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The aim of this project is to analyse the effects that the relevant loading conditions have on the connecting rod, gudgeon pin, and connecting rod bolts of the Ford 1.6 Sigma engine. The objective is to assess the structural integrity and fatigue safety factors (FSF) of these components to evaluate their life expectancy and identify potential design flaws. This analysis is used to determine whether the engine could reliably operate at an increased RPM limit and to establish any necessary design modifications to improve durability under these conditions.
Fatigue failure is a major concern in engine components due to the cyclic loading they experience during operation. Connecting rods and their associated fasteners are especially susceptible to fatigue stress, given their role in transmitting forces between the piston and crankshaft (Stephens et al., 2001). To address this, a MATLAB script is created to calculate the stresses acting on each component based on pressure data and kinematic equations. These calculated stresses are then used to establish the fatigue safety factors for each component under standard operating conditions and when extrapolated to a higher RPM range.
The results obtained from the MATLAB analysis will inform potential design improvements to the connecting rod bolts. Additionally, instantaneous torque values for both a standard crankshaft configuration and a cross-plane configuration will be evaluated to compare their respective performance characteristics.

[bookmark: _Toc193026561]2.0 Methodology

[bookmark: _Toc193026562]2.1 Basic Calculations
To analyse the engines kinematics and performance, kinematic equations and engine data are implemented into a MATLAB Live Script. This is possible due to the cylinder pressure data, material data, and component dimensions being provided prior to the investigation. The primary focus of this section is to outline the techniques used to generate the required data and create plots based on the engine’s performance and behaviour.
The study begins with some basic calculations regarding piston dynamics and engine kinematics, these are used later for more advanced calculations and are plotted to create a more coherent visualisation of the data. The visualizations help illustrate the non-linear nature of piston movement due to the crank-slider mechanism, as highlighted in prior studies (Heywood, 1988; Blair, 1999). The piston acceleration plots provide insight into the forces acting on the piston throughout its stroke and are critical for understanding stress distributions in the connecting rod and piston pin (Stone, 2012).
 With these values, it is possible to model a simulation of the engine for each crankshaft angle, the basic formulas in the MATLAB script are shown below in figure 1.
[image: ]
Figure 1 - Basic Formulas
From here, additional calculations are made to simulate a selection of forces within the engine, including the gas force (force resulting from cylinder pressure and combustion), inertia (force produced by a reciprocating mass), and the ‘side force’ and ‘side friction’ across the bore the cylinder walls. This can be seen in figure 2. 
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Figure 2 - Basic Force Calculations
Inertia forces are calculated based on piston acceleration and mass, allowing for the approximation of stresses imposed on the engine components. These forces are plotted as a function of crank angle and engine speed. Additionally, gas forces due to combustion pressure are analysed using cylinder pressure data. The interaction of these forces defines the net force acting on the piston, influencing fatigue life and overall engine performance (Zhao & Lai, 2001).
[bookmark: _Toc193026563]2.2 Calculating Component Stresses and FSF
The stress distributions that are present in the gudgeon pin, connecting rod, and connecting rod bolts are calculated next. These stresses are plotted against crank angle at different RPMs to assess variations due to combustion forces and inertial loads. Adjustments are made to account for compressive stress regions, ensuring a more accurate representation of the stress state. Previous studies have demonstrated the significance of such analyses in preventing premature failure of the assembly (Taylor, 1996; Kumar & Dhingra, 2017).
Using the maximum, minimum, and mean stress experienced by each component, as well as its UTS (Ultimate Tensile Strength), Endurance Limit, and Modulus of Elasticity (Youngs Modulus), the Fatigue Safety Factor (FSF) of the component can be calculated. The FSF of a component is defined as the ratio between the material's endurance limit and the actual applied stress, indicating how safely a component can withstand cyclic loading without failure (Shigley et al., 2020). An example of how this was calculated for the connecting rod is shown in figure 3.
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Figure 3 - Connecting Rod Stress Calculations
[bookmark: _Toc193026564]2.3 Power and Torque Calculations
The torque produced at different RPMs is evaluated by analysing both inertia torque and gas torque contributions. The total torque can be calculated by combining these forces. The calculations that are used to obtain this data are shown in figure 4.
[image: ]
Figure 4 - Torque Calculations
Additionally, engine power was computed from torque values and plotted against engine speed. This provided an overview of the engine’s performance characteristics, allowing for comparisons with theoretical expectations and real-world dynamometer results. The torque values are combined with the total friction between the piston rings and cylinder wall, as this ensures that all the energy losses due to friction during the combustion cycle are accounted for. To calculate the work done to overcome these friction forces, a ‘for loop’ is used in conjunction with a series of formulas which can be seen in figure 5.
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Figure 5 - Calculating Piston Ring Friction Forces and Power Output
[bookmark: _Toc193026565]2.4 Aligning Data for Standard and Crossplane Crankshafts
The torque and power figures for each RPM are visualized per cylinder so that the data can be aligned to represent both a standard and crossplane crank configuration. This approach is essential for understanding crankshaft loading and engine balance characteristics, which directly influence vibrations and overall efficiency (Ferguson & Kirkpatrick, 2015). The data is aligned by duplicating a series of values and using the ‘circshift’ function in MATLAB to shift the position of the values according to crank angle, so that combustion occurs at the correct point during the cycle. The code used here is shown below in figure 6.
To assess the effects of different crankshaft configurations, torque variations for each cylinder were plotted at a variety of engine speeds for both the standard and crossplane crankshaft configurations. This comparison is particularly relevant in high-performance engines, where crossplane crankshafts are often used to optimize balance and reduce vibration (Hohenberg, 1979). Whilst crossplane crankshafts aren’t typically used in inline-four engines, Yamaha Motor Co. have produced several motorcycle engines with this configuration to reduce secondary vibrations, improve torque output, and reduce the need for counterweights as the forces are more naturally balanced. 
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Figure 6 - Adding Cylinders to Represent Standard and Crossplane Crankshafts
[bookmark: _Toc193026566]2.5 Interpolating Pressure Data
The provided pressure data represents cylinder pressures at each crank angle in intervals of 1000 RPM. When simulating an increased engine speed, the ‘interp1’ function can be used in conjunction with a ‘for loop’ to interpolate the data into three new sets of values (7000, 8000, and 9000 RPM).  From here, the increased pressure data and angular velocities are used to calculate the new torques, forces and stresses that are typically associated with a higher revving engine. Figure 7 shows the ‘for loop’ that is used to interpolate pressure data in MATLAB.
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Figure 7 - Pressure Data Interpolation
[bookmark: _Toc193026567]2.7 Plotting Data and Creating Goodman Diagrams
Once the required data is gathered, the results are plotted in graphs to create a better visualisation of the engines performance characteristics and forces that are associated with each engine speed. To create a visualisation of each fatigue safety factor, and the experienced stresses compared to its upper and lower endurance limits, two ‘Goodman Diagrams’ are created per component. One Goodman Diagram shows the conditions for the original maximum engine speed (6000 RPM) whilst the other displays the estimated conditions at the increased engine speed (9000 RPM). An example of the code used to produce a Goodman Diagram for the connecting rod is shown below in figure 8. 
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Figure 8 - Connecting Rod Goodman Diagram Code
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[bookmark: _Toc193026569]3.1 Basic Calculations

[bookmark: _Toc193026570]3.1.1 Piston Position and Velocity
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Figure 9 - Piston Position vs Crank Angle
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Figure 10 - Piston Position vs Piston Velocity vs Crank Angle
[bookmark: _Toc193026571]3.1.2 Cylinder Force and Acceleration
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Figure 11 - Piston Acceleration
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Figure 12 - Piston Inertia Force
[image: ]
Figure 13 - Cylinder Pressure
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Figure 14 - Force Due to Combustion
[image: ]
Figure 15 - Net Force Within Cylinder
[bookmark: _Toc193026572]3.2 Torque and Power

[bookmark: _Toc193026573]3.2.1 Torque Per Cylinder
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Figure 16 - Inertia Torque Per Cylinder vs Crank Angle
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Figure 17 - Gas Torque Per Cylinder vs Crank Angle
[image: ]
Figure 18 - Crank Torque Per Cylinder vs Crank Angle
[bookmark: _Toc193026574]3.2.2 Combined Torque and Power
[image: ]
Figure 19 - Engine Torque and Brake Power Dynograph
[bookmark: _Toc193026575]3.2.3 Standard Crankshaft vs Crossplane Crankshaft
[image: A graph showing a graph of a motor engine
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Figure 20 - Torque Produced by each Cylinder at 6000 RPM (Standard Crankshaft)
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Figure 21 - Torque Produced by each Cylinder at 9000 RPM (Standard Crankshaft)
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Figure 22 - Torque Produced by each Cylinder at 6000 RPM (Crossplane Crank)
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Figure 23 - Torque Produced by each Cylinder at 9000 RPM (Crossplane Crankshaft)
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Figure 24 - Engine Torque Output (Standard Crankshaft)
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Figure 25 - Engine Torque Output (Crossplane Crankshaft)
[bookmark: _Toc193026576]3.2.4 Combined Power and Torque
[image: ]
Figure 26 - Engine Torque and Brake Power Dynograph




[bookmark: _Toc193026577]3.3 Gudgeon Pin Resultant Stress

[bookmark: _Toc193026578]3.3.1 Without Adjusting for Compression
[image: ]
Figure 27 - Pin Bending Stress, Tau, and Resultant Stress at 6000 RPM
[image: ]
Figure 28 - Pin Bending Stress, Tau, and Resultant Stress at  9000 RPM
[bookmark: _Toc193026579]3.3.2 Adjusting for Compression
[image: ]
Figure 29 - Pin Bending Stress, Tau, and Resultant Stress at 6000 RPM (Adjusting for Compression)
[image: ]
Figure 30 - Pin Bending Stress, Tau, and Resultant Stress at 9000 RPM (Adjusting for Compression)
[bookmark: _Toc193026580]3.4 Fatigue Safety Factors
	Component / Engine Speed (RPM)
	Connecting Rod
	Gudgeon Pin
	Connecting Rod Bolt

	1000
	4.49
	6.31
	53.94

	2000
	3.32
	4.77
	13.46

	3000
	3.08
	4.6
	5.96

	4000
	3.05
	4.7
	3.34

	5000
	3.28
	5.59
	2.12

	6000
	3.57
	6.94
	1.46

	7000
	3.9
	9.39
	1.07

	8000
	4.06
	7.61
	0.81

	9000
	3.35
	5.91
	0.63


Figure 31 - Component Fatigue Safety Factors

[bookmark: _Toc193026581]3.5 Goodman Diagrams

[bookmark: _Toc193026582]3.5.1 Connecting Rod
[image: ]
Figure 32 - Connecting Rod Goodman Diagram at 6000 RPM
[image: ]
Figure 33 - Connecting Rod Goodman Diagram at 9000 RPM
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[image: ]
Figure 34 - Gudgeon Pin Goodman Diagram at 6000 RPM
[image: ]
Figure 35 - Gudgeon Pin Goodman Diagram at 9000 RPM
[bookmark: _Toc193026584]3.5.3 Connecting Rod Bolt
[image: ]
Figure 36 - Connecting Rod Bolt Goodman Diagram at 6000 RPM
[image: ]
Figure 37 - Connecting Rod Bolt Goodman Diagram at 9000 RPM
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The connecting rod stress analysis demonstrates in figure 31 that at 6000 RPM, the FSF is approximately 3.57, indicating satisfactory performance under normal operating conditions. However, at 9000 RPM, the FSF decreases to 3.35, highlighting potential fatigue issues due to elevated cyclic loading. This 6% reduction in FSF is not a cause for concern as this is still within a reasonable tolerance given the application, and under the simulated load conditions, the connecting rod with still retain a theoretically infinite lifespan.
The gudgeon pin experiences increased bending and shear stresses as RPM increases. At 6000 RPM, the FSF is 6.94, which is well within the safe threshold. At 9000 RPM, the FSF drops to 5.91, representing a 15% reduction. Whilst this is a greater reduction when compared to the connecting rod, it still would not be necessary to make any design changes before running the engine at the increased RPM. 
The connecting rod bolts exhibit the most pronounced reduction in FSF. At 6000 RPM, the FSF stands at 1.46, but at 9000 RPM, it plummets to 0.63, a 57% decrease. This result signifies a high risk of fatigue failure, due to the rotational inertia being increased exponentially with engine speed. This emphasises the need for optimizing bolt geometry and material properties to withstand higher stress levels.
The comparison between standard and crossplane crankshaft configurations reveals that the latter improves torque balance by reducing secondary vibrations. Torque fluctuations decrease by approximately 12%, leading to a more stable stress distribution across components (Ferguson & Kirkpatrick, 2015). This finding supports the potential for crossplane configurations to extend component longevity in high-performance applications.
These results highlight the structural limitations of the Ford 1.6 Sigma engine and provide guidance for design improvements to enhance component durability and performance under increased RPM conditions.


[bookmark: _Toc193026586]5.0 Connecting Rod Bolt Improvement

[bookmark: _Toc193026587]5.1 Data Review and Improvement Techniques
The most major area of concern within the engine is the connecting rod bolts. This can be seen in figures 31, 36, and 37, where the FSF of the component is significantly lower than the other components and comes dangerously close to the threshold of 1 at 7000 RPM. As these results aren’t fully representative of real-world fatigue, it is not wise to consider a component safe when the FSF is just above the threshold. There should be a reasonable margin of safety to account for any discrepancies and inaccuracies in the results. 
To improve the components FSF, the decision has been made to retain the original geometry. This is because changing the geometry of the bolt would require a redesign of the connecting rod, which significantly increases cost, time, and resources. Not to mention the additional testing that would be required. To a company producing engines such as The Ford Motor Co., the most effective method of optimising the component would be to change the manufacturing process. Instead of cutting threads into the bolt from a shaft, rolling the threads into the bolt would be a better option. As shown in figure 38, rolling threads is done by compressing the material into shape rather than cutting and removing unwanted material. This increases the density of the component around the surface and specifically around the root which is an area of high stress concentration. It is estimated that rolling the threads of an M8 bolt will increase its ultimate tensile strength (UTS) by 30% (Graphskill, n.d.).

[image: Rolled vs Cut Fastener Threads – Which is better for your application? - UC  Components, Inc.]
Figure 38 - Cut Threads vs Rolled Threads

Another method of increasing the UTS of a bolt is to ensure cold working when manufacturing the component. This introduces plastic deformation, refining the grain structure and increasing dislocation density, which directly boosts tensile strength. The UTS of a component can increase by 30-50% (Totten, 2017).
Assuming these methods can increase the components UTS by 60%, the calculated stress and fatigue parameters shown below would be the result of this.

[bookmark: _Toc193026588]Improved Bolt Results
	RPM
	Original FSF
	New FSF

	1000
	53.94
	86.32

	2000
	13.46
	21.56

	3000
	5.96
	9.56

	4000
	3.34
	5.36

	5000
	2.12
	3.42

	6000
	1.46
	2.36

	7000
	1.07
	1.73

	8000
	0.81
	1.31

	9000
	0.63
	1.03


Figure 39 - Improved Bolt Fatigue Safety Factors

[image: ]
Figure 40 - Improved Connecting Rod Bolt Goodman Diagram at 6000 RPM
[image: ]
Figure 41 - Improved Connecting Rod Bolt Goodman Diagram at 6000 RPM


[bookmark: _Toc193026589]6.0 Summary

This investigation successfully analyses the stresses and fatigue safety factors of the highlighted components of the Ford 1.6 Sigma engine, and a MATLAB script is successfully created to simulate the fatigue safety factors (FSF) and stress distributions are evaluated under standard and increased RPM conditions.
The results indicate that while the connecting rod and gudgeon pin maintain acceptable FSF values at higher RPMs, the connecting rod bolts experience a significant reduction in FSF, falling from 1.46 at 6000 RPM to 0.63 at 9000 RPM, highlighting a high risk of fatigue failure. To address this, the investigation explores the benefits of thread rolling and cold working techniques, which could increase the bolt’s UTS by up to 60%. This improvement raises the FSF to 1.03 at 9000 RPM, ensuring the component’s longevity and reliability without altering its geometry. Whilst this number could be improved, it is certainly a step in the right direction towards increasing the longevity of the component and should theoretically retain its ‘infinite’ lifespan.
Additionally, the crossplane crankshaft configuration is shown to reduce torque fluctuations by approximately 12%, enhancing stress distribution and contributing to overall engine performance. These findings provide valuable insights into potential design improvements for high-performance engine applications.
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% Basic Formulas

RodAnglePhi = asin((CrankRadius .* sin(CrankAngleRad)) ./ RodLength);

S = (CrankRadius + RodLength) - (CrankRadius * cos(CrankAngleRad) + RodLength * cos(RodAnglePhi));

Velocity = CrankRadius .* OmegaNew .* sin(CrankAngleRad) + (((CrankRadius*2 .* OmegaNew) / (2 * RodLength)) .* sin(CrankAngleRad2));

Acceleration = (CrankRadius .* OmegaNew.”2 .* cos(CrankAngleRad)) + (((CrankRadius"2 .* OmegaNew.~2) / RodLength) .* cos(CrankAngleRad2));
RecipMasskg = Pistontlasskg + PinMasskg + Ringshasskg + ClipsMasskg + ((1/3) * RodMasskg);
SinCA = sin(CrankAngleRad);
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% Forces
PistonInertiaForce = Reciphasskg .* Acceleration;
PistonArea = (pi * Borer2) / 4;

GasForce = PressurePalien .* PistonArea;

NetForce = GasForce - PistonInertiaForce;
RodForce = NetForce ./ cos(RodAnglephi);
SideForce = NetForce .* tan(RodAnglephi);
SideFriction = SideForce .* Mu;
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% Connecting Rod Stress and Strain

Rodstress = RodForce ./ MidRodCSA;

Rodstrain = (RodForce .* RodLength) / (E * MidRodCSA);

MeanRodstress = (min(RodStress) + max(Rodstress)) / 2;

RangeRodStress = max(RodStress) - min(Rodstress);

AllowableRangeRodstress = 2 * Endurancelimit Rod * (1 - (MeanRodStress / UTS_Rod));
FSF_RodStress = AllowableRangeRodStress / RangeRodStress;

NewRodStress = RodStress + SurfaceFinishPressure;

MeanNewRodStress = min(NewRodStress) + max(NewRodstress) / 2;
NewAllowableRangeRodStress = 2 * Endurancelimit_Rod * (1 - (MeanNewRodStress / UTS_Rod));
NewRangeRodStress = max(NewRodstress) - min(NewRodStress);

NewFSF_RodStress = NewAllowableRangeRodStress ./ NewRangeRodStress;
Fprintf(’Fatigue Safety Factor of the Connecting Rod is: %.2f\n’, NewFSF_RodStress);
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% Torque Calculations
InertiaTorque = PistonInertiaForce .* tan(RodAnglePhi) .* (CrankRadius .* cos(CrankAngleRad)) - PistonInertiaForce .* (CrankRadius .* sin(CrankAngleRad));
GasTorque = GasForce .* tan(RodAnglePhi) .* (CrankRadius .* cos(CrankAngleRad)) + GasForce .* (CrankRadius .* sin(CrankAngleRad));

CrankTorque = GasTorque + InertiaTorque;

CrankTorqueAvg = sun(CrankTorque);

AverageTorque = (sum(CrankTorque)) / 720;
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% Ring Force and Friction
RingForce = PressurePaliew .* pi .* D_Ring .* h_Ring;
RingFriction = RingForce .* Mu;

% Ring Friction
RingFriction Work = zeros(720, 9);
for 1 = 1:719
RingFriction Work(i, :) = ((RingFriction(i, :) + RingFriction(i+1, :)) / 2) * (S(i+1) - S(1));
end

RingFriction_Total = sun(RingFriction_Work);

% side Friction
SideFriction Work = zeros(720, 9);
for 1 = 1:719
SideFriction Work(i, :) = ((Sidefriction(i, :) + SideFriction(i+1, :)) / 2) * (S(i+1) - S());
end

SideFriction Total = sun(SideFriction_Work);

% BHEP

work_Totalloss = RingFriction_Total + SideFriction Work;
Work_Torque = (sum(CrankTorque) / 720);
BrakeTorque = Work_Torque - Work_Totalloss;
IndicatedPower = Work_Torque .* Omegaew;
FrictionPouer = Work_Totalloss .* Omegahiew;|
BrakePower = IndicatedPower - FrictionPower;

work_Gas = sum(GasTorque);

IMEP - Work_Gas / (CrankRadius * 2 * PistonArea);

FMEP = Work_Totalloss / (CrankRadius * 2 * PistonArea);
BMEP = IMEP - FMEP;
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% Adding Cylinders (Standard Crankshaft)
InertiaTorqueCyll = InertiaTorque;

InertiaTorqueCyld = InertiaTorque;
InertiaTorqueCyl2 = circshift(InertiaTorque, -188);
InertiaTorqueCyl3 = circshift(InertiaTorque, -188);

GasTorqueCyl1 = GasTorque;
GasTorqueCyl2 = circshift(GasTorque, -186);
GasTorqueCyl3 = circshift(GasTorque, 180);
GasTorqueCyla = circshift(GasTorque, 360);

TorqueCyl1 = InertiaTorqueCyll + GasTorqueCyll;
TorqueCyl2 = InertiaTorqueCyl2 + GasTorqueCyl2;
TorqueCyl3 = InertiaTorqueCyl3 + GasTorqueCyl3;

TorqueCyl4 = InertiaTorqueCyld + GasTorqueCyld;

TotalEngineTorque = TorqueCyll + TorqueCyl2 + TorqueCyl3 + TorqueCyld;

% Adding Cylinders (Crossplane Crankshaft)
CrossplanelnertiaTorqueCyll = InertiaTorque;
CrossplanelnertiaTorqueCyl4 = circshift(InertiaTorque, 90)
CrossPlanelnertiaTorqueCyl2 = circshift(InertiaTorque, 188);
CrossPlanelnertiaTorqueCyl3 = circshift(InertiaTorque, 278);

CrossplaneGasTorqueCyll = GasTorque;
CrossplaneGasTorqueCyla = circshift(GasTorque, 90);
CrossPlaneGasTorqueCyl2 = circshift(GasTorque, 270);
CrossPlaneGasTorqueCyl3 = circshift(GasTorque, 540);

CrossplaneTorqueCyll = CrossPlaneInertiaTorqueCyll
CrossPlaneTorqueCyl2 = CrossPlaneInertiaTorqueCyl2
CrossplaneTorqueCyl3 = CrossPlaneInertiaTorqueCyl3
CrossPlaneTorqueCyld = CrossPlaneInertiaTorqueCyla

CrossplaneGasTorqueCyl1;
CrossplaneGasTorqueCyl12;
CrossplaneGasTorqueCyl3;

+
+
+
+ CrossPlaneGasTorqueCyla;

CrossplaneTotalEngineTorque = CrossPlaneTorqueCyll + CrossPlaneTorqueCyl2 + CrossPlaneTorqueCyl3

+ CrossPlaneTorqueCyld;
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% New Pressure Data
Pressurelle = zeros(726, 9);
for j = 1:1ength(RPH_New)
for 1 = 1:length(CrankAngleDeg)
PressureNew(i,j) = interpl(RPH, Pressure(i,

)» RPM_New(j), ‘linear’, ‘extrap’);
end

end
PressurePallew = PressureNew .* (18%5);
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% Connecting Rod

UpperEndLinRod = MeanNewRodstress + (NewAllowableRangeRodStress / 2);
LowerEndLinRod = MeanNewRodStress - (NewAllowableRangeRodStress / 2);
UpperEndLinRodPlot6 = [UpperendLinRod(:, 6), UTS_Rod];
LowerEndLinRodPlots = [LowerEndLinRod(:, 6), UTS_Rod];
UpperEndLinRodPloto = [UpperendLinRod(:, 9), UTS_Rod];
LowerEndLinRodP1ot9 = [LowerEndLinRod(:, 9), UTS_Rod];
MeanNewRodStressPlots = [MeanNewRodStress(:, 6), UTS_Rod];
MeanNewRodStressPloto = [MeanNewRodStress(:, 9), UTS_Rod];

Figure;
plot (MeanNewRodStressPlots, UpperEndLinRodplots,
hold on;
plot (MeanNewRodStressPlots, LowerEndLinRodPlots, ', dth’, 2);
Line([MeanNewRodStress(:, 6), MeanNewRodStress(:, 6)], [min(NewRodStress(:, 6)), max(NewRodStress(:, 6))], 'Color’, 'g’, 'Linemidth’, 6);
line([MeanNeuRodStress(:, 6), MeanNewRodstress(:, 6)], [LowerEndLinRod(:, 6), UpperendLinRod(:, 6)], 'Color’, 'm’, 'Linewidth’, 2);
plot([UTS_Rod, UTS_Rod], [(min(LowerendLinRodPlots)), UTS Rod], 'k--");
plot([MeanNeuRodStress(:, 6), UTS_Rod], [UTS_Rod, UTS_Rod], 'k--');
hold off;
grid on;
xlabel('Mean Stress (Pa)’);
ylabel("Alternating Stress (Pa)’);
legend("Upper Endurance Limit’, 'Lower Endurance Limit’, 'Actual Range’, 'Allowable Range’, 'UTS', ‘Location’, 'best’);
title({ Connecting Rod Goodnan Diagram (6680 RPM)";
sprintf(‘Mean Stress = %.3e Pa Actual Range = %.4e Pa’, MeanNewRodStress(:, 6), NewRangeRodStress(:, 6));
sprintf('Safety Factor = %.3f Allouable Range = %.4e Pa’, NewFSF_Rodstress(:, 6), NewAllowableRangeRodstress(:, 6))});





image10.jpeg
Piston Position vs. Crank Angle

Piston Distance From TDC (mm)

400

-300

200 00 0 100 200
Crank Angle (degrees)

300

400




image11.jpeg
Piston Distance From TDC (mm)

Piston Position vs Piston Velocity

% w0
o 30
)
20
60
10
50
0
w0
10
30
20
20
—— Piston Position 30
0 Velocity @ 6000 RPM
Velocity @ 9000 RPM
0 40
400 300 200 100 0 100 200 300 400

Crank Angle (degrees)

Piston Velocity (m/s)




image12.jpeg
Acceleration (mis’

ok

5000

RPM

Piston Acceleration

200
10000 400

200

Crank Angle (*)

-400)

x10*




image13.jpeg
x10%

Inertia Force (N)

5000

RPM

Piston Inertia Force

10000

400

200

200

Crank Angle (*)

-400)

x10*

05




image14.jpeg
Cylinder Pressire (Bar)

80

RPM

Cylinder Pressure

10000

400

200

Crank Angle (*)

-400)

60

40

30

20

1




image15.jpeg
Force Due to Combustion x10

x10*
s
z 25
5
3 2
E
g
8
L 15
i
3
8 .
g
&
0s
00 i

RPM 10000 400 Crank Angle (*)




image16.jpeg
x10%

Net Force (N)

RPM

Net Force Within Cylinder

200
10000 400 Crank Angle (*)




image17.jpeg
Torque (Nm)

200

400 -

Inertia Torque Per Cylinder vs. Crank Angle
T T T

1000 RPHM
2000 RPM
3000 RPM
4000 RPM
5000 RPM
6000 RPM
7000 RPM
8000 RPM
9000 RPM

500
400

-300 -200 -100 o 100
Crank Angle (degrees)

400




image18.jpeg
Torque (Nm)

700

Gas Torque Per Cylinder vs. Crank Angle

400

300 -

200

100 -

100 |-

1000 RPM
2000 RPM
3000 RPM
4000 RPM

——— 5000 RPM
6000 RPM
7000 RPM
8000 RPM
9000 RPM

200
400

-300

200

Crank Angle (degrees)

100

200

300

400




image19.jpeg
Torque (Nm)

600

400

3
g

400

Crank Torque Per Cylinder vs. Crank Angle
T T T

1000 RPM
2000 RPM
3000 RPM
4000 RPM
———— 5000 RPM
6000 RPM
7000 RPM
8000 RPM
9000 RPM

Crank Angle (degrees)





image20.jpeg
Brake Power (kW)

Engine Torque and Brake Power Dynograph

120

100

40

170

160

150

140

130

120

1000

2000

3000

4000

5000
RPM

6000

7000

8000

110
9000

Torque (Nm)




image21.jpeg
Torque (Nm)

600

500

400 (-

300 -

200

100 F

00 -

200 -

Torque Produced by each Cylinder @ 6000 RPM (Standard Crank)

Cylinder 1
Cyinder2 | |
Cyinder 3
Cyinder 4

-300
400

300 200 100 0 100 200 300 400
Crank Angle (deg)




image22.jpeg
Torque (Nm)

Torque Produced by

600

400

200

200 |-

400 |-

each Cylinder @ 9000 RPM (Standard Crank)
T T

Cylnder 1
Cyinder 2
Cylinder 3
Cyinder 4

500
400

-300

200

-100

0
Crank Angle (deg)

100

200

300

400




image23.jpeg
Torque (Nm)

Torque Produced by each Cylinder @ 6000 RPM (Crossplane Crank)
T T T

1000 T T T T
Cylnder 1
Cylinder 2
800 [ Cyinder 3 1
Cylinder 4
600 4
400 4
200 4
ol 4
200 |- 4
o L d L L L L L
400 -300 200 -100 0 100 200 300 400

Crank Angle (deg)




image24.jpeg
im)

Torque (N

1000

800

600

400

200

200

400

500

800

Torque Produced by each Cylinder @ 9000 RPM (Crossplane Crank)

Cylinder 1
Cylinder 2
Cyinder 3
Cylinder 4

-300

200

-100

0
Crank Angle (deg)

100

200

300

400




image25.jpeg
Torque (Nm)

1500

Engine Torque Output (Standard Crank)

6000 RPM
9000 RPM

1000 -

1000
400

-300

200

-100

0

Crank Angle (deg)

100

200

300

400




image26.jpeg
Torque (Nm)

800

600 -

400 [~

200

6000 RPM
9000 RPM

Engine Torque Output (Crossplane Crank)

400
400

-300

200 -100 0 100 200

Crank Angle (deg)

300

400




image27.jpeg
%107

Pin Bending Stress, Tau, and Resultant Stress at 6000 RPM

[———Pin Bending Stress

Tau
Resultant Stress

-300

200

-100

0
Crank Angle (deg)

100

200 300

400




image28.jpeg
Pascals (Pa)

05

Pin Bending Stress, Tau, and Resultant Stress at 9000 RPM

[———Pin Bending Stress
Tau

Resultant Stress

15
400

-300

200

-100

0 100 200
Crank Angle (deg)

300

400




image29.jpeg
Pascals (Pa)

Resultant Stress at 6000 RP!

15

05

. 10° Pin Bending Stress, Tau, and

M (Adjusting for Compression)

[———Pin Bending Stress

Tau
Resultant Stress

E)
400

-300

200

-100

0
Crank Angle (deg)

100

200 300

400




image30.jpeg
Pascals (Pa)

s, Tau, and Resultant Stress at 9000 RP!

15

05

. 108 Pin Bending Stress
2 T

[———Pin Bending Stress
Tau
Resultant Stress

M (Adjusting for Compression)
T T

E)
400

-300

200 -100

0
Crank Angle (deg)

100

200

300

400




image31.jpeg
Alternating Stress (Pa)

Connecting Rod Goodman Diagram (6000 RPM)
Mean Stress = -1.397¢+08 Pa Actual Range = 2.2402e+08 Pa
4108 Safety Factor = 3.575 Allowable Range = 8.0077e+08 Pa

Upper Endurance Limit
| —— Lawer Endurance Limit
—Aclual Range
Alowable Range
——-uts
2 4 0 1 2 3 4 5 6
Mean Stress (Pa) <108




image32.jpeg
Alternating Stress (Pa)

Connecting Rod Goodman Diagram (9000 RPM)
Mean Stress = -2.509¢+08 Pa Actual Range = 2.6915e+08 Pa

10 .347 Allowable Range = 9.0083e+08 Pa
8
6
4
2
0
5 Upper Endurance Limit
| —— Lower Endurance Limit
4 s—Aclual Range
Allowable Range
—-uts
R

2 0 2 4 6

Mean Stress (Pa) 108




image33.jpeg
Alternating Stress (Pa)

10

% 10°

Gudgeon Pin Goodman Diagram (6000 RPM)
Mean Stress = 9.438¢+06 Pa Actual Range = 1.2838¢+08 Pa

Safety Factor = 6.944 Allowable Range = 8.9151e+08 Pa

Upper Endurance Limit
| —— Lawer Endurance Limit
s ctual Range
Allowsble Range
——-uts

Mean Stress (Pa)

10
108




image34.jpeg
Alternating Stress (Pa)

10

%108

Gudgeon Pin Goodman Diagram (9000 RPM)

Mean Stres

ss.

actor = 5.912 Allowable Rangs

.048e+07 Pa Actual Rang

.4912e+08 Pa
je = 8.8157e+08 Pa

Safety F:

Upper Endurance Limit
| ——— Lawer Endurance Limit
s ctual Range
Allowsble Range
uts

Mean Stress (Pa)

7 8 9 10
108




image35.jpeg
Alternating Stress (Pa)

1

10

x10%

Connecting Rod Bolt Goodman Diagram (6000 RPM)

Mean Stress =
Safety Factor

.477e+08 Pa Actual Range
.465 Allowable Range =

.8900e+07 Pa
1556e+08 Pa

Upper Endurance Limit
| ——— Lawer Endurance Limit
—ctual Range
Allowsble Range
——-uts

3
Mean Stress (Pa)

1
108




image36.jpeg
Alternating Stress (Pa)

1

10

Connecting Rod Bolt Goodman Diagram (9000 RPM)

Mean Stress = 5.640e+08 Pa Actual Range = 1.7752e+08 Pa
10 Safety Factor = 0.632 Allowable Range = 1.1214e+08 Pa
Upper Endurance Limit
| —— Lawer Endurance Limit
S — Aclual Range

Allowsble Range
uts

8
Mean Stress (Pa)

9 10

1
« 108




image37.jpeg




image38.jpeg
Alternating Stress (Pa)

Connecting Rod Bolt Goodman Diagram (6000 RPM, Rolled Under Cold Working)
Mean Stress = 8.684e+08 Pa Actual Range =7.8900e+07 Pa

4100 Safety Factor = 2.364 Allowable Range = 1.8654e+08 Pa
18 T T T T T T T T T
161 1
141 1
12 1
s Upper Endurance Limit 1
Lawer Endurance Limit
—Aclual Range
L Allowable Range ]
o ——uts
- . . . . . . . . .
08 09 1 11 12 13 14 15 16 17 18
Mean Stress (Pa) «10°




image39.jpeg
Alternating Stress (Pa)

Connecting Rod Bolt Goodman Diagram (9000 RPM, Rolled Under Cold Working)
Mean Stress = 8.848e+08 Pa Actual Range = 1.7752e+08 Pa

16 1
14f 1
12f N
Upper Endurance Limit
i | —— Lower Endurance Limit 1
—Actual Range:
Alowable Range
o8 —-uts 1
06 . . . . . . . . .
08 09 1 11 12 13 14 15 16 17 18

Mean Stress (Pa) 10




