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This report is about the investigation of fatigue safety factors of some critical components of the 1.6 Ford GDTI Ecoboost engine. The aim is to find out whether the components is able to withstand with the force under long period of usage.
The listed four components are the target components that are to be investigated:
· Gudgeon Pin
· Connecting Rod
· Connecting Rod Bolt
· Crankshaft

[bookmark: _Toc32101399][bookmark: _Toc32187506]Figure 1 Piston and conrod assembly 
An accurate CAD model replicating the piston and the conrod assembly have been created to enable the collection of measurements from the component.
During combustion and exhaust strokes of an engine, forces are applied on the engine components. The components must be able to handle the forces applied not only in one single combustion cycle, but it must be able to handle these forces for a long period of time, as the forces and stress applied on to the components repeatedly can cause fatigue to the components.
With parts that are able to handle forces for a long period of time, it would be assuming that the fatigue life of the parts are infinite. During the investigation, some assumption will be made. 


[bookmark: _Toc32189401]Basic equation
Here are some basic equations to calculate stress, stiffness and fatigue safety factor. The following equation will be used throughout the whole investigation.
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[bookmark: _Toc32189376]Table 1 Basic stress equations
[bookmark: _Toc32189402]
Gudgeon Pin
[bookmark: _Hlk32105486]The gudgeon pin is to transfer force from the piston onto the connecting rod. The gudgeon pin is in contact with two of these components held in place by two circlips. It means the gudgeon pin can spin freely but not falling out. Although a free spinning gudgeon pin would affect stress transfer minimally, it could reduce the wear on the same point of the gudgeon pin.
The fatigue safety factor of the gudgeon pin under the peak net compressive force and tensile force will be calculated.
Table 2 have the constant factors of the gudgeon pin. The Mass of the exposed gudgeon pin is calculated from getting the length from assembly shown in figure 1 and cut off the pin shown in below figure 2 with the measured length.
	Gudgeon pin 

	UTS
	1000

	Endurance Limit
	450

	Mass of the exposed Gudgeon pin
	0.023

	crank radius Max Fnet
	0.041


[bookmark: _Toc32189377]Table 2 Constant factors for gudgeon pin

[bookmark: _Toc32101400][bookmark: _Toc32187507]Figure 2 Gudgeon pin CAD model




[bookmark: _Toc32189403]Gudgeon pin equations
Here are the equations used to calculate the stress of gudgeon pin.
	F Pin Inertia
	

	I
	

	M Max Bending
	

	𝝈 Max Bending
		


	𝝈 Shear
	

	𝝈 Resultant
	


[bookmark: _Toc32189378]Table 3 Gudgeon pin equations


[bookmark: _Toc32189404]Gudgeon pin calculation
5700RPM having the highest Fnet compare to other rotational speed. This means that this is where the highest downward force is acting on the gudgeon pin.
	5700RPM

	Max Fnet
	42142.23

	F pin inertia 
	394.87

	Max bending moment
	160518.2

	Bending stress with inertia
	200.56

	Sheer stress
	91.85

	Resultant stress
	273.5


[bookmark: _Toc32189379]Table 4 Stress calculation at 5700RPM

The maximum inertia force used was at 6000RPM. Which means maximum bending moment that the gudgeon pin was handling is at 6000RPM.
	6000RPM

	Max Fnet
	-4291.21

	F pin inertia 
	-20.83

	Max bending moment
	492.38

	Bending stress with inertia
	-13213

	Sheer stress
	-7.1

	Resultant stress
	-21.85


[bookmark: _Toc32189380]Table 5 Stress calculation at 6000RPM

The stress of bending the conrod up and down have been calculated, the mean stress. The actual range of stress and the allowable range can be calculated. The safety factor has can been calculated from actual and allowable range of stress.
The gudgeon pin safety factor is larger than 1.  That means under standard condition, the lifespan of the pin will be infinite, but the calculation does not predict the extra forces happening to the engine. If the engine misses firing, it may increase the overall forces on the gudgeon pin.
	Mean stress
	125.83

	Range of stress
	295.35

	Allowable range
	900.00

	FSF
	3.05


[bookmark: _Toc32189381]Table 6 Gudgeon pin Stress and safety factor.

The Goodman diagram shows a good demonstration of the stress visually, yet they are hard to extract safety factor results using Excel. The following result will be shown using calculated results instead. 

[bookmark: _Toc32101401][bookmark: _Toc32187508]Figure 3 Gudgeon pin Goodman diagram
[bookmark: _Toc32189405][bookmark: _Toc440230988]Connecting Rod
The connecting rod receive the same force as the gudgeon pin, because the force of the gudgeon pin is transfer directly to it. Which means the safety factor of the rod should be investigated.
The design of the connecting rod is an I-beam design commonly use to road car engine because it is easy to manufacture, but it could not handle forces as well as some other design, for example, a H-beam design connecting rod. Two sectors have been selected for investigation, because they appear to be the weakest point of the rod.

[bookmark: _Toc32187509](Noble, 2019) Figure 4 Connecting rod CAD model 
· The two sectors to be investigated can be seen above in figure 4. Sector 1 is the small radius up by the small end of the connecting rod. Sector 2 is the radius where the bolt seat on the cap. Sector 2 from figure 4 have a shape angle, the shape angle could cause stress concentration. 
Figure 5 showcase of how a 90-degree angle would have the stress concentrated and how a filleted angle could space out the stress. Therefore, most engine components have fillet edges.

[bookmark: _Toc32187510](anevolvedmonkey, 2020) Figure 5 stress concentration example 
[bookmark: _Toc32189406]
Connecting rod equations
[bookmark: _Toc32189382]Table 7 equations for conrod 
	M Recip
	

	F Inertia Recip
		

	M Rot
	

	F Inertia Total
	


	F Extra
	


[bookmark: _Toc32189407]
Connecting Rod calculation 
[bookmark: _Toc32189408]sector1
The table below shows the calculation stress acting on sector 1 on the connecting rod. To work out the minimum and maximum stress that goes through this area, the maximum inertia and Fnet is used and divided by the cross-sectional area capture from the CAD design. The fatigue safety factor is above 1, which means this sector has an infinite fatigue life.
[bookmark: _Toc32189383]Table 8 FSF sector1
	sector 1

	stress min
	-299.35

	stress max
	42.37

	range
	341.72

	mean
	-128.49

	allowable range
	793.53

	FSF
	2.322164



[bookmark: _Toc32189409]sector2
sector 2 on the connecting rod have included the rotational and reciprocating mass because it is in the bottom spouting weight from the top. The angular velocity of the rod needs to be applied to the force. The stress concentration factor from table 9 also needs to be adopted to the allowable range section. The results are shown in table 10
[bookmark: _Toc32189384]Table 9 Kt sector1
	sector 2 (Kt)

	A
	134.03

	radius
	0.50

	D
	11.75

	d
	10.49

	D/d
	1.12

	r/d
	0.05

	Kt
	2.10


[bookmark: _Toc32189385]
Table 10 FSF sector2
	sector 2 (SFS)

	F inertia each side
	6102.67

	nominal stress
	45.38

	EL/Kt
	160.71

	stress min
	0

	stress max
	45.59

	range
	45.59

	mean
	22.795

	allowable range
	312.12

	FSF
	6.846238


Both sectors have high fatigue safety factor. The connecting rod should be able to handle the force for long periods of time. However, the calculation does not include buckling force, which the total force would increase. The stiffness of the component is what is stopping the buckling.  Figure 6 shown a bent connection rod due to buckling force apply on it.

[bookmark: _Toc32187511](Anon., 2020) Figure 6 Bent Conrod
[bookmark: _Toc32189410]Connecting Rod bolts
Conrod bolts are a vital part of the engine, it goes through between the connecting rod and the cap to ensure that the conrod holds on to the crankshaft. This section of the study will gather information of the standard engine, such as the stiffness of the bolt, the torque should be applied when tightening the bolt to the connecting rod. The different fatigue safety factor of the bolt on a standard and modified engine will both be calculated. Improvement of the bolt will be done, so as to operate with the modified engine. the modified engine has increased the highest RPM from 6000 to 9000.
the design of the standard bolt used for the engine isn’t the best to handle the force compare to the design such as ARP bolt. Nevertheless, the bolt is easy to be mass-produced from Ford. 

[bookmark: _Toc32187512]Figure 7 CAD model of standard connecting rod bolt for Ford 1.6 GTDI Ecoboost 

[bookmark: _Toc32189411]Connecting rod bolt equations
[bookmark: _Toc32189386]Table 11 conrod bolt equation
	K cap
	

	K Total
	

	Torque
	



[bookmark: _Toc32189412]Stiffness ratio
To find the stiffness ratio between the bolt and the connecting rod cap, the stiffness of both components needs to be calculated.  The cap stiffness is divided by the bolt stiffness for the stiffness ratio.
[bookmark: _Toc32189387]Table 12 Stiffness ratio of standard bolt
	cap interface with bolt
	bolt

	A
	134.1
	A
	42.43

	E
	170000
	E
	200000

	L
	21.25
	L
	25.2

	K cap
	1072800
	K bolt
	336746

	Stiffness ratio
	2.686


[bookmark: _Toc32189413]Torque input
To make the bolt hold on to the conrod, it is ideal to tighten the bolt just before it reaches its elastic limit and it starts to deform. To be able to activate that, the bolt is tighten to 90% of the yield strength. There are frictional forces from the thread, and axial force is needed to be combined to enable the correct toque to be put on to a bolt when tightening.
[bookmark: _Toc32189388]Table 13 Torque input required for standard bolt
	bolt
	thread

	µ
	0.12
	µ
	0.18

	r
	5.03
	r of shank
	3.65

	diameter of head
	12.8
	 
	 

	axial stress
	530.2
	 
	 

	force
	22603.94
	friction force
	4081.65

	torque (N/mm)
	13643.74
	torque (N/mm)
	14898.02

	total toque (N/m)
	28.54176068


[bookmark: _Toc32189414][bookmark: _Hlk32183142]Fatigue safety factor – standard engine
Table 14 shown the force acting on the bolt had been calculated.
[bookmark: _Toc32189389]Table 14 Bolt range calculation
	extra stress
	34.42

	bolt endurance limit 
	495.00

	adjusted limit
	119.14

	min stress
	891.00

	max stress
	926.85

	mean stress
	908.93

	range
	35.85



[bookmark: _Toc32189390]Table 15 Bolt FSF Un-modify engine
	allowable range 
	41.23

	FSF
	1.15007


Table 15 shows the fatigue safety factor of the bolt in the standard engine. Comparing the fatigue safety factor of the bolt to the gudgeon pin and conrod, the bolt's figure is the lowest out of the three. The bolt is likely to be worn out the quickest. Although the fatigue safety factor is above 1 meaning it have infinite lifespan, however; in the real-world scenario the component could still be worn out over time.
[bookmark: _Toc32189415]Fatigue safety factor – modify engine
[bookmark: _Toc32189391]Table 16 Bolt FSF at 9000RPM
	allowable range 
	36.53

	FSF
	0.48


To be able to find out whether the standard bolt can withstand the force apply from the modify engine, investigation of the bolt fatigue had been completed.
Due to the fatigue safety factor is lower than one, it clearly shows that the bolt could not withstand the forces being applied, this could cause the bolt to deform or break. The bolt needs to be modified to counter the fatigue from the modified engine.
[bookmark: _Toc32189416]Fatigue safety factor – modify engine and bolt
[bookmark: _Toc32189392][bookmark: _Hlk32183423]Table 17 Modify bolt FSF at 9000RPM
	allowable range 
	153.83

	FSF
	1.99


before changing the geometry of the design, test on changing the material of the bolt with the same geometry could be done to the conrod blot through calculation.
The material has been changed to 8740 Chrome Moly Steel. This material is with adequate fatigue properties for most racing applications. With heat-treated to deliver tensile strengths between 180,000 and 210,000 psi. (Anon., 2020)
From the calculation, the new bolt made by 8740 Chrome Moly Steel only needs to be tightened to 45% of its yield to produce the same clamping force of the standard bolt.
The fatigue safety factor in table 17 above, shows that the bolt can handle the force produced from a higher RPM engine, with more rotational force by just changing the material of the bolt for a long period. However, there are other ways to solve this issue.


[bookmark: _Toc32189417]
Other modify 
Figure 8 shows a conrod bolt produce by ARP bolt, where the shank of the bolt had been slim. With the sliming of the bolt, the stiffness of the bolt has been reduced as a result of the reduced cross-sectional area. This would lead to a lower inertia force acting on the bolt so that the range of the stress would be reduced.
It is a smart solution by simply slim down the shank of the bolt, but must also take into account the negative effect on the bolt caused by this change. It may cause the concentration of stress between the connecting point of the slim part and the thicker part where the original diameter remains.


[bookmark: _Toc32187513] (racing, 2020) Figure 8 ARP 2000 Race Rod bolt

[bookmark: _Toc32189418]Crankshaft
[bookmark: _Toc32189393]Table 18 Constance 
	UTS
	750

	yield
	675

	endurance limit
	337.5


Table 18 shown the material properties of the crankshaft.
[bookmark: _Toc32189394]
Table 19 new endurance limit
	F net
	42139.8

	F inertia
	6099.12

	I force
	33510.29

	Kt
	1.8

	New EL
	187.5


The new endurance limit has been calculated by divided the old endurance limit by the stress concentration factor.
[bookmark: _Toc32189395]Table 20 stress from crankshaft
	min bending moment
	705680

	max bending moment 
	204321

	min stress
	-62.34

	max stress
	216.89

	mean stress
	77.275

	range of stress
	279.23


[bookmark: _Toc32189396]Table 21 crankshaft FSF
	D
	44

	area
	1520.53

	sheer stress max
	13.86

	sheer stress min
	-4.01

	resultant stress max
	218.72

	resultant stress min
	-63.31

	resultant mean
	77.705

	resultant range
	282.03

	resultant allowable
	336.15

	FSF
	1.19


Although the fatigue safety factor of the crankshaft is more than 1, which means it will have infinite lifespan.  The figure is still low when compare to other critical components. this could be a weight issue. The lower lighter the crankshaft is, the less power is needed to apply on it to make it spin. The design concept could be by making the crankshaft as light as possible with an invent lifespan. With the modify engine. the crankshaft may need to be redesign to enable it to work properly with the braking.
[bookmark: _Hlk30946941][bookmark: _Toc32189419]
Conclusion
This report proves that the component of the Ford 1.6 GDTI engine has given consideration to the design with fatigue of the parts in mind. However, with modify engine, the investigation of fatigue safety factor of each component must be done to ensure the safety of the whole engine.
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