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[bookmark: _Toc32209048]Introduction
[bookmark: _Toc32209049]Aims
· To gain a better understanding of forces within an engine.  
· To calculate rotating and reciprocating forces.
· Calculate the compressive, tensile, torsional and shear stresses.
· Calculate the alternating loads that cause fatigue as they cycle at speed between one stress and another.
[bookmark: _Toc32209050]Objectives
· Through simple calculations and the use of stress concentration tables and Goodman diagrams. Estimate the factors of safety that have are in place at the points under analysis. 
· Analyse the steps to be taken to redesign parts of the engine when a modification is undertaken.
· Use CAD to better understand the part geometry, masses and redesign of components.












[bookmark: _Toc32209051]1(a) Gudgeon Pin Fatigue Safety of Factor
· Floating (rotates to reduce fatigue)
· B tensile does not align with A compressive
· Assume worst case 5700 and 6000 at same time
[bookmark: _Toc32209052]Gudgeon Pin Material Properties
	Component
	Material
	UTS (N/mm^2)
	Yield (N/mm^2)
	Endurance Limit (N/mm^2)
	Youngs Modulus (GPa)
	Mass
(g)

	Gudgeon Pin
	Cast Steel (finished)
	1000
	750
	450 (45%)
	170
	80.2g



[bookmark: _Toc32209053]Standard engine Forces
[image: ]
· This shows the forces on the gudgeon pin
· The inertia torque was calculated with only the mass of the piston, Piston rings and pin circlips.
· Max Tensile force for standard engine occurs at 21° Crank angle (42460N).
· Max Tensile force for Modified engine occurs at 20° Crank angle (43550N).
· Max Compressive force for standard engine occurs at 0° Crank angle (-4232N).
· Max Compressive force for Modified engine occurs at 0° Crank angle (-11250N).
[bookmark: _Toc32209054]Standard Engine Gudgeon Pin stresses 
[bookmark: _Toc32209055]Points of interest on Gudgeon pin assembly
[image: ]
Figure 2‑1 Gudgeon assembly
Figure 2-1 shows point A where the forces and stresses will be calculated. Point B shows the rod is tapered this is designed so the gas and inertia forces have different fulcrum points. For the purpose of this investigation the rod pin hole will be assumed parallel to ease calculations and give a worst-case scenario. The pin can rotate within the con-rod this has also been ignored so the alternating forces occur at one point again giving a worst-case. The CoG has been calculated in solid works slicing the component down the plane of point A and looking to the right as its tapered it’s not in the middle, the mass overhanging has been calculated in a similar manner.  
	D1
	12.3mm

	D2
	21mm

	L1
	6.8mm

	L2
	7.85mm

	Mass exposed
	0.02328kg



Gudgeon pin inertia 
The rod length (L) and crank throw (R) are the same ass assignment 1(a) (134mm and 40.7mm respectively). 
The pin inertia was calculated with the following formula:


The second moment of area was calculated with the following formula:

The maximum bending moment was found with:

Bending stress was calculated with:

Shear stress was calculated with:

The shear and the max bending stress were combined to find the resultant stress:

[bookmark: _Toc32209056]Results table for pin Standard engine
	Stresses
	Tensile (5700RPM)
	Compressive (6000RPM)

	Shear Stress
	91.574 N/mm2
	-7.15 N/mm2

	Max Bending Stress
	207.75 N/mm2
	-16.57 N/mm2

	Resultant Stress
	274.46 N/mm2
	-21.9 N/mm2



A script was created in MATLAB to take the results and calculate the mean stress, allowable range, actual range of stress, safety factor and plot a Goodman diagram. This can be found in the appendices. It will:
· Calculate the Endurance limit from 45% UTS
· Calculate the mean stress from the min and max stress
· Absolute and sum the stresses to give the Actual Range.
· Work out the Allowable range from interpolating on the upper and lower endurance limit against the Mean stress point.
· Calculate the safety factor from the actual and allowable range.
· Plot a Goodman diagram inserting applicable Results values into the title.
[bookmark: _Toc32209057]Goodman Diagram Standard Max Bending
[image: ]

Figure 2‑2 Goodman for standard engine.
Figure 2 shows (see graph title) the gudgeon Pin has a safety factor of 2.69. this high safety factor means the component is unlikely to fail in normal use at is greater than 1. This safety factor could be reduced as a worst case has been taken and the two forces concerned occur at different RPMs this will help to account for cyclic variation (e.g. If a higher gas force occurs at a higher RPM). The graph shows that the mean stress is positive this shows that there is more tensile force at point A then compressive. The graph shows the actual range within the allowable as this difference is the factor of safety.
[bookmark: _Toc32209058]Goodman Diagram Resultant
[image: ]
Figure 2‑3 Pin Resultant Goodman
Figure 2-3 shows when the resultant stresses are considered the safety factor decreases this was expected as when you consider more stress the mean will increase pushing the allowable range smaller towards the right of the diagram.
[bookmark: _Toc32209059]Modified Engine Gudgeon Pin stresses 
The calculations were also performed on the higher values of inertia and gas force from assignment 1(a).
[bookmark: _Toc32209060]Results table for pin Modified engine
	Stresses
	Tensile (7000 RPM)
	Compressive (9000 RPM)

	Shear Stress
	93.1 N/mm2
	-19.9 N/mm2

	Bending Stress
	213.1 N/mm2
	-55.04 N/mm2

	Resultant Stress
	279.15 N/mm2
	-60.63 N/mm2


[bookmark: _Toc32209061]Goodman Diagram Modified
[image: ]
Figure 2‑4 Pin Goodman for modified engine
Figure 2-4 shows the increased inertia and gas forces do not exceed the allowable range within the endurance limit, so the safety factor is still above 1. This may be because:
· the pin has been designed for a use in a range of engines and this engine in question has the lower forces. 
· The calculations done may not be considering other forces.
· The calculations use UTS values at standard temperatures etc and the operation conditions may reduce the endurance limit.
As it is unknown why the safety factor is so high if one were to design their own Pin out the same material this safety factor with these calculations would be a good starting point. 
[bookmark: _Toc32209062]2(a) Con-rod Fatigue Factor of Safety
[bookmark: _Toc32209063]The Con-rod
[image: ]
Figure 3‑1 Con Rod Terminology (Hoag and Dondlinger,2015)
The above diagram shows the terminology for Con-Rods (Hoag and Dondlinger, 2015).
[bookmark: _Toc32209064]Points to consider
[image: ]
Figure 3‑2 Con-rod Diagram
Figure 3-1 shows the CAD drawing of the points that safety factors will be calculated on. These positions are considered points of importance as points C and B receive allot of inertia (c has no gas force) force and point A has mainly Compressive gas force, these differences will show in the position of the mean stress.
[bookmark: _Toc32209065]Con-Rod Material Properties
	Component
	Material
	UTS (N/mm^2)
	Yield (N/mm^2)
	Endurance Limit (N/mm^2)
	Youngs Modulus (GPa)

	Connecting Rod
	Powder Forged Steel
	750
	675
	337.5
	170



[bookmark: _Toc32209066]Application of stress concentrations
[image: ]






[image: ]
Figure 3‑3 Stress concentration Graph and Formula
Figure 3-3 shows the typical graph and formula found within Peterson’s stress concentration book. If the dimensions when calculated fall within range they can be read off a graph, if not further formulas shown above depending on the geometry can be used to calculate the stress concentration.


[bookmark: _Toc32209067]Points A and B
Points A and B both have a large radius on the side of the rod these do not fall into the range for calculating stress concentrations. The I beam shape is not perpendicular to force for point A and B, so its cutaways are not considered for stress concentrations.
[bookmark: _Toc32209068]Point A 
[bookmark: _Toc32209069]Dimensions Point A
	Area
	140.18mm2

	Radius 
	57.84 mm

	D
	25.63 mm

	h
	19.39 mm



Point A dimensions from the CAD geometry table shows a radius of nearly 60mm this is too large when considering a stress concentration when in relation to the thickness of the material.
[bookmark: _Toc32209070]Results Point A
For calculating the inertia masses the section of the rod above the point in question was considered. And the following results were calculated with the previously used formula for inertia from assignment 1(a).
	Compressive (minimum Stress)
	-302.896 N/mm2

	Tensile (maximum Stress)
	42.54023 N/mm2	


[bookmark: _Toc32209071]Goodman Diagram Point A
[image: ]
Figure 3‑4 Point A Goodman Diagram
Point A has mainly compressive force this is because the net Force is higher as there is less inertia force due to the reduced mass so high up the rod, the graph shows this with the mean stress being negative and more of the alternating range being below zero.
[bookmark: _Toc32209072]Point B 
Point B has a considerably larger cross-sectional area. As the forces are taken from lower down this time 1/3 of the con-rod mass has been added to the original inertia force calculation to recalculate Net Force.
[bookmark: _Toc32209073]Dimensions Point B
	Area
	153.12 mm2

	Radius 
	48.95 mm

	D
	72 mm

	d
	26.76 mm


[bookmark: _Toc32209074]Results Point A
	Compressive (minimum Stress)
	-250.88233 N/mm2

	Tensile (maximum Stress)
	60.08814651 N/mm2	


[bookmark: _Toc32209075]Goodman Diagram Point B
[image: ]
Figure 3‑5 Point B Goodman Diagram
As expected even though more mass has been considered in the reciprocating inertia force the larger cross-sectional area has reduced the Stress and increased the factor of safety when compared with point A.
[bookmark: _Toc32209076]Point C 
As point C is so low the rotating Forces should be considered.
[image: ]
Figure 3‑6 Rod Whip (Hoag and Dondlinger,2015)
In Vehicular engine design (Hoag and Dondlinger, 2015), 2/3 of the rod mass is considered when calculating the rotating force on the rod or “rod whip” as it is referred to. When calculating the angle of the crank shaft will be considered as this will affect the side force with the following equation:

This will be added to the reciprocating force previously calculated using inertia force formula from assignment 1a where the reciprocating mass is 1/3 of the rod mass plus piston and pin assembly. this gives the following formula:

[bookmark: _Toc32209077]Dimensions Point C
The following table shows the dimensions considered in the calculations
	Area
	131.65 mm2

	Radius 
	0.5 mm

	D
	11.63 mm

	h
	10.49 mm


[bookmark: _Toc32209078]Results Point C
As point C sees no Gas force as the rod transmits it to the crank the minimum compressive stress is zero.
	Compressive (minimum Stress)
	0 N/mm2

	Tensile (maximum Stress)
	46.33 N/mm2	


[bookmark: _Toc32209079]Application of stress concentration
Point C has a radius near the bolt head that falls into the range for calculating stress concentrations. when considering the Peterson tables and graphs the shape can be read off with a stress concentration of 2.3. this divides into the allowable range reducing it as can be seen in the following diagram.
[bookmark: _Toc32209080]Goodman Diagram Point C
[image: ]
Figure 3‑7 Point C Goodman Diagram
Figure 3-7 shows the Endurance limit is smaller than the 45% UTS this is due to the stress concentration. As there is only tensile force from the inertia force the mean and alternating stress are positive. The actual range is well within the allowable giving a high factor of safety of 6.14, this is due to the fact the tensile stress isn’t the driving design criteria as a certain size of cap is needed for clamping area and shell bearing retention.







[bookmark: _Toc32209081]Question 3 Con-Rod Clamping 
The con-rod bolts are one of the engine components most likely to fail with increased RPM as they only part stopping the accelerating rod and piston assembly at TDC (Smith and Wenner, 1977).
[bookmark: _Toc32209082]Standard Bolt Properties
	UTS
	1100 N/mm2

	Yield
	990 N/mm2

	Youngs Modulus
	170 k N/mm2



[bookmark: _Toc32209083]3(a) Ratio of Bolt stiffness to Cap Stiffness
To work out how the bolt behaves under tension when the alternating loads from the inertia forces are applied the stiffness ratio between the cap and the bolt needs to be considered. A higher stiffness Ratio would reduce alternating load fatigue (Taylor, 1985).
The reduced shank also reduces Stiffness as stiffness is directly proportional to the cross-sectional area:

The alternating force on the bolt can be reduced with a reduced bolt stiffness as can be seen in the following formula:

[bookmark: _Toc32209084]Table of stiffness ratio
	
	Road Cap
	Rod Bolt

	Area
	133.12 mm2
	42.42917 mm2

	Length
	21.42 mm
	21.42 mm

	Young’s modulus
	170 K N/mm2
	200 K N/mm2

	Stiffness 
	1056508 N/mm
	396164.1 N/mm

	Stiffness Ratio
	2.6668444


The above table shows the results when calculating the stiffness ratio. The cap is 2.6 times stiffer than the bolt; this is due to the larger area as the cap has a lower young’s modulus. 
[bookmark: _Toc32209085]3(b) Bolt Stiffness of stretch Region to Elastic Limit 
The engaged threads have been considered in this calculation. The load is mainly taken by threads 1 to 3 with the 6th seeing virtually nothing (Bosch, 2000). For this calculation the length up to the end of the second engaged thread is taken.
	
	Rod Bolt

	Area
	42.42917 mm2

	Length
	27.42 mm

	Young’s modulus
	200 K N/mm2

	Stiffness 
	309476 N/mm



[bookmark: _Toc32209086]3(c) Alternating Loads on Bolt
Using the inertia force and the calculated stiffnesses the alternating force is calculated:

[bookmark: _Toc32209087]Table for Alternating Force on Bolt
	
	Rod Bolt

	Force Inertia 
	6099.8 N

	Stiffness Bolt
	309476 N/mm

	Stiffness Cap
	1056508 N/mm

	Alternating Force 
	1381.965 N


The alternating force can be used to calculate the required tightening torque necessary. When the bolt stiffness is decreased, or the cap stiffness is increased when the alternating load is applied this relaxes the force applied from the cap.
[bookmark: _Toc32209088]3(d) Tightening Torque to 90% Yield
The clamping force (axial force) is needed to find out the required clamping force:
Axial stress is(SSC Junior Engineer Civil & Structural Recruitment Exam Guide 2nd Edition - Disha Experts -, 2019):
[image: ]







	Yield Stress
	990 N/mm2

	Axial Stress
	534.6 N/mm2

	Axial Force
	22682.64 N

	Pitch Diameter
	7.35 mm

	Head Diameter 
	12.9 mm

	Coefficient of Friction Head
	0.12

	Coefficient of Friction Thread
	0.18

	Tightening Torque
	28.78426 N m


 When Ford tighten the bolt, they tighten past yield but for this investigation into factor of safety calculations 90% yield is taken.
[bookmark: _Toc32209089]3(e) Mean Stress and Range of Stress in Rod Bolts Using Stress Concentrations and 3(f) Goodman Diagram for F.S.F of Rod Bolts
The threads are essentially multipart stress concentrations (McCARTNEY, 1979). When calculating first the depth of the notch is considered as before then a further v groove formula is used as below.
[image: ]
[image: ]
Using:
	Information
	Value
	Source

	h (depth of thread Cut)
	0.541mm
	(Newman, 2009)

	r (radius within base of thread)
	0.144mm
	(Newman, 2009)

	D (bolt Diameter)
	8mm
	(Newman, 2009)

	 (Within Threads)
	60°
	(Newman, 2009)




[image: ]

	C1
	4.903637

	C2
	-6.29373

	C3
	3.287462

	C4
	-0.89219

	Kt
	4.110339

	 
	4.312087


The above table shows the results from the stress concentration calculations for the thread.
The following formula is used to calculate maximum stress:

	Min Stress (0.9 Yield stress)
	891 N/mm2

	
	923.5711 N/mm2


 The above table shows the increase in stress due to the alternating force. This formula shows that the thread C.S.A is inversely proportional to the max stress. As before the alternating stress can be reduced by reducing the bolt stiffness which is directly proportional to the shank C.S.A ∴ a larger thread C.S.A and a reduced shank C.S.A would be optimum for coping with higher inertia forces.
[bookmark: _Toc32209090]Original Bolt Goodman Diagram
[image: ]
Figure 4‑1 original Bolt
Figure 4-1 shows the how the bolt is only under tensile stress. The fatigue factor of safety is far lower for this component than any other considered so far. This low safety factor is typical for Con-rod bolts (Smith and Ruprecht, 2018). Bolt selection is critical as torqueing past yield reduces extension with change in force, also the bolt should have a suitable stiffness ratio with the cap for the previously described reasons to cope with alternating stress. If the bolt is too soft underload joint separation is risked (Bickford, 1995).
[bookmark: _Toc32209091]3(g) Redesign Bolt Clamping for Uprated Engine
lower modulus of elasticity in the nut (rod) reduces the max stress in the bolt threads. Fatigue tests (Wiegand 1933; Kaufmann and Janiche 1940) show improved strength of 35% to 60% depending on materials. This method of reducing modulus of elasticity of the Rod would cause unwanted changes in the characteristics of the rod. Another way to reduce the Kt factor of a bolt-and-nut Ratio, such as non-uniform thread spacing and tapered threads, also cause further problems(Bickford, 1995).
[bookmark: _Toc32209092]Original Bolt at 900RPM
[image: ]
The above shows the increased inertia forces at 9000RPM cause an increased maximum stress and the bolt to exceed its fatigue safety factor (result 0.5). This shows the bolt will fail with fatigue. 
[bookmark: _Toc32209093]Wasted Shank Bolt at 9000RPM
To redesign the bolt a wasted shank will be approached first for the reasons discussed previously. The following formula shows that introducing different stiffnesses in series reduces the overall stiffness by more than any individual stiffness, and the more differing stiffnesses the lower the result (like resistors in parallel all share the load reducing resistance more than any individual resistor).

[bookmark: _Toc32209094]3(h) Uprated Design
[image: ]
Figure 4‑2 Waisted shank Design
Figure 4-2 shows the design chosen to investigate L3 is a taper to reduce stress concentrations bellow the head and D3 was changed to an average of the taper for the calculations. When forces were considered for the higher inertia torque at 9000RPM the axial Force was kept to 22682.64N as this would keep the con -rod crank journal bore the same shape.
[bookmark: _Toc32209095]Waisted Shank Goodman Diagram
[image: ]
Figure 4‑3 Waisted shank Goodman Diagram
Figure 4-3 shows reducing the shank will not be enough to stop fatigue failure due to alternating stress. Due to these results different materials will be used for the waisted shank design.
[bookmark: _Toc32209096]Wasted Shank Inconel
Inconel Properties
	UTS
	1800 N/mm2

	Yield
	1500 N/mm2

	Youngs Modulus
	280 k N/mm2


Inconel Goodman diagram
[image: ]
Figure 4‑4 Inconel Goodman Diagram
The higher Youngs Modulus has resulted in a higher mean and alternating stress when keeping the axial force, the same. The higher UTS has increased the allowable range increasing the factor of safety even though the bolt stiffness has increased.
Percentage of yield 
	Yield
	1500N

	Shank Area
	25.51758633mm

	Axial Force
	22682.6355N

	% of Yield Tightened
	59.26%


The table above shows the Inconel bolts are further from Yield thus is a more elastic region and the standard is more desirable to tighten past yield where the bolt will work harden and have less change in length for force (Bickford, 1995). Maintaining the original Axial force will keep the big end journal bearing from becoming distorted. 
[bookmark: _Toc32209097]4(a) Crankshaft Fatigue Safety Factors 
[bookmark: _Toc32209098]Crankshaft parts
[image: ]
Figure 5‑1 Crankshaft labelling
Figure 5-1 shows all the crankshaft terminology. 
[image: ]
Figure 5‑2 Points to consider
Figure 5-2 shows the fillets A and B considered the stress across this portion is considered. Line y is the neutral axis that is perpendicular between the points considered. The shear bending and resultant stresses will be calculated.
[image: ]
Figure 5‑3 Breaking Forces on crank
Figure 5-3 shows that the area being investigated is the most likely place to fracture with bending and shear force causing cracks at the fillets (Taylor et al., 1999).
[bookmark: _Toc32209099]Crankshaft Properties
	Component
	Material
	UTS (N/mm^2)
	Yield (N/mm^2)
	Endurance Limit (N/mm^2)
	Youngs Modulus (GPa)

	Crank Shaft 
	Powder Forged Steel
	750
	675
	337.5
	170


[bookmark: _Toc32209100]Crankshaft Dimensions and Forces
	L2 (A to centre od main Journal)
	33.9mm

	D (distance A to B)
	20.7mm

	Diameter Main Journal
	48 mm

	Diameter Big End Journal
	44 mm

	Fnet
	42460N

	Fnet Gas at inertia
	1330N

	Fnet Inertia
	10872.44N


The inertia forces calculated in the above table consider the same reciprocation 1/3 rod portion and piston assembly mass as before. The rotating mass includes 2/3 the upper rod portion plus the cap.
Crank Calculations
To calculate the second moment of area the following needs to be calculated:

Second moment of area:

Shear Stress:

The bending and resultant stresses were calculated with the formulas previously described.
[bookmark: _Toc32209101]Stress concentrations
[image: ]
Figure 5‑4 Stress concentration chart
D/d works out at 1.154 and r/d is 0.125 this gives a stress concentration of 1.6 from the chart above.
[bookmark: _Toc32209102]Results
	Shear Min
	-3.575 N/mm2

	Shear Max
	13.9622 N/mm2

	Bending Min
	-56.0.98 N/mm2

	Bending Max
	219.08 N/mm2

	Resultant Min (Compressive)
	-56.5521 N/mm2

	Resultant Max (tensile)
	220.8523 N/mm2


The results show the bending stresses are considerably larger than the shear, this is to be expected as the distance moment of the bending increases the result.
[bookmark: _Toc32209103] Goodman diagram Crank
[image: ]
Figure 5‑5 Crank Goodman Diagram
Figure 5-5 shows that the main stress seen in the crankshaft is tensile when looking in the orientation chosen as the rod pushes the shaft. The diagram shows the safety factor of 1.35 means the crank will not fail from fatigue with the calculations performed.
If the fillets are fillet rolled the factor of safety can be greatly increased as it puts the surface under load.







[bookmark: _Toc32209104]Conclusion
The calculations used in the investigations found no part to be outside the factor of safety. The con-rod bolt was closest this was to be expected as the compromises made when trying to have a component suitably less stiff than the part it fastens. 
The Goodman diagram provides a good visual aid especially when the actual range is plotted. The user can easily see the actual range within the endurance limit. If the mean is positive or slightly negative the decision to surface finish can be taken as that moves the mean towards the negative.
All the stress concentrations calculated assume UTS at room temperature not engine operating conditions therefore the safety factors should not be exceeded as the parts were created with previous experience and other geometry considerations were taken above stress.
The calculations give a good guide for the considerations that must be made when designing engine parts.
The higher safety factors may be to cope with Knock detonation events which can produce massive spikes in pressures. 
The parts made in CAD could be put through an FEA study to correlate the work.
Resonance of the parts has not been considered as if they operate at there natural frequency this vibration can increase Fatigue.
Rolling threads and fillets is another way to increase fatigue safety factors, rolling threads rolls out imperfections reducing thread grip which can have an adverse effect.
The stress concentrations caused by the oil feed holes have not been considered.









[bookmark: _Toc32209105]Extra Work
[bookmark: _Toc32209106]Plasma nitriding crank
800N/mm2 of surface pressure added to previous calculations.

[image: ]
As can be seen the plasma nitriding more than doubles the 1.35 fatigue safety factor from before. This would allow smaller journals and reduce frictional losses withing the engine. The additional pressure in the surface moves the mean far into compressive and this is the driving force.
[bookmark: _Toc32209107]Cap Point D
[image: ]
[bookmark: _Toc32209108]Goodman Diagram for Point D
[image: ]
[bookmark: _Toc32209109]Hoop stress
[image: ]
[bookmark: _Toc32209110]Goodman For Hoop
[image: ]
As the con-rod hoop only has inertia force from the pin and piston the stress is only tensile and small with a large safety factor. Therefore the rod is tapered at the top.
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clc 
clear
 
%% Goodman Diagram gudgeon
uts = 1000; % UTS of material
kt = 1;
Max = 274.46;
min = -16.57;
%%
EL = (0.45*uts)/kt; % Elastic limit (norm 0.45% of uts)
stmean = mean([(min) (Max)]); 
ACT_R_P = [(min) (Max)];
atcR = range(ACT_R_P); % actual range
Top_Line = [(uts) (uts) (uts)];
Right_line = [(0) (uts)];
Meang = [(stmean) (stmean)];
com_lim = [(-(EL)) (uts)];
Ten_lim = [EL (uts)];
AR = [(interp1(Right_line,com_lim,stmean,'linear','extrap')),(interp1(Right_line,Ten_lim,stmean,'linear','extrap'))];
aR = range(AR);
FsF = range(AR)/atcR;
FsF = num2str(FsF);
com_lim = [(interp1(Right_line,com_lim,(-(uts/2)),'linear','extrap')),(com_lim(1,1)),(com_lim(1,2))];
Ten_lim = [(interp1(Right_line,Ten_lim,(-(uts/2)),'linear','extrap')),(Ten_lim(1,1)),(Ten_lim(1,2))];
Right_line = [-(uts/2) (0) (uts)];
 
 
%% plot
figure ('name','gudgeon','NumberTitle','off')
plot (Right_line,Ten_lim,'linewidth',2) % tensile limits
hold on
plot (Right_line,com_lim,'linewidth',2) % compressive limits
plot (Meang,ACT_R_P,'-o','linewidth',4.2)
plot (Meang,AR,'linewidth',2) %allowable range
plot (Top_Line,[(min(com_lim)),0,uts],'k--')% UTS limit
plot (Right_line,Top_Line,'k--')
plot ([0,0],[(min(com_lim)),(uts)],'k') % y zero
plot ([(-(uts/2)),(uts)],[0,0],'k') % y zero
grid on
grid minor
axis ([(0) (uts+50) (-450) (uts+50)])
hold off 
set(gca,'FontSize',20)
title ({'Gudgeon Pin Modified Engine Goodman Diagram',['Mean Stress = ' num2str(stmean),' N/mm^2','  Actual Range = ' num2str(atcR),' N/mm^2'],['Safety Factor = ' FsF,'  Allowable Range = ' num2str(aR),' N/mm^2']});
xlabel ('Mean Stress (N/mm^2)')
ylabel ('Alternating Stress (N/mm^2)')
legend ({'Upper Endurance Limit','Lower Endurance Limit','Actual Range','Allowable Range','UTS'},'location','southoutside','NumColumns',5)


[image: ]

image2.png
e

= aes

CoG PastA





image3.png
Alternating Stress (N/mmz)

1000

800

600

400

200

o

-200

-400

Gudgeon Pin Modified Engine Goodman Diagram
Mean Stress = 128.945 N'/mm? Actual Range = 291.03 N/mm?
Safety Factor = 2.6937 Allowable Range = 783.9495 N/mm?

I I I I I I

100

200 300 400 500 600 700 800 900
Mean Stress (N/mm2)

— Upper Endurance Limit —Lower Endurance Limit =#=Actual Range —Allowable Range - UTS





image4.png
Alternating Stress (N/mmz)

1000

800

600

400

200

o

-200

-400

Gudgeon Pin Modified Engine Goodman Diagram Resultant Forces
Mean Stress = 126.1259 N/'mm? Actual Range = 296.0518 N/mm?

Safety Factor = 2.6566 Allowable Range = 786.4867 N/mm?
| | \ \ \ |

100

200 300 400 500 600 700 800 900
Mean Stress (N/mm2)

—— Upper Endurance Limit — Lower Endurance Limit =#=Actual Range — Allowable Range ---- UTS





image5.png
Alternating Stress (N/mmz)

1000

800

600

400

200

o

-200

-400

Gudgeon Pin Modified Engine Goodman Diagram
Mean Stress = 109.2588 N/mm? Actual Range = 339.7859 N/mm?
Safety Factor = 2.3593 Allowable Range = 801.6671 N/mm?
I I I I I I

100

200 300 400 500 600 700 800 900
Mean Stress (N/mm2)

——Upper Endurance Limit —Lower Endurance Limit =#=Actual Range — Allowable Range ---- UTS





image6.png
CipnEow g





image7.png




image8.png
30
28
26
24
22
20
18
16
14/
12

10
0

P
~«~

BT
r AV”

Lt

IS NN WS

il

005 010

015

A

020 025 030

=3
2

15
115

105
10




image9.png
5. Square shoulder with fillet
in a member of rectangular
section

5a. Elastic stress, axial tension

fLA

2
K=+ a(%)+a(%) +a

L 3
where 35> oo and where

| 0.1<h/r<20 | 2.0 < h/r<20.0

Cy | 1.007+1.000y/R/r —0.031A/r 1.042 + 0.982,/h/r — 0.036h/r
C, | —0.114 - 0.585/h/r +0.314h/r | —0.074 — 0.156,/h/r — 0.010h/r
C; | 0.241-0.992/h/r —0.271h/r | —3.418 +1.220\/h/r — 0.005h/r
C, | —0.134+0.577,/h/r — 0.012h/r 3.450 — 2.046,/A/r + 0.051h/r

For cases where % < m see Refs. 1,21, and 22.

2h

D

)





image10.png
800

600

N
o
o

N
o
o

o

-200

-400

Alternating Stress (N/mmz)

-600

-800

Con-Rod Point A Goodman Diagram
Mean Stress = -130.178 N/mm? Actual Range = 345.4365 N/mm?
Safety Factor = 2.2932 Allowable Range = 792.1602 N/mm?
\ \ \ \

-300

-200 -100 0 100 200 300 400 500 600
Mean Stress (N/mmz)

——Upper Endurance Limit —Lower Endurance Limit === Actual Range — Allowable Range ---- UTS

700

800




image11.png
800

600

N
o
o

N
o
o

o

-200

-400

Alternating Stress (N/mmz)

-600

-800

Con-Rod Point B Goodman Diagram
Mean Stress = -95.3971 N/mm? Actual Range = 310.9705 N/mm?
Safety Factor = 2.4467 Allowable Range = 760.8574 N/mm?
\ \ \ \ \ \

-300

-200 -100 0 100 200 300 400 500 600
Mean Stress (N/mmz)

——Upper Endurance Limit —Lower Endurance Limit === Actual Range — Allowable Range ---- UTS

700

800




image12.png




image13.png
800

(o]
o
o

N
o
o

N
o
o

o

-200

Alternating Stress (N/mmz)

-400

Con-Rod Point C Goodman Diagram
Mean Stress = 23.165 N/'mm? Actual Range = 46.33 N/mm?
Safety Factor = 6.1389 Allowable Range = 284.4137 N/mm?
| \ \ |

-300

-200 -100 0 100 200 300 400 500 600
Mean Stress (N/mmz)

——Upper Endurance Limit —Lower Endurance Limit === Actual Range — Allowable Range ---- UTS

700

800




image14.png
B B 6, = 06%c,
G, yield stress of steel in N/mm?*




image15.png
e o3 -osmtecm

T —





image16.png
|«— pitch P

- =€P—
f=EU=

METRIC THREAD 60° PROFILE




image17.png
ncalp) o))





image18.png
Bolt Original Goodman Diagram
Mean Stress = 907.1793 N/mm? Actual Range = 32.3585 N/mm?
Safety Factor = 1.2437 Allowable Range = 40.2447 N/mm?
\ \ \ \ \

1150

1100
& 1050
1000

950
900

850

Alternating Stress (N/mm

800

750

700 | | | | | |
700 750 800 850 900 950 1000 1050 1100 1150

Mean Stress (N/mmz)

— Upper Endurance Limit —Lower Endurance Limit === Actual Range —Allowable Range - UTS





image19.png
—
N

Alternating Stress (N/mm

1150

1100

1050

1000

950

900

850

800

750

700

Bolt Original at 9000RPM Goodman Diagram
Mean Stress = 927.6439 N/'mm? Actual Range = 73.2877 N/mm?
Safety Factor = 0.49085 Allowable Range = 35.9734 N/mm?
\ \ \ \ \ \

\ \ \ \ \ \
700 750 800 850 900 950 1000 1050 1100 1150

Mean Stress (N/mm2)

— Upper Endurance Limit —Lower Endurance Limit === Actual Range —Allowable Range - UTS





image20.png
L] 5.42mm

PL222mm

@ L3 3mm

D17.4mm @

|  @D2 57mm

}@D37.4mm.




image21.png
—
N

Alternating Stress (N/mm

1150

1100

1050

1000

950

900

850

800

750

700

Wasted Shank Bolt at 9000RPM Goodman Diagram
Mean Stress = 915.5486 N/'mm? Actual Range = 49.0972 N/mm?
Safety Factor = 0.78412 Allowable Range = 38.4979 N/mm?
\ \ \ \ \ \

\ \ \ \ \ \
700 750 800 850 900 950 1000 1050 1100 1150

Mean Stress (N/mm2)

— Upper Endurance Limit —Lower Endurance Limit === Actual Range —Allowable Range - UTS





image22.png
—
N

/mm

(N

—
o
o
o

Alternating Stress

1800

1600

N
N
o
o

—
o
o
o

800

Wasted Shank Inconel Bolt at 9000RPM Goodman Diagram
Mean Stress = 1220.9952 N'mm? Actual Range = 64.8025 N/mm?

Safety Factor = 1.8649 Allowable Range = 120.8473 N/mm?
\ \ \ \

800

1000 1200 1400 1600
Mean Stress (N/mm2)

— Upper Endurance Limit —Lower Endurance Limit === Actual Range —Allowable Range - UTS





image23.png




image24.png




image25.png
LOAD

l cLAMP
BENDING

rack

Bearing

TORQUE

Mid-plane

Bearing

TORSION




image26.png
30,

Rectangular filleted bar in bend-
ing. @ = Mcil, where ¢ = di2, I =
1612, and t is the thickness. 10

o

030

005 010 018 030
rid




image27.png
Crank Fillets Goodman Diagram with Resultant Stress
Mean Stress = 82.1512 N'mm? Actual Range = 277.4023 N/mm?

Safety Factor = 1.3542 Allowable Range = 375.665 N/mm?
\ \ \ \ \

800
700
600

(&)
o
o

400
300
200
100

Alternating Stress (N/mmz)

o

-100

-200

\ \ \ \ \ \ \
0 100 200 300 400 500 600 700 800

Mean Stress (N/mmz)

— Upper Endurance Limit —Lower Endurance Limit === Actual Range —Allowable Range - UTS





image28.png
Alternating Stress (N/mmz)

800
600
400
200

-200
-400
-600
-800
-1000
-1200
-1400

Crank Plasma nitride Goodman Diagram with Resultant Stress
Mean Stress = -717.8488 N/mm? Actual Range = 277.4023 N/mm?
Safety Factor = 2.9764 Allowable Range = 825.665 N/mm?

I 1

,,,,,,,,,,,,,, S e

-600 -400 -200 0 200 400 600
Mean Stress (N/mm2)

— Upper Endurance Limit —Lower Endurance Limit === Actual Range —Allowable Range - UTS

800




image29.png
L@





image30.png
800

600

N
o
o

N
o
o

o

-200

-400

Alternating Stress (N/mmz)

-600

-800

Con-Rod Point D Goodman Diagram
Mean Stress = 164 N'mm? Actual Range = 328 N/mm?
Safety Factor = 1.6079 Allowable Range = 527.4 N'mm?
I I I I I I

-300

-200 -100 0 100 200 300 400 500 600
Mean Stress (N/mmz)

— Upper Endurance Limit —Lower Endurance Limit === Actual Range —Allowable Range - UTS

700

800




image31.png
Hoop

A





image32.png
800

600

N
o
o

N
o
o

o

-200

-400

Alternating Stress (N/mmz)

-600

-800

Con-Rod Hoop Goodman Diagram
Mean Stress = 26.5 N/'mm? Actual Range = 53 N/mm?
Safety Factor = 12.2858 Allowable Range = 651.15 N'mm?
I I I I I I

-300

-200 -100 0 100 200 300 400 500 600
Mean Stress (N/mmz)

— Upper Endurance Limit —Lower Endurance Limit === Actual Range —Allowable Range - UTS

700

800




image33.png




image34.png




image35.png




image1.emf
1000 2000 3000 4000 5000 6000 7000 8000 9000

RPM

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

F

o

r

c

e

 

(

N

)

10

4

Forces on the Gudgeon Pin

Peak Standard Tensile = 42460N at 5700RPM.  Peak Standard Compressive = -4232 N at 6000RPM

Peak Modified Tensile = 43550N at 7000RPM.  Peak Modified Compressive = -11250 N at 9000RPM

Modified Tensile Force

Standard Tensile Force

Modified Compressive Force

Standard Compressive Force


