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1 Introduction
This assignment is mainly focused on calculation on piston, rod and crankshaft assemblies on Ford 1.6 GDI engine. With the measurement about engine parts such as rods, pins, bolts during the class and finding reliable engine data from Ford Motor Company and Bosch Automotive Handbook, author would not only calculated different stress distribution for the gudgeon pin, but also determined the standard fatigue safety factors at three critical sections on the rod and the crankshaft. To make the results clearer, Goodman diagrams were applied with the help of Microsoft Excel.
For the standard con-rod, author made a series of calculation about original bolt, including bolt stiffness, cap-rod stiffness, maximum alternating load on the bolt, required bolt tightening torque, stress distribution and so on. The fatigue safety factor of standard bolts comes with a Goodman diagram.
To uprate the design, author changed the type of bolt in order to suffer higher RPM, reduce bolt stiffness and extra force on threads at TDC.
[bookmark: _Hlk31808328]2 Engine Data
The table below contains the original data from the standard Ford GDI engine and Modified Engine data, these will be useful in an excel graph and they are important for us to do calculate later.
	 
	Standard Engine
	 
	 Unit

	Con-rod Length (L)
	0.1340
	 
	M

	Cylinder Bore
	0.0790
	 
	M

	Piston Stroke
	0.0814
	 
	M

	Crank Radius (R)
	0.0407
	 
	M

	Piston& Gudgeon pin Mass
Total Con-rod Mass
Con-rod Cap Mass

	0.3504
0.4064
0.1038

	 
	Kg
Kg
Kg

	RPM
	6000
	 
	RPM


	Con Rod CSA
	0.000142
	 
	 M2

	Youngs Mod of steel
	2.10E+11
	 
	 N/M2

	Youngs Mod of Titanium
	1.10E+11
	 
	 N/M2

	UTS Con Rod 
	1.10E+09
	 
	 N/M2


Table 1 Engine Data from Standard & Modified used in Excel.
[bookmark: _Hlk31833515]3 Gudgeon Pin
3.1 Mean stress and Range of stresses
[bookmark: _Hlk32080130]When the gas mixture is injected into cylinder, there will be a compressive force dropping the piston down and the maximum compressive force was after TDC. However the maximum tensile load appears at TDC where the conrod being completely vertical. For previous assignment, the net compressive force and tensile load about the production engine were all calculated:


For the gudgeon pin, it is hollow inside so that the distance from neutral axis to inner surface and outer surface were decided as 6mm and 10mm.
, 
[bookmark: _Hlk31815555]Then the diameter  and .
The second moment of area can be calculated:
[bookmark: _Hlk31817611][bookmark: _Hlk23689101]
[bookmark: _Hlk31816466]The maximum stress point was defined as point A,  was defined as distance between point A to net force and  was defined as distance between point A to inertia pin force. Both lengths were measured:
, 
The maximum inertia pin force was 1000N in compressive situation but rose to 1500N in tensile condition.
For the maximum net compressive force:
[bookmark: _Hlk31820502]Net bending moment at point A was

When , maximum bending stress

Maximum shear stress

For the maximum net tensile force:
Net bending moment at point A was

Maximum bending stress

Maximum shear stress

So we got


Range of stress at point A


For conclusion, the mean stress was  and the range was .
3.2 Baseline Fatigue Safety Factor

[bookmark: _Hlk32143959]Figure 1 Goodman diagram of gudgeon pin
From the Goodman diagram, let and endurance limit was .


[bookmark: _Hlk32177162]Thus, the baseline gudgeon pin fatigue safety factor was about 1.3.
[bookmark: _Hlk31920992]4 Standard Fatigue Safety Factors for 3 Critical Points
Point A:
From Bosch Automotive Handbook and the notes for classes, the stress concentration factor  was 1.5.
[bookmark: _Hlk31899117]In tensile condition:
The middle area was measured about 30 and outside area was . So the total tensile area was 30+56=86.
Because the total tensile force was divided into 2 equal forces, 
[bookmark: _Hlk31897383]
In compressive condition:
The area at point A suffered all of the compressive force so the total compressive area was .


[bookmark: _Hlk31897970]
[bookmark: _Hlk31898318]Let ,

Figure 2 Goodman diagram at point A
In Goodman diagram,


Point B:
In tensile condition:
The area was 280 through measurement.
To make a more accurate calculation, inertia force loaded at point B was included as well, which was assumed to 2000N.

[bookmark: _Hlk31905425]
[bookmark: _Hlk31905561]In compressive condition:
The net downforce was reduced by similar amount of inertia force going up:




Let ,

Figure 3 Goodman diagram at point B
In Goodman diagram,
[bookmark: _Hlk31900168][bookmark: _Hlk32007226]

Point C:
Located at the cap of the rod, the cross-sectional area of point C was  
In tensile condition:
Total tensile force (Including extra inertia force).

In compressive condition:
At point C, it never sees compression.



Let ,

[bookmark: _Hlk32177037]Figure 4 Goodman diagram at point C
In Goodman diagram,


[bookmark: _Hlk31998835]5 Standard con-rod
[bookmark: _Hlk31968253]5.1	Approximate Ratio of  to 
With a measuring to the figure on assignment paper, the diameter of area B was about 9.5mm, which was the average diameter of the bolt.


For Young’s modulus,



[bookmark: _Hlk31972161]5.2	 for the Stretch Region up to the Elastic Limit
From searching on the Internet, stretched length of bolt was applied.

Thus, the stiffness of the standard bolt was  , approximately equaled to .
5.3	Maximum Alternating Load on the Bolt
According to basic engine data, 


The highest inertia force on cap& bolts happens at TDC, 6000RPM.
[bookmark: _Hlk32074164]

[bookmark: _Hlk32074311]Because of 2 bolts, the extra inertia force on each bolt was 11816.7N.

Because of stretching, extra force in bolt:


5.4	Required Bolt Tightening Torque in 90% Yield
For standard Ford bolt, let . When tightened to 90% yield,

The clamping force on bolt

To calculate tightening torque, there were 2 areas of friction:
For effective thread friction, the coefficient of friction ;


For friction beneath head, 

After finding data about the bolt,


[bookmark: _Hlk32067476]
6 Standard rod bolts
6.1	Mean stress and Range of stresses in the Critical Parts
Minimum bolt stress comes from initial tightening :

Because the extra force in bolt was, and the range of stress was equal to extra nominal stress at root of thread:



6.2	Effevtive Fatigue Safety Factor

Figure 5 Goodman diagram of standard bolts
For the Goodman diagram, assume stress concentration factor  at thread root, bolt .
[bookmark: _Hlk32076970]

[bookmark: _Hlk32076997]

[bookmark: _Hlk32007955]7 Modified Bolt
Tightening bolt connection is good or bad depends on pressing force, it is action of component with bolt tightening. It has been shown that the pressing force too big or too small, bolt connection could result destruction. The aim of design was to make the combine region of cap& bolt as stiff as possible to reduce extra stretch at high RPM to TDC and extra force in bolt. For the modified bolt, because the same rod was chosen, the bolt thread size remained the same.
Increase the engine speed to 9000RPM and try to keep enough fatigue safety factor. To reduce bolt stiffness, a super bolt was applied in order to reduce extra force at threads at TDC. It was tightened to 90% yields in order keep same clamping failure to  big end round.
Assume , when the engine at 9000RPM,


The extra inertia force on each bolt was 26587.5N.
Same force in both bolts:




For Young’s modulus,






The clamping force on bolt

For effective thread friction, the coefficient of friction ;


For friction beneath head, 

The modified bolt’s seating face had been changed:



Minimum bolt stress comes from initial tightening :




[bookmark: _Hlk32159163]For the Goodman diagram, assume stress concentration factor  at thread root, bolt .




With these works above, the modified bolt got a smaller average diameter which varied from 9.5mm to 7.9mm. What’s more, stress concentration factor  was changed from 2 to 1.5 so that the modified bolt could offer a bigger allowable stress. It was happy to see that the FSF of the new design was just over 1, which means the endurance of the bolt met the requirements.
8 Comparison Between Standard and Uprated Bolt
For the standard bolt and the uprated bolt, the biggest difference was the shape. Because of higher RPM, the extra inertia force on each bolt increased rapidly and it caused a big problem about the fatigue safety factor. At first author tried to uprate with a standard bolt and just change diameters for it, but whether D became bigger or smaller, FSF always much less than 1. The super bolt had variable diameters and had different cross section area. This design could help to reduce bolt stiffness with waisted shank and reduce extra force at TDC. What’s more, to arrange suitable diameter and length of section, it was more flexible than the standard bolt. Above all, for ARP custom new age, the UTS can reach , far more than  in the original bolt.
The cap-rod was remained the same so the bolt thread sizes had no differences. However, because diameter had changed, the size of the bolt head was 13mm in uprated bolt, rather than 17mm in original one. What’s more, engine bolts’ tightening torque affected body vibration greatly.
9 Standard Engine Crankshaft
9.1	Fatigue Safety Factors in the Critical Fillet Sections
For previous assignment, the net compressive force and tensile load was:


[bookmark: _Hlk32082133][bookmark: _Hlk32081037]
For Ford standard engine crankshaft, along neutral axis,
[bookmark: _Hlk32081287]

Through A and B, second moment of area
[bookmark: _Hlk32082699]
Assume distance from A to center of main bearing L1=10,

Assume distance from B to center of main bearing L2=30,

In firing condition, B went into tension, A went into compression.
To calculate bending stress at B, let .

The shear stress at B:

Therefore, the resultant stress at B:

For TDC exhaust condition:

Assume , , in un-nitride situation:


[bookmark: _Hlk32086479]


[bookmark: _Hlk32176948]Figure 6 Goodman diagram in un-nitride situation
[bookmark: _Hlk32086748]
[bookmark: _Hlk32176814]In plasma nitride situation:





Figure 7 Goodman diagram in plasma nitride situation

10 Conclusion
During this assignment, author found that the baseline gudgeon pin fatigue safety factor was about 1.3, which was depended on not only bending stress, but also shear stress. The Goodman diagram was an important tool to help dealing with fatigue safety factors.
The bolts were the key point in con-rod, which had a huge influence on axial force. When the engine speed increased from 6000RPM to 9000RPM, the maximum inertia force was more than doubled so the requirement about modified bolt rose very high in order to keep an acceptable fatigue safety factor. To reach that goal, author changed the standard bolt to super bolt so that lower bolt stiffness and extra forces in threads would be generated. 
For the engine crankshaft, there was a significant difference between standard condition and plasma nitride one. When the crankshaft was nitrided, the mean stress would drop down for nearly and doubled the fatigue safety factor, which had a huge value for further research.
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