean stress on fatigue life.





	Con Rod (No Surface Finish Pressure)

	
	
	RPM

	
	
	1000
	2000
	3000
	4000
	5000
	6000
	7000
	8000
	9000

	Allowable Stress (MPa)
	Max
	291.68
	280.3
	280.9
	286.4
	298.6
	312.8
	329.2
	345.6
	349.6

	
	Min
	-458.3
	-488.2
	-486.7
	-472.2
	-440.1
	-402.6
	-359.4
	-316.1
	-305.5

	Actual Stress (MPa)
	Max
	-1.56
	4.36
	14.68
	28.26
	46.24
	67.1
	9.24
	121.9
	155.3

	
	Min
	-165.1
	-212.3
	-220.4
	-214.1
	-187.8
	-156.9
	-122.6
	-92.3
	-111.2

	FSF
	4.5875
	3.5475
	3.2648
	3.1307
	3.1564
	3.1943
	3.2026
	3.0884
	2.4581


[bookmark: _Toc193013921][bookmark: _Toc193034479]Table 4 Con Rod (No Surface Finish Pressure)
[image: ]
[bookmark: _Toc193013956][bookmark: _Toc193034429]Figure 10 Con Rod Goodman Diagram (No Surface Finish Pressure)
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[bookmark: _Toc193013957][bookmark: _Toc193034430]Figure 11 Con Rod Goodman Diagram (With Surface Finish Pressure)


	Con Rod (With -450MPa  Surface Finish Pressure)

	
	
	RPM

	
	
	1000
	2000
	3000
	4000
	5000
	6000
	7000
	8000
	9000

	Allowable Stress (MPa)
	Max
	44.18
	32.8
	33.4
	38.9
	51.07
	65.31
	81.71
	98.13
	102.1

	
	Min
	-1108
	-1140.7
	-1139.2
	-1124.7
	-1092.6
	-1055.1
	-1011.9
	-968.5
	-958

	Actual Stress (MPa)
	Max
	-451.5
	-445.6
	-435.3
	-421.7
	-403.7
	-382.9
	-357.6
	-328.1
	-294.7

	
	Min
	-615.1
	-662.2
	-670.4
	-664
	-637.8
	-606.8
	-572.6
	-542.3
	-561.2

	FSF
	7.0648
	5.4169
	4.9875
	4.8021
	4.8869
	5.0027
	5.0863
	4.9787
	3.9776


[bookmark: _Toc193013922][bookmark: _Toc193034480]Table 5 Con Rod (With -450MPa Surface Finish Pressure)
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[bookmark: _Toc193013958][bookmark: _Toc193034431]Figure 12 Con Rod Goodman Diagram (Overlayed SFP vs no SFP)
Figure 12 shows that the shot peening Surface Finish Pressure significantly improves fatigue resistance. Without the induced residual compressive stresses from the shot peening process, the FSF is 61.82% lower. The analysis suggests that the standard con rid is overengineered, due to the fatigue safety factor at the standard limit of 6000 being 3.1943, this FSF is significantly higher than the minimum requirement.
There are several reasons why a manufacturer might over engineer components such and connecting rods, the  main being reliability, all metals have inconsistencies in their material properties, by overengineering, these variations can be compensated for. Furthermore, this high FSF can account for unforeseen loading conditions such as over revving of the engine and engine knock.









[bookmark: _Toc193033391]3.2 Gudgeon Pin
	Gudgeon Pin Specifications

	Exposed Mass 
	23.28g

	Inner Diameter
	12.3mm

	Outer Diameter
	21mm

	UTS
	1000 MPa

	Endurance Limit
	45% of UTS


[bookmark: _Toc193013923][bookmark: _Toc193034481]Table 6 Gudgeon Pin Specifications
The Gudgeon pin, depending on the loading condition, will experience bending in two directions. A downward bending load is applied by the combustion force, and the inertial forces from the piston assembly cause an upward bending force. There are also shear stresses that occur at the support locations. The downwards bending forces are assumed to be symmetrical to be shared as 50% per side. This loading condition causes a bending moment, where one side of the pin is subjected to tension ad the other compression, along with a neutral axis where the stresses cancel out. The Gudgeon pin is a hollow cylinder, meaning that stress distribution should be considered at a radial distance Y  from the neutral axis. As this is essentially a beam bending scenario, the second moment of inertia I  should be calculated.
                                                                                                                   [11]
                                                                                                                       [12]
Resultant stress on the Gudgeon pin is determined by using bending and shear stress , which represent the total stress experienced. Since the stress values are squared, the resultant stress needs to be adjusted based on if the pin is in tension or compression.
                                                                                                                                                     [13]
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[bookmark: _Toc193013959][bookmark: _Toc193034432]Figure 13 Bending, Shear and Resultant Stress (Without adjusting for compression)
[image: A graph of different colored lines
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[bookmark: _Toc193013960][bookmark: _Toc193034433]Figure 14 Bending, Shear and Resultant Stress (Adjusting for Compression)


[bookmark: _Toc193033392]3.3 Connecting Rod Bolts
	Connecting Rod Bolts Specifications

	Bolt x2 Mass
	35g

	Head diameter
	12.9mm

	CSA
	42.43 mm^2

	Modulus of Elasticity
	210000 N/mm^2

	Effective Working Length
	27.26mm

	Total Length of Threaded Section
	32mm

	UTS
	1100MPa

	Yield Strength
	90% of UTS

	Endurance Limit
	45 % of UTS


[bookmark: _Toc193013924][bookmark: _Toc193034482]Table 7 Connecting Rod Bolt  Specifications
                                                                                                                                [14]
                                                                                                                                                              [15]
                                                                                  [16]
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[bookmark: _Toc193013961][bookmark: _Toc193034434]Figure 15 Diagram showing Bolt Sections
                                                                                                                                      [17]
                                                                                                    [18]
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[bookmark: _Toc193013962][bookmark: _Toc193034435]Figure 16 Goodman Diagram for Bolt (Without accounting for stress concentrations)
To gain a higher level of accuracy for the FSF values, it’s important to use stress concentrations. This can be done using Roarks Formulas for Stress and Strain.
For the section 1 where the bolt head meets the underside of the head this Roarks formula will be used:
[image: A math equations on a white background
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[bookmark: _Toc193013963][bookmark: _Toc193034436]Figure 17 Roarks Formula for Square shoulder with fillet in circular shaft
For the section 3, the threaded section, the Roarks formula in figure 18 is used:
[image: A math equations on a white background
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[bookmark: _Toc193013964][bookmark: _Toc193034437]Figure 18 Roarks Formula for U-notch in a circular shaft
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[bookmark: _Toc193013965][bookmark: _Toc193034438]Figure 19 Bolt Goodman Diagram (Accounting for Stress Concentration)

[image: ]
[bookmark: _Toc193013966][bookmark: _Toc193034439]Figure 20 Bolt Goodman Diagram (Kt vs no Kt)
Figure 20 demonstrates why stress concentrations must be accounted for when evaluating FSF, without stress concentrations, the FSF is above one implying that it would theoretically have an infinite life, when in reality, once the stress concentrations are accounted for, failure would still occur.




	Con Rod Bolts (Accounting for Stress Concentrations)

	
	
	RPM

	
	
	1000
	2000
	3000
	4000
	5000
	6000
	7000
	8000
	9000

	Allowable Stress (MPa)
	Max
	834.59
	835.87
	838
	840.99
	844.83
	849.53
	855.08
	861.49
	868.74

	
	Min
	773.18
	774.76
	777.38
	781.06
	785.80
	791.58
	798.41
	806.3
	814.24

	Actual Stress (MPa)
	Max
	804.36
	807.22
	811.98
	818.65
	827.22
	837.77
	850.09
	864.38
	880.57

	
	Min
	803.41
	803.41
	803.41
	803.41
	803.41
	803.41
	803.41
	803.41
	803.41

	FSF
	64.4588
	16.037
	7.07
	3.9315
	2.4789
	1.6897
	1.2139
	0.9051
	0.6934


[bookmark: _Toc193013925][bookmark: _Toc193034483]Table 8 Con Rod Bolts FSF Values
The standard geometry of the Con Rod bolt has a FSF of 0.6934 at 9000 RPM, indicating that it is likely to fail due to fatigue failure when subjected to these increased engine speeds. According to SDC Verifier (2024), a FSF of >1.5 is generally recommended to reduce risk of fatigue failure and ensure durability. Due to this, the aim is to have a FSF of above 1.5 at 9000 RPM. The FSF at the standard manufacturer limit of 6000 RPM is 1.6897, this suggests that the standard con rod bolt is slightly overengineered for its original purpose but is not adequate to handle the increased engine speed.



[bookmark: _Toc193033393][image: A drawing of a metal rod

AI-generated content may be incorrect.]3.3 Connecting Rod Bolts Redesign
The redesign process for the bolt will consider a combination of material selection and geometry alterations to increase the FSF at high RPMs. Material properties, Ultimate Tensile Strength (UTS), and Young’s Modulus were sourced from Ansys Granta Software.

[bookmark: _Toc193013967][bookmark: _Toc193034440]Figure 21 Standard Con Rod geometry

	Material Properties

	Material
	Young’s Modulus GPa
	UTS MPa

	Standard
	210
	1100

	Low alloy steel, AISI 4340
	200
	1790

	MP35N
	234
	1790

	AISI 8740
	200
	862

	Ti-6Al-4V
	110
	860

	7075 T6
	69
	530

	AZ31B
	44
	235

	AISI 4042
	201
	1160


[bookmark: _Toc193013926][bookmark: _Toc193034484]Table 9 Material Properties
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[bookmark: _Toc193013968][bookmark: _Toc193034441]Figure 22 Con Rod Bolts FSF for Different Materials
Figure 22 shows how AISI 4340 shows a 79.72% improvement in FSF over the standard material at 9000 RPM due to its superior UTS.
[image: A graph of different colored lines
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[bookmark: _Toc193013969][bookmark: _Toc193034442]Figure 23 Con Rod Bolts FSF for Different Bolt Lengths (AISI 4340)



Figure 23 shows that increasing the length of the bolt will improve the SFS. This is due to the fact that as the bolt gets longer it gets less stiff as seen in equation 19.
                                                                                                                                                             [19]
This causes load to be spread more evenly, reducing peak stresses at critical points.(Budynas & Nisbett, 2015). Furthermore, according to Metal Fatigue on Engineering in Engineering (2000) the longer bolts experience lower mean stress, which increases the allowable stress and the FSF.
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[bookmark: _Toc193013970][bookmark: _Toc193034443]Figure 24 Con Rod Bolts FSF For Different Overall Bolt CSA (Standard Length)
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[bookmark: _Toc193013971][bookmark: _Toc193034444]Figure 25 Con Rod Bolts FSF for Wasted Shank CSA
Figure 25 displays how wasting the shank of a bolt can increase FSF by allowing more uniform stress distribution. Moreover, it reduces the stiffness allowing more elasticity allowing the bolt to withstand tensile loads and minimising peak stresses. According to Nord Lock Group (2015), the smaller diameter of the shank results in lower fatigue stresses, thereby increasing the bolts longevity. 
[image: ]
[bookmark: _Toc193013927][bookmark: _Toc193034485]Table 10 Standard Bolt Vs Improved Bolt Properties
	Improved Con Rod Bolts 

	
	
	RPM

	
	
	1000
	2000
	3000
	4000
	5000
	6000
	7000
	8000
	9000

	Allowable Stress (GPa)
	Max
	1.3545
	1.3556
	1.3574
	1.3598
	1.3630
	1.3669
	1.3715
	1.3768
	1.3828

	
	Min
	1.2539
	1.2552
	1.2574
	1.2605
	1.2644
	1.2692
	1.2748
	1.2814
	1.2888

	Actual Stress (GPa)
	Max
	1.3046
	1.3070
	1.3109
	1.3165
	1.3236
	1.3323
	1.3425
	1.3544
	1.3678

	
	Min
	1.3038
	1.3038
	1.3038
	1.3038
	1.3038
	1.3038
	1.3038
	1.3038
	1.3038

	FSF
	127.32
	31.753
	14.06
	7.8607
	4.994
	3.4361
	2.4970
	1.8875
	1.5096


[bookmark: _Toc193013928][bookmark: _Toc193034486]Table 11 Improved Con Rod Bolts FSF Values
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[bookmark: _Toc193013929][bookmark: _Toc193034487]Table 12 FSF Standard Bolt vs Improved
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[bookmark: _Toc193013930][bookmark: _Toc193034488]Table 13 Improved Bolt Goodman Diagram
[image: A drawing of a bolt
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[bookmark: _Toc193013972][bookmark: _Toc193034445]Figure 26 Improved Geometry
Figure 26 shows a technical drawing of the redesigned bolt geometry. Through a combination of material changes, alterations to the overall bolt length and cross sectional area, and implementing a wasted shank design, the FSF of the bolt was improved to be at a safe level for the increased engine RPM. By reducing peak stresses and redistributing loads, the new bolt design is better suited to the higher cyclic load whilst eliminating the risk of premature fatigue failure.










[bookmark: _Toc193033394]3.4 Stretch Bolts
Stretch bolts, or torque-to-yield bolts, can improve clamping force and fatigue resistance. Unlike normal bolts, stretch bolts are designed to be tightened past the materials elastic limit into plastic deformation. This is important to high RPM engines where there is a high risk of bolts loosening due to vibrations and temperature cycles. Because stretch bolts are stretched into plastic zone, the are single use, a reused stretch bolt will not provide adequate clamping force, increasing the risk of them becoming loose and potential engine failure. (Galloway Engines, 2017)






















[bookmark: _Toc193033395]4 Torque Generation
Torque generation is the result of forces acting on the  crankshaft due to inertia, gas and side forces. In order to calculate torque from an engine, the forces must all be resolved back to the centre line of the crank. Side. Inertia, and Gas Force must be considered.
                                                                                                                [20]
                                                               [21]
 By calculating the torque generated for cylinder one cylinder and repeating this offset in 180 intervals for each cylinder, they can be combined to create a resultant force at 9000 RPM. This is the overall engine torque output.
[image: A graph of a graph
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[bookmark: _Toc193013973][bookmark: _Toc193034446]Figure 27 Inertia Torque vs Crank Angle (Standard Crank)
Figure 27 illustrates the individual torque generated by each cylinder alongside the combined crank torque. A flat plane crank shaft, there is a high torque amplitude, leading to higher fluctuations in stress.










[bookmark: _Toc193033396]4.1 Standard vs Cross Plane Crank
Crank shaft configuration effects engine characteristics such as engine balance and torque delivery. A cross-plane crank shaft differs from a standard crank shaft in that the firing order is 1-3-4-2 at 270, 180, 90 degrees from cylinder one, before returning to cylinder one in another 90 degrees. This firing pattern helps to balance inertial forces and leads to soother engine operation. (Heywood, 1988). An advantage of the cross-plane is its capability to reduce the inertia torque compared to a standard flat-plane crankshaft. Since the cylinders fire every 90 degrees, the torques partially cancel out, resulting in less significantly less fluctuations in the rotational speed and reduces vibrations and enhancing power delivery. This makes it a popular for balancing performance and refinement. (Stone, 2012)
[image: A graph of a graph of an inertia
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[bookmark: _Toc193013974][bookmark: _Toc193034447]Figure 28 Cross-Plane Inertia Torque vs Crank Angle


[image: ]
[bookmark: _Toc193013975][bookmark: _Toc193034448]Figure 29 Crank Torque Inertia
As figure 17 displays, the cross-plane crank generates approximately 21.27 times less Inertia torque than the standard crank. The large fluctuations create greater cyclic loadings.
[image: ]
[bookmark: _Toc193013976][bookmark: _Toc193034449]Figure 30 Gas Torque Comparison (Cross Plane vs Standard)
                                     [22]
To get crank torque per degree the inertia and gas torque are combined.
                                                                                 [23]
[image: ]
[bookmark: _Toc193013977][bookmark: _Toc193034450][image: ]Figure 32 Crank Torque Comparison at 9000 RPM[bookmark: _Toc193013978][bookmark: _Toc193034451]Figure 31 Mean Engine Torque (no losses)

When choosing between a flat plane standard crank shaft and a cross plane, the application of the engine should be considered. In the case of trying to get more performance out of the ford sigma engine, engine smoothness and NVH becomes less of a priority as performance becomes the main goal. Flat plane crank shafts are more common because the primary forces are inherently balanced, meaning that they do not require additional counterweighting to compensate (Heywood, 1988). The lower rotational inertia due to the reduced mass allows the engine  to rev higher and improves throttle response.  The cross plane crank shaft configuration, due to its uneven firing order, smooths out fluctuations in torque, therefore providing more linear power delivery. 


[bookmark: _Toc193033397]5 Conclusion
This report highlights how the role of material selection and geometry changes fatigue safety factors for the connecting rod bolts. Whilst the standard bolt is sufficient for the original RPM limit of 6000 RPM, it fails to meet the fatigue requirements at 9000 RPM, calling for a redesign. By using  a higher strength material, increasing bolt length, optimising cross sectional area and implementing a wasted shank design, the improved bolt design saw an increase of 116.27% in FSF over the original design. 
Whilst a cross-plane crankshaft offers advantages such as smooth power delivery and superior NVH properties, for a racing application, the flat plane crankshaft offers better characteristics. The freer revving low inertia nature of the flat plane makes it the better choice overall.
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