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[bookmark: _Toc32189014]Introduction
This report is going to investigate a variety of calculations on the piston, connecting rod (con rod) and crankshaft assembly, looking into the stresses and fatigue safety factors of the gudgeon pin, con rod, con rod bolts and the crank shaft throughout various revolutions per minute (RPM). Including standard 1000-6000 RPM and up to a modified 9000RPM for the con rod bolts, a redesign of the con bolt was completed to see how this part of the engine would perform at the higher RPM without the risk of a bolt failure.
[bookmark: _Toc32189015]Research
Prior to starting the assignment, a small amount of research was conducted into the Ford 1.6 GTDI Eco Boost, this required measuring various parts of the engine, such as the gudgeon pin, con rod and crank shaft. These measurements and weights then became the constants that could then be used further into the assignment to complete the various tasks as required.
Further background research was completed by using the Bosch Automotive handbook and Peterson's stress concentration factors, finding various constants, formulas and graphs that could be used throughout.
Some of the base data that was used, such as the minimum and maximum gas forces were taken from the first assignment completed for Mr. M McDonald in Advanced engine design. These were then used as base figures to be able to generate further data from, by using the data that had previously been given Mr. McDonald, these would supply a validated starting point due to the data originally being provided by Ford Motor Company.
To be able to increase the accuracy of the measurements of various parts of this engine, occasional parts were produced on Solidworks, a computer aided design (CAD) software. By doing so, more accurate weights, center of gravity (cog) and neutral axis (Y) could be discovered and used later in the report. 
[bookmark: _Toc32189016]Part One
The aim for task one in this assignment is create a Goodman diagram and calculate the fatigue safety factor (FSF) of the standard gudgeon pin in the Ford 1.6 GTDI, this is calculated using both the combined bending and shear stress, from compressive and tensile force that that the gudgeon pin would incur during an combustion cycle. 
[bookmark: _Toc32189017]1a
The first part of this task was to take the data from the previous report to use as the base line, using the peak pressures to find the compressive force and minimum pressures for the tensile at each RPM, this was assumed to be at the point the highest forces would occur on the gudgeon pin throughout the cycle. 
The priority for this section was to find the ‘FNet’, this is done by:

[bookmark: _Toc32188029]Equation 1 FNet
However, first the ‘Finertia’ of the piston assembly would need to be found, this is done by first calculating piston acceleration and then multiplying it by the mass of the reciprocating assembly. By using various measurements from earlier, such as: crank throw, con rod length, angular velocity (rads/second) and crank angle, the piston acceleration can be calculated as follows:

[bookmark: _Toc32188030]Equation 2 Piston Acceleration
Where:
R = Crank Throw
L = Connecting Rod Length
ω = Angular Velocity
θ = Crank Angle
This was the completed for each RPM, for both peak and minimum pressures, with this information, the reciprocating mass which included: piston, gudgeon pin, two circlips, three piston rings and 1/3 of the con rod is multiplied by the piston accelerating.  

	Piston
	0.2577
	Kg

	Gudgeon pin
	0.08022
	Kg

	Piston Ring 
	0.00549
	Kg

	Circlip
	0.00077
	Kg

	Con Rod
	0.2674
	Kg

	Reciprocating Assembly
	0.491393333
	Kg


[bookmark: _Toc32188073]Table 1 Masses of Piston Assembly

[bookmark: _Toc32188031]Equation 3 Finertia
Knowing ‘Finertia’ and already having ‘FGas’, ‘FNet’ can be calculated by using ‘Equation 1’ from above. 
The next stage was to find out the important geometry of the gudgeon pin, this was done via CAD. Using Solidworks, a gudgeon pin was measured and modeled onto the software, from this the various diameters, radiuses was discovered. 
	D1 (Outside)
	21
	mm

	D2 (Inside)
	15.44
	mm

	Length sticking out
	16.295
	mm

	R1
	10.5
	mm

	R2
	7.72
	mm

	L1(Length sticking out)
	16.295
	mm

	L2 (Length to COG of Pin)
	5.46
	mm


[bookmark: _Toc32188074]Table 2 Gudgeon Pin Measurements
With these length and diameters being known, the mass of the protruding gudgeon pin from the con rod can be worked out by using this equation:

[bookmark: _Toc32188032]Equation 4 Mass of the gudgeon pin protruding from the top of the Rod
This gave a mass of 0.020225162kg for the gudgeon pin sticking out from the top of the connecting rod. The next step was to work out the neutral axis (Y), due to the gudgeon pin being a cylinder, this was done by:

[bookmark: _Toc32188033]Equation 5 Working out Y
The next data that was needed from the gudgeon pin data is to work out the ‘Second moment of area’ (I). This was done by:

[bookmark: _Toc32188034]Equation 6 To find the Second moment of area
With all the previous information, the final data that was needed to be generated surrounding the gudgeon pin was the inertia of the gudgeon pin at these pressure points. This was done the same way as ‘Equation 3’, however rather than using the mass of the reciprocating assembly, the mass that was calculated in ‘Equation 4’ was used. This was still multiplied by the piston acceleration as it was assumed that as the gudgeon pin is housed inside the piston, it would be travelling at the same speed. 
With all this data generated, the next stage was to calculate the bending moment, which is the torque bending the component, at each of the RPM’s for both tensile and compressive forces. To calculate this use:

[bookmark: _Toc32188035]Equation 7 Bending Moment Equation
Once the bending moment has been found, the bending stress can be found, this is the stress acting down on the component at the variety of pressures, this is done by:

[bookmark: _Toc32188036]Equation 8 Bending Stress
Due to there being two main stresses occurring hear, the bending stress that was found in ‘Equation 8’ which is the stress acting down on the gudgeon pin and then the shear stress (τ) which acts on the gudgeon pin upwards. Which can be found using:

[bookmark: _Toc32188037]Equation 9 Shear Stress
Knowing both the bending stress and the shear stress, the combined stress of both can be calculated, this done by:

[bookmark: _Toc32188038]Equation 10 Combined Stress
With this completed, the combined stress for all RPM’s in both compressive and tensile will be known. It could be worth noting that for tensile force, the value of combined can be multiplied by negative one to show that this force is tensile rather than a compressive which is considered a positive.
The next step was to find the actual range of stresses that act upon the gudgeon pin during this cycle, this is done by:

[bookmark: _Toc32188039]Equation 11 Actual Range
The σMax combined will come from compressive force, in this case it was at 5700RPM and 537.5382184 N/mm^2 and σMin combined will come from the tensile force at 6000RPM and -125.85 N/mm^2. By doing this equation, the actual range of stresses for the gudgeon pin was 663.39 N/mm^2.
Moving forward, the mean stress felt by the gudgeon pin was then calculated, this was done by:

[bookmark: _Toc32188040]Equation 12 Mean Stress
For the gudgeon pin this came out at 205.84 N/mm^2, with this information the allowable range of the gudgeon pin and the FSF can then be work out. This is done by:

[bookmark: _Toc32188041]Equation 13 Allowable Range
The ‘EL’ is the endurance limit of the material, this has been used as 0.5 (Budynas-Nisbett, 2006) due to being unable to accurately calculate this, the ultimate tensile stress (UTS) of the gudgeon pin was set at 1000 N/mm^2 (Bagchi & Prakash, 1986). The allowable range came out at 794.16 N/mm^2.
Having the allowable range of stress, the FSF can be calculated, this is done by:

[bookmark: _Toc32188042]Equation 14 Fatigue Safety Factor
This was completed for the above, giving an FSF of 1.2 for the gudgeon pin at the maximum stresses that occur during the cycle. Having an FSF of over 1 would suggest that this part has infinite fatigue life in the context of just the stresses.
The below figure (Figure 2) shows the bending stresses that occur during the RPM’s, it can be seen that around 1700 RPM the stresses build, this could be from the ‘FNet’ increasing due to the extra gas pressure that would incur in the cylinder as the turbo comes in on the engine. This then tails off around 4500 RPM which would coincide with the drop in boost as the turbo has reached its maximum effect around this point. However, with the tensile force this drop does not incur, the rise in tensile bending stress is linear. This is because as the RPM’s increases so does the inertia force, it is this inertia force that effects the tensile stress of the gudgeon pin, creating this linear decrease. 
The shear stress (Figure 3) follows the same trend, however as it is the shear stress, the forces are not as larger.

[bookmark: _Toc32188002]Figure 2 Bending Stress through the RPM's

[bookmark: _Toc32188003]Figure 3 Shear Stress through the RPM's

[bookmark: _Toc32188004]Figure 4 Combined Stress through RPM's
The combined stress (Figure 4) shows the same pattern as both other graphs, however when the stresses are combined the gudgeon pin does go through greater stress than each stress individually which was to be expected. 
[image: ]
[bookmark: _Toc32188005]Figure 5 A Goodman Diagram showing the FSF of the gudgeon pin
The Goodman diagram (Figure 5) allows the allowable range and the safety factor to be worked out and physical view of the numbers. Although, during this report, majority of the allowable range and safety factor has been worked out via the math behind the diagram. It does give a visual aid of seeing where in the range of stress sit in comparison to the ultimate tensile stress (UTS.)

[bookmark: _Toc32189018]Conclusion
As it can be seen throughout part one, multiple equations had to be taken into consideration to be able to accurately find the FSF of the gudgeon pin. Coming out at 1.2 FSF suggests that from a fatigue only point of view, the standard Ford Motor Company gudgeon pin in the 1.6 GTDI Eco Boost would have an infinite life. However, the data that was originally provided by Ford only considers one cycle, if more cycles were taken into consideration, there is a possibility that higher stresses may occur on the gudgeon pin. Another aspect that was not investigated is the diamond like coating that is applied to the gudgeon pin, when applied this puts the surface into 100N/mm^2 of compression, this was not taken into account during the previous findings, it would be expected that with this added compression, the FSF of the part would increase. 
[bookmark: _Toc32189019]Part Two
The next part moves further down the assembly, looking at the connecting rod. The connecting rod was considered in three points (Figure 6) The area of these points was then calculated; taking into consideration raises and grooves that may be at each point. Using similar equations from prior in this report, the FSF for each point will be calculated. The con rod is a powder forged steel with a UTS of 750N/mm^2.
[image: ]Point C
Point B
Point A

[bookmark: _Toc32188006]Figure 6 Connecting Rod
[bookmark: _Toc32189020]Point A
Starting at the top of the con rod, point A is at the base of the little end, here there is a radius to accommodate the hole for the gudgeon pin to go into. The measurements for this section of rod are:
	Length (mm)
	Width (mm)
	CSA (mm^2)

	18
	4
	72


[bookmark: _Toc32188075]Table 3 Measurements at Point A 
The area of this section will come into use further into this report, these parts were measured using Vernier Calipers and then recorded. 
The next part of this is to find the ‘FNet’, this is done by using ‘Equation 1’, however a new piston inertia is used when compared to above. Due to the point that is being taken, the mass of the piston is different compared to part 1, whereas before the piston, three rings, two circlips, gudgeon pin and 1/3 of the rod was taken as the mass. For point A, the 1/3 of the rod has been deemed as negligible, being unable to weigh this section of the rod and the point not being high enough to be classed as 1/3 of the rod mass, it was taken out of the equation. 
Using ‘Equation 3’ with the new mass, produced the inertia for this point. Here, ‘FNet’ is over two as the gas force that is being experienced by the Point A is half of the total force going down. This is because that the force goes around the little end loop, so half of the force goes down one and the other side receives the rest. This can then be used in the nominal hoop stress equation as below:

[bookmark: _Toc32188043]Equation 15 Nominal Hoop Stress

[bookmark: _Toc32188007]Figure 7 Nominal Hoop Stress at Point A
Figure 7 shows the nominal hoop stress at point A throughout the different RPM’s, this is very similar to the same figures as prior in this report. This is because the gudgeon pin has allowed the force to travel into the con rod, meaning that it follows the same trend as before. However, it is worth noting that this is around 200N/mm^2 less than the force that was experienced by the gudgeon pin in part one. This could be because the force would be dissipated down both sides of the con rod and at point A it is only taking into consideration the singular side. 
Once that this has been completed for both compressive and tensile forces, the median and the range must be found (Equation 11 and 12 from part 1) Once this is known the allowable range can be found, using Equation 13 from above, however this time using the UTS of the con rod.
Knowing the allowable range and having the actual range that was calculated above, the FSF of point A can be calculated by using equation 14. This was then completed for the entire RPM range, with a max FSF of 1.96 at 5700RPM, which was marginally lower than 1.97 at 6000RPM. Having the lowest FSF at 5700RPM correlates with that being the highest ‘FNet’ as after this the engine has hit max RPM and would be starting to tail off.


[bookmark: _Toc32188008]Figure 8 FSF at Point A through the RPM's
The Goodman diagram below takes the stresses at the lowest FSF of 1.96 at 5700RPM and can be used as the visual aid to see how point A is performing under these loads.
[image: ]
[bookmark: _Toc32188009]Figure 9 Goodman Diagram for Point A at 5700 RPM
Having a safety factor of 1.96 at 5700 RPM would suggest that like the gudgeon pin, this part has an infinite fatigue life and under the current loads it should not suffer any failures. This could be changed if the engine was modified and higher gas pressures were experienced in the cylinder on a regular basis. 
[bookmark: _Toc32189021]Point B
Point B is further down the con rod, look at part as it starts to accommodate the big end. Point B differs from point A in two main ways, one is the masses for the piston inertia and the other is the ‘FNet’ force that goes through the rod. To start to look at point B, first the area of this section must be known. 
	Point B

	Length (mm)
	Width (mm)
	length (mm)
	width(mm)
	CSA (mm^2)

	13
	7
	4.5
	3
	118


[bookmark: _Toc32188076]Table 4 Measurements at Point B
With the area of point B being known, the next step is to work out the piston inertia, this differs from point A as now 1/3 of the con rod has been included in the masses. This is then calculated using Equation 3, this new inertia force can then be implemented into Equation 1 to find the ‘FNet’ pushing down on point B.
The next step is to find the nominal hoop stress at point B for both compressive and tensile force, this differs marginally from Point A is this time ‘FNet’ is not over two. This is due to the force not yet being routed around the big end (or little end in point A) so point B would incur the entire force. The equation is as follows:

[bookmark: _Toc32188044]Equation 16 Nominal Hoop Stress at B

[bookmark: _Toc32188010]Figure 10 Nominal Hoop Stress at Point B
Enduring the entirety of the ‘FNet’ there is higher forces acting on point B than at point A, due to the force not being split between two parts. The forces still act in the same way as previously due to going through the same process. However, due to enduring all ‘FNet’ the FSF is marginally different. 
Using equations 11 through 14, the FSF for each RPM can be calculated. 

[bookmark: _Toc32188011]Figure 11 FSF at Point B
Here the lowest FSF is at 5700RPM, matching point A, however where the FSF was 1.96 for point A, for point B it is 1.58. Due to the force not being split between two sections as in point A, point B endures the entire force causing this drop. However, with the increased area that it can dissipate the force it is still able to keep a 1.58 FSF, suggesting that this part still has an infinite fatigue life. 

[bookmark: _Toc32188012]Figure 12 Comparison of point A and B FSF
When overlaying point A and B it can be seen that both points follow the same trend as they feel the force equally. However, due to B experiencing a greater force than point A and being made of the same material, it is experiencing more stress so the FSF is lower. 
[image: ]
[bookmark: _Toc32188013]Figure 13 Goodman Diagram for Point B
The above Goodman diagram allows the calculations from before to be seen more clearly, the mean stress at point B is around 6N/mm^2 larger than the previous point. However, the greatest difference is the actual range, point B goes through a larger range of stress by around 70N/mm^2 than at point A. This is what causes the safety factor to be lower. 
[bookmark: _Toc32189022]Point C
The final point on the con rod that was investigated was point C, this point is on the con rod cap. On once aspect it is like point A, having ‘FNet’ over two, due to the force being split round the big end this time. However, point C has a greater mass to be included for the inertia and due to the cut out for the bolt to go into the clasp, this part has a stress concentration that should be taken into consideration when calculating the allowable range. 
	Point C

	Length (mm)
	Width (mm)
	CSA (mm^2)

	20.5
	9
	184.5


[bookmark: _Toc32188077]Table 5 CSA of Point C
Once the area of point C has been calculated, it is worth noting that this point has the largest area, this would suggest that it would be able to dissipate the force better and reduce the risk of breaking.
The next step is to calculate the masses for the inertia forces acting on point C, this required the piston assembly and 2/3 of the con rod assembly was used for this as the reciprocating mass pulling up. This differs from point A and B due to previously only using the con rod mass itself rather than the entire assembly. This is due to point C being lower down and including the bolt and con rod clasp masses. 
This new mass is then inputted into ‘Equation 3’ to calculate the inertia, which can the be used in ‘Equation 1’ to calculate the ‘FNet’ acting on this point.
With the new ‘FNet’ being calculated, this can then be put into ‘Equation 15’ which was previously used in point A to work out the nominal stress on point C. It is worth noting that due to being at the bottom and on the con rod clasp, the compressive force is not relevant here as the journal on the crank takes this force and it does not affect point C. This then only leaves the tensile force to act on point C as the mass pulls up during the cycle. 

[bookmark: _Toc32188014]Figure 14 Tensile Hoop Stress at Point C
From this data, the allowable range and FSF can be calculated, the mean was calculated by:

[bookmark: _Toc32188045]Equation 17 Mean for Point C
The range was then calculated by using the tensile stress at 1000RPM + 6000RPM. Knowing both, the allowable range can be known.
However, here point C differs from point A and B, this is due to there being a stress concentration at C. Using Petersons Step Tension Bar graph, a stress concentration was calculated for this point. 
[image: ]
[bookmark: _Toc32188015]Figure 15 Petersons Step Tension Bar Graph (Pilkey, 1997)
Using measurements found at point C, ‘r/d’ can be calculated, this was calculated as 0.0544. Next, ‘h/d’ was calculated as 1.23, finding 0.0544 on the bottom of the graph and going up to the 1.2 line, a stress concentration factor of 2.15 was chosen to be used.
To work out the allowable range with the new stress concentration factor:

[bookmark: _Toc32188046]Equation 18 Allowable Range including stress concentration
Once this allowable range is known, ‘Equation 14’ can be used to calculate the FSF. This was calculated to be 11.08 at 6000RPM. Having such a high FSF here would certainly suggest that this part would have an infinite life cycle, due to the compressive force not being included for point C, it endures much less stress than the previous points. 
[image: ]
[bookmark: _Toc32188016]Figure 16 Goodman Diagram for Point C
Due to tensile force at 6000 RPM being so low in comparison to the compressive force felt by the other points, the FSF of this part is much higher even with the stress concentration that occurs at this point.
[bookmark: _Toc32189023]Conclusion
[bookmark: _GoBack]Overall the Ford Motor Company con rod is built to withstand the forces that it would be under during the normal RPM range. With all points having over 1 FSF would suggest that it has an infinite fatigue life. Once aspect that was not considered here is the stress that would occur on the con rod clasp at point C due to the movement of the crank and the additional forces this would entail. 
[bookmark: _Toc32189024]Part Three
Part 3 of the assignment required looking into the forces that the con rod bolts would be under, this required measuring the bolts, calculating the tensile strength of the bolts and the current stress acting on the bolts. Once this was completed, the bolts would be under a in a modified engine, up to 9000RPM. Once the FSF of these bolts were calculated at this point, new modified bolts were suggested to be able to cope with the additional stresses that occur at the higher RPM.
[bookmark: _Toc32189025]3A
The first part of the task was to calculate the cap and bolt stiffness ratio, first the area of the cap and bolt must be known. (Surface area minus area of bolt hole)
	Area A

	L1
	L2
	Area .1
	Area A
	Total Area

	20.79
	4.14
	86.0706
	175.0734
	135.8734


[bookmark: _Toc32188078]Table 6 Area of Cap
	Area B

	8
	39.2


[bookmark: _Toc32188079]Table 7 Area of Bolt (Bosch, 1996)
With the area being known, the next part is the tensile strength of the materials, these were taken as:
	Youngs E

	Ebolt (steel)
	210000
	N/mm^2

	Ecap (Powder Forged)
	170000
	N/mm^2


These values were given during lectures by Mr. McDonald, some research was attempted to find exact values, however it was not possible. 
Having this data, the following equation can be found to find the Kcap/Kbolt ratio:

[bookmark: _Toc32188047]Equation 19 KCap/KBolt Ratio
This was calculated to be 2.805937561, this can then be used further into the report.

[bookmark: _Toc32189026]3B
The next parts aim was to find the stiffness of the standard Ford Motor Company bolt up to the elastic limit, this was calculated by the equation:

[bookmark: _Toc32188048]Equation 20 Stiffness of the bolt (N/mm)
The length of the bolt is not as simple as it first appears, the length that needs to be taken into account is the second engaged thread, this was done by measuring how deep the bolt goes into the con rod and calculated to be 25.5mm in length
[bookmark: _Toc32189027]3C
The next step was to calculate the alternating load and stresses on the bolt, the first stage of these required calculating the max inertia force for each RPM. Due to needing a modified engine later in the task, this was calculated up to 9000RPM, this used a graph of the peak pressures from 1000-6000RPM. A 6th order polynomial was used, with this an equation was generated which was then used to generate estimations of the cylinder pressure if just the RPM was increased.
The following equation was used to calculate the inertia:

[bookmark: _Toc32188049]Equation 21 Max Inertia
Once the max inertia for each RPM is known, the alternating load on the bolts can be calculated by:


[bookmark: _Toc32188017]Figure 17 Alternating Load
It can be seen from the graph that the alternating load gets higher as the RPM increases, this is due to the rotating and reciprocating forces increasing with the higher RPMs. This would suggest that the alternating stress would follow the same trend. 
The alternating stress was calculated using:

[bookmark: _Toc32188050]Equation 22 Alternating Stress

[bookmark: _Toc32188018]Figure 18 Alternating Stress
With these calculations, it generates a max alternating load of 1599NM at 6000RPM and 3597.76N/M at 9000RPM and for alternating stress 40.79N/mm^2 at 6000 RPM and 91.77N/mm^2 at 9000 RPM.
[bookmark: _Toc32189028]3D
Part D required the tightening torque for the bolt at 90% yield to be calculated, the bolts UTS was given by Mr. McDonald as 1100MPa, yield is considered at 90% of the UTS. The yield point of the material is when it has reached its elastic limit and goes into plastic deformation. Once the material reaches yield, the material will not go back to its original form. 

[bookmark: _Toc32188051]Equation 23 Yield Point
Once the yield point has been calculated, the axial strength can be found this is done by:

[bookmark: _Toc32188052]Equation 24 Axial Stress
Knowing axial stress, the clamping force on the bolt can be calculated:

[bookmark: _Toc32188053]Equation 25 Clamping Force
The clamping force can be used to calculate the amount of friction that will occur when tightening the bolt on the head of the bolt and the threads. 
The next part that was calculated was the friction generated in the threads, this was done by:

[bookmark: _Toc32188054]Equation 26 Circumferential Friction
‘BTμ’ is the bolt thread friction, 0.12μ was used from the Bosch Automotive Handbook (Bosch, 1996). 
Once this was calculated, the resisting force on the threads from the friction was calculated:

[bookmark: _Toc32188055]Equation 27 Resisting Force on threads
Now that the thread resisting force was found, the head of the bolt resisting force was needed. 
First the friction on the head was calculated:

[bookmark: _Toc32188056]Equation 28 Bolt Head Friction
The ‘BHμ’ was used as 0.18μ, again from the Bosch Automotive Handbook (Bosch, 1996).
From the bolt head friction, the resisting force on the head can be calculated:

[bookmark: _Toc32188057]Equation 29 Resisting Force on Head of Bolt
Knowing both resisting forces, the total torque to tighten the bolt to 90% of yield can be calculated:

[bookmark: _Toc32188058]Equation 30 Total Torque needed to tighten bolt to 90% Yield


	UTS for bolt
	1100
	Mpa

	Bolt Yield
	990
	Mpa

	Axial Stress
	594
	Mpa

	Clamping Force
	23284.8
	N

	Circumferential Friction
	2794.176
	 

	Resisting Torque on threads
	10268.5968
	 

	Bolt Head Friction
	4191.264
	 

	Resisting Torque on head
	27033.6528
	 

	Total Torque
	37.3022496
	N


[bookmark: _Toc32188080]Table 8 Results from the above equations to calculate total Torque
The total torque that is required here comes into more use later in this report, that is because by using this torque the con rod will stay true and fit the crank correctly. If the bolt was tightened past this (without going into yield) could result in deformation of the big end.
[bookmark: _Toc32189029]3E/F
Part E required the mean stresses and range of stresses for the bolt to be calculated using a suitable stress concentration factor.
The first part that was calculated here was 90% of the yield point, this would be considered ‘σmin’, knowing that yield of the material is 990MPa, the following was completed:

[bookmark: _Toc32188059]Equation 31 min
Having already calculated the alternating stress in part D, ’40.791 N/mm^2’ was the extra stress that occurred on the bolt. ‘σMax’ could then be calculated:

[bookmark: _Toc32188060]Equation 32 σMax
Knowing both ‘σMax’ and ‘σMin’ the mean could be calculated:

[bookmark: _Toc32188061]Equation 33 σMean
Having calculated the above, the next step was to calculate the allowable range of the bolt, however, due to the stress concentrations of the threads on the bolt. This must first be calculated. 
Using Petersons semi-circular notch diagram and equation (Pilkey, 1997), a stress concentration factor could be calculated.
[image: ]
[bookmark: _Toc32188019]Figure 19 Semi Circular Notch Diagram (Pilkey, 1997)
Various measurements were taken of the bolt, from this it was noted that the equation below must be used. This was because r/d were calculated as 0.019 was too small to be able to use the diagram for, meaning the equation was needed:

[bookmark: _Toc32188062]Equation 34 Petersons KTN equation
Before ‘Equation 33’ could be used, C1, C2, C3, C4 must be calculated, the equations for these could be found on the diagram. The results are in the table below:
	C1
	3.810941409

	C2
	-5.185516471

	C3
	3.159250155

	C4
	-0.780275887


[bookmark: _Toc32188081]Table 9 C1, C2, C3, C4 calculations to be used in 'Equation 33'
Once these calculations were completed, the ‘KTN’ was known, this gave a stress concentration factor of 3.475.
With the stress concentration being known, the allowable range of the bolt can be calculated. 
Using ‘Equation 13’ where the ‘EL’ is 0.5 of the UTS over KTN, the allowable range that was calculated for 6000RPM was 54.277N/mm^2.
Then using ‘Equation 14’ the FSF can be calculated, for 6000RPM it was 1.33. The above process was also completed for 9000RPM were the FSF was calculated as 0.511. For 6000RPM, the FSF would suggest that the bolt has an infinite fatigue life, however it is clear that when the bolt is used in a modified engine that revs to 9000RPM it would most likely be unable to survive for a prolonged period of time and would have a greater chance of snapping and breaking in the engine. 
[image: ]
[bookmark: _Toc32188020]Figure 20 Goodman Diagram at 6000RPM

[bookmark: _Toc32189030]3G
Part G requires a new bolt to be created in the modified engine, this engine revs higher than the original, now up to 9000RPM. As shown in the previous sections of this report, the FSF at this point would be 0.511, this would be deemed as an unsafe FSF and a new bolt would be needed to be used.
The target when planning this bolt was to increase the strength to be able to deal with the added forces at the higher RPM’s and aim to reduce the weight of the bolt. It was decided that the bolt would use the same threads and similar length so that it could be used in the standard con rod. This would also allow the same stress concentration factor to be used.
The first step was to keep the bolt the same but change the material it was made from, ARP New Age Custom 625+ was chosen for this. With an UTS of 1861MPa (ARP, 2020) this super alloy is considered to have superior fatigue life than similar materials, suggesting that it should be able to tackle the extra stresses at 9000RPM with ease.
Following the same steps that were completed in D and E, it was noted that if this bolt was taken to 90% of yield, it would require more torque to reach that point. For the standard bolt, this was 37.3N/m, whereas if the bolt was made of the new material to reach 90% of yield it would need 63.10N/m. As noted earlier, this would not be possible as it could make the big end deform and not be completely circular, creating extra stress elsewhere.
	UTS 
	1861
	 

	Bolt Yield
	1674.9
	MPa

	Axial Stress 
	1004.94
	 

	Clamping Force
	39393.65
	 

	Circumferential Friction
	4727.238
	

	Resisting Torque on threads
	17372.6
	

	Bolt Head Friction
	7090.857
	

	Resisting Torque on head
	45736.03
	 

	Total Torque
	63.10862
	N


[bookmark: _Toc32188082]Table 10 New Bolt Tightening Torque
This meant, that to get the same total torque, the bolt would not be as far into it yield as 90%. A goal seek function on EXCEL was used to see what yield was needed to get the same torque value. This was calculated to be 990MPa which meant tightening the bolt to 53.2% of yield.
	UTS to keep same torque
	990.0000781
	 

	 
	
	 

	Axial Stress 
	594.0000469
	 

	Clamping Force
	23284.80184
	 

	Circumferential Friction
	2794.17622
	N

	Resisting Torque on threads
	10268.59761
	N

	Bolt Head Friction
	4191.264331
	N

	Resisting Torque on head
	27033.65493
	 

	Total Torque
	37.30225254
	N


[bookmark: _Toc32188083]Table 11 To match the correct tightening torque
To see how this compared to the standard bolt, the FSF was to be calculated. Using the steps that had been used in part E/F this could be done. A new endurance limit was calculated, using the same stress concentration factor and saw an increase from 158.27N/mm^2 to 267.76N/mm^2. With this the following was calculated:

	Nominal Stress at route of thread at 9000 RPM
	91.77964
	 

	σmin
	891.0468
	N/mm^2

	σmax
	982.8264
	N/mm^2

	σmean
	936.9366
	N/mm^2

	Safety Factor
	2.897286
	

	Allowable Range
	265.9119
	N/mm^2


[bookmark: _Toc32188084]Table 12 Standard design with new material
With a new safety factor of 2.89 with the new material when compared to 0.511 of the standard material, this would suggest that the new material would have an infinite fatigue life and would be able to deal with the increased stresses at 9000RPM very well.
However, the redesign was not complete, having a safety factor so high, a wasted shank could be implemented into the bolt. To work out a minimum shank diameter the following equation was used:

[bookmark: _Toc32188063]Equation 35 Minimum Shank Diameter
This was calculated to be 5.65mm. With this a new bolt was designed.
[image: ]
[bookmark: _Toc32188021]Figure 21 New Bolt Measurements
The next step was to find out the new bolts’ stiffness, due to the bolt being split into 3 sections when compared to the singular threaded bolt of the standard, this would require using:

[bookmark: _Toc32188064]Equation 36 Bolt Stiffness
To find  first the area of each section must be calculated, using:

[bookmark: _Toc32188065]Equation 37 Area for each section
Once all three areas are known:
	
	Area
	

	
	42.42917228
	

	
	25.07187287
	

	
	42.42917228
	

	SUM
	109.9302174
	

	Total Area of Bolt
	36.64340581
	mm^2


[bookmark: _Toc32188085]Table 13 Areas of the new bolt and area of overall bolt
Having the areas allows the stiffness for each section to be calculated, due to being unable to find the Youngs Modulus (E) of the new material, the same E was assumed for the new bolt.

[bookmark: _Toc32188066]Equation 38 Bolt Stiffness
Once the bolt stiffness has been calculated for all three sections,  can be calculated by:

[bookmark: _Toc32188067]Equation 39 Calculating KT
Once KT was calculated, it could be put back into ‘Equation 36’ and the new bolt stiffness is known:
	Tensile Strength of bolt
	166186.4457
	n/mm


[bookmark: _Toc32188086]Table 14 Bolt Stiffness
With this, a new KCap/KBolt ratio can be calculated, using ‘Equation 19’ from earlier in part A. This was calculated as 3.001706581 for the modified bolt when compared to 2.805937561 of the standard bolts.
Having calculated a new KCap/KBolt and a new area, new alternating loads and stresses could be calculated, following the same procedure as previously used. 

[bookmark: _Toc32188022]Figure 22 Alternating Stress comparison
As it can be seen in ‘Figure 22’ the new bolt is experiencing slightly more alternating stress throughout the RPM’s (93.38N/mm^2 for modified and 91.77N/mm^2 at 9000RPM), this is because the alternating load is being put through a smaller bolt area in the modified bolt compared to the standard (36.64mm^2 for the modified compared to 39.2mm^2 for standard)
With this new information, part D/E/F can be repeated on the new bolt. When tightening to 90% yield:
	UTS for bolt
	1861
	Mpa

	Bolt Yield
	1674.9
	Mpa

	Axial Stress
	1004.94
	Mpa

	Clamping Force
	36824.42
	

	Circumferential Friction
	4418.931
	

	Resisting Torque on threads
	15245.31
	

	Bolt Head Friction
	6628.396
	

	Resisting Torque on head
	42753.16
	 

	Total Torque
	57.99847
	N/M


[bookmark: _Toc32188087]Table 15 Tightening modified bolt to 90% Yield
It can be seen here again, that if tightened to 90% yield, the torque would be too high, causing deformation of the big end. Like previous sections, a goal seek function was completed to find the UTS that would be needed to get to the correct torque. This was calculated as 64% of yield.
	UTS to keep same toque
	1077.29568
	

	Axial Stress 
	646.377408
	 MPa

	Clamping Force
	23685.46967
	 N

	Circumferential Friction
	2842.25636
	

	Resisting Torque on threads
	9805.784443
	

	Bolt Head Friction
	4263.38454
	

	Resisting Torque on head
	27498.83029
	 

	Total Torque
	37.30461473
	N


[bookmark: _Toc32188088]Table 16 Tightening modified bolt to the correct toque as standard
With this, using the same equations as previously, the allowable range and FSF could be calculated:
	Nominal Stress at route of thread at 9000 RPM
	93.37982
	 

	σmin
	1077.296
	N/mm^2

	σmax
	1170.675
	N/mm^2

	σmean
	1123.986
	N/mm^2

	Safety Factor
	2.271219
	N/mm^2

	Allowable Range
	212.086
	N/mm^2


[bookmark: _Toc32188089]Table 17 FSF and allowable range for the modified bolt
With the wasted shank and redesign, the new FSF was calculated as 2.27. This would suggest an infinite fatigue life at 9000RPM and the new design with the ARP Custom New Age 625+ material would easily be able to cope with the stresses occurring on it.
[image: ]
[bookmark: _Toc32188023]Figure 23 Goodman diagram for modified bolt
 
[bookmark: _Toc32189031]3H
Modified Bolt: Overall Length 37mm (Not including head) Three sections with wasted shank. ARP New Age Custom 625+
[image: ]7.35

[bookmark: _Toc32188024]Figure 24 Modified Bolt

Standard Bolt: Overall Length 37mm (Not including head) 4mm shank, 33mm threaded. Same diameter the entire length.12.9

[image: ]7.35
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[bookmark: _Toc32188025]Figure 25 Standard Bolt

The biggest change to increase durability from the standard bolt to the new bolt was the change in material by having the higher UTS the bolt, this able to deal with the stresses better and be able to achieve the same tightening torque without getting to 90% yield. Allowing it to be able to deal with the stresses and have the ability too be taken further. 
Due to this material being stronger, the wasted shank allowed mass to be taken off and produce a lighter bolt and still be able to deal comfortably with the stressed that will be applied to it in these conditions.
[bookmark: _Toc32189032]Conclusion
Overall in this section, it has been seen that the standard bolt would not be able to deal with the increased RPM in the engine and a new bolt would be needed to reduce the risk of a failure.
The modified bolt with the new material and wasted shank still has an FSF of over 2, suggesting that it should easily be able to deal with the forces that it would be under at 9000RPM. By keeping to the same specifications of the original bolt, using the same threads but reducing the amount so that it is further down allows mass to be taken off while not sacrificing the ability to tighten.
If this was to be taken further, the new bolt should be created in CAD and FEA, checking the components mass and looking further into its ability to do the job correctly. Due to the FSF still being over 2, further methods of mass reduction could be taken into consideration such as reducing material inside the shank of the bolt and hollowing it out. If this was investigated it could be completed while still maintaining the an FSF of over 1. 

[bookmark: _Toc32189033]Part Four
Part 4 of the assignment moves further down the assembly again, this time looking into the FSF of the crank in its critical fillet sections. This required looking at the forces that were acting on the crank and then repeating similar sections from earlier in the report to generate FSF, while taking into consideration the stress concentrations that will be affecting these parts.



[bookmark: _Toc32189034]4A
Table of constants for part 4.
	UTS (N/mm^2)
	750

	L2(mm)
	31.7

	AB (mm)
	20.7

	b (mm)
	45.985

	D (mm)
	20.5

	I (mm^4)
	33013.87693

	Y (mm)
	10.35

	L1 (mm)
	12.75


[bookmark: _Toc32188090]Table 18 Measurements for part 4
To calculate the stresses on the crank, the first task was to calculate the inertia forces upwards on the crank this was done by:

[bookmark: _Toc32188068]Equation 40 Upward Inertia on Crank
Where ‘Mrec’ includes piston, rings, circlips, gudgeon pin and 1/3 con rod (0.445 KG) and ‘Mrot’ includes 2/3 con rod, con rod cap and con rod bolts (0.317 KG.)
Once the inertia known, ‘FNet’ can be calculated, using ‘Equation 1.’ From this the bending moment can be calculated by using:

[bookmark: _Toc32188069]Equation 41 Bending Moment
Where L2 is from the middle of the journal to point B.
The bending stress is then calculated by:

[bookmark: _Toc32188070]Equation 42 Bending Stress
Where I is the second moment of area ‘Equation 6’ and Y ‘Equation 5.’
Once the bending stress has been calculated, the shear stress can be calculated:

[bookmark: _Toc32188071]Equation 43 Shear Stress
Once the bending moment and the shear stress is known, by using ‘Equation 10’ the combined stress can be calculated. 
[bookmark: _Toc32188026]Figure 26 Combined Stress
Following this, the minimum stress can be calculated by:

The next stage is to calculate the FSF, however there is a stress concentration factor occurring here, so that must first be calculated to get the correct allowable range. 
Using a semi-circular groove stress concentration, it can be calculated by using the equations provided on the diagram. (Pilkey, 1997)
[image: ]
[bookmark: _Toc32188027]Figure 27 Semi-circular groove stress
To calculate KTN, the following equation is used:

[bookmark: _Toc32188072]Equation 44 KTN
Using the C1, C2, C3 and C4 constants and T/R which was calculated as 0.333’, ‘Equation 44’ can be calculated. 
	C1
	1.568348551

	C2
	-2.29809637

	C3
	3.469747449

	C4
	-1.74318937

	Ktn
	1.522317192


[bookmark: _Toc32188091]Table 19 Constants and stress concentration factor
Once the stress concentration factor is known (1.522) the FSF can start to be calculated. ϭMin is taken as the minimum shear stress. ϭMax is the maximum combined stress found at 5700RPM, the mean is calculated using ‘Equation 12’ and the range by using ‘Equation 11.’
Once these are known, ‘Equation 13’ can be used to find the allowable range, making sure to divide the EL by the stress concentration factor.
Finally, by using ‘Equation 14’ the FSF can be calculated. 
	Range
	240.0350252

	ϭMin
	-71.89116152

	ϭMax
	168.1438637

	ϭMean
	48.12635107

	Allowable Range
	414.9505027

	Safety Factor
	1.728708143


[bookmark: _Toc32188092]Table 20 FSF Data for the crank
The cranks FSF was calculated as 1.73. 
[image: ]
[bookmark: _Toc32188028]Figure 28 Goodman Diagram for the crank FSF

[bookmark: _Toc32189035]Conclusion
From the study on the crank, the crank has an FSF of 1.72, being larger than one this would suggest that this part would have an infinite fatigue life cycle even with the stress concentrations. One thing this section did not consider is that the fillets where the stress concentrations are having been fillet rolled to put the undercut into compression, moving the range of stress further down.  
[bookmark: _Toc32189036]Overall Conclusion
Overall, it can be seen in this report that under normal loading, the Ford Motor Company parts are completely up to scratch and all have FSF of 1.3/1.7 so this seems to be an acceptable FSF for the company.
With the modified engine causing problems for the standard bolts, a redesign was successfully completed that would be able to deal with the stresses that the part would be under with the current assumptions. With an FSF of over 2 the new bolts have room for improvements, by reducing the mass more, it may lower the FSF to be in line with Fords acceptable FSF. This could be complimented by using CAD and FEA on the part to be able to analyse the bolt into more detail.
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Bending Stress through the RPM's
Compressive Force	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	282.20962011498648	352.69329279947328	401.65857333587866	437.48805875836047	456.12521478026872	466.93475497748892	473.39449579671668	474.77217038799267	458.76358683144775	461.82326976738403	477.16528645853595	482.62693626558342	470.58250202670365	Tensile Force	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	2.0309944068381087	-0.45322376247922164	-2.0954657535601098	-5.9883062625579981	-13.489396852416494	-21.906119761661703	-32.779660972769847	-44.699595933259261	-58.362898538334427	-73.348241047920069	-90.264450252533607	-97.98247756645624	-109.76351974818834	RPM

Bending Stress (N/mm^2) 


Shear Stress through the RPM's
Compressive Force	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	69.997671905564189	87.444851750213104	99.568805090112278	108.40992629573506	112.93946657029136	115.50800890646593	116.96927826730959	117.1445804504007	113.00170595622987	113.5612167824607	117.09953819607894	118.34121914723312	115.16407846175095	Tensile Force	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	0.41187554520031922	-0.31196433568320486	-0.78860950885701686	-1.8682093753078084	-3.9560224806286537	-6.2961884888585375	-9.3273427212255537	-12.666769243846122	-16.478180175026068	-20.667432161024777	-25.382331304919642	-27.516011417795255	-30.785392437155906	RPM

Shear Stress (N/mm^2)


Combined Stress through the RPM
Compressive Force	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	315.0253417968799	393.67368108142813	448.3139495069326	488.26903448196009	508.9906718153822	520.95725917970708	528.0431771021465	529.43368299582789	511.41135184753989	514.65068962072723	531.54107835989157	537.53821836788256	523.92647488506418	Tensile Force	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	2.1916897909019704	-0.77116714519543372	-2.6227078667251638	-7.0583735360310387	-15.638551176849509	-25.267489803326416	-37.716090232771052	-51.379393232151273	-67.024992452953001	-84.193440797641898	-103.56023343582675	-112.37922160007186	-125.85305644897829	RPM

Combined Stress (N/mm^2)


Nominal Hoop Stress at Point A
Compressive Stress	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	155.27470285539644	194.4864561133553	221.68623930267145	241.96106537509195	253.35558404064392	260.68180069279828	265.96213771654277	268.75777897540132	262.05818967823382	266.18320930463835	277.89420789796259	282.28286931772993	277.9788180524763	Tensile Stress	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	1.5738050531713568	0.74666359418143147	0.1905674367991376	-1.378379406968044	-4.3639621229033176	-7.726453685078182	-12.031032502984555	-16.667158980994035	-22.063311457823829	-27.936411705674164	-34.636806008035073	-37.78114548320022	-42.518581718254026	RPM

Nominal Hoop Stress (N/mm^2)


FSF Through the RPM's at Point A

Point A FSF	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	4.2816839955991162	3.341561314614629	2.8802541645583335	2.587778802486866	2.4270731434711923	2.3230370762678518	2.2411861661968868	2.1860552706789713	2.2173702390376464	2.1449660482814163	2.0105886171157281	1.9613237010514146	1.9727769469742553	RPMS


FSF




Nominal Hoop Stress at B
Compressive Stress	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	188.94898899703875	236.18804489487994	269.00067438291705	293.05201554110516	305.65678101039936	313.04716629137368	317.56377480658728	318.71234244500067	308.22808226309661	310.54764518385377	321.18256676050157	324.99290161344226	317.18657469378883	Tensile Stress	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	1.2970448981446725	-0.43839404442099705	-1.5843790994252056	-4.2668498539799273	-9.4407893199244377	-15.244602025637986	-22.747879362488707	-30.984439488285098	-40.414529504397088	-50.763189597741864	-62.435707220621346	-67.749456070074601	-75.868967996546942	RPM

Nominal Hoop Stress (N/mm^2)


FSF at Point B

Point B	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	3.4422635239440238	2.671405517525125	2.2776271062528286	2.0368953593028496	1.9101765955344747	1.8309893085308406	1.7707064830009223	1.7333189203819419	1.7671196888334373	1.7162722855565218	1.6178232694425805	1.5821524342150046	1.6011508000720351	RPM


FSF




FSF through the RPM point A vs Point B
Point A	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	4.2816839955991162	3.341561314614629	2.8802541645583335	2.587778802486866	2.4270731434711923	2.3230370762678518	2.2411861661968868	2.1860552706789713	2.2173702390376464	2.1449660482814163	2.0105886171157281	1.9613237010514146	1.9727769469742553	Point B	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	3.4422635239440238	2.671405517525125	2.2776271062528286	2.0368953593028496	1.9101765955344747	1.8309893085308406	1.7707064830009223	1.7333189203819419	1.7671196888334373	1.7162722855565218	1.6178232694425805	1.5821524342150046	1.6011508000720351	RPM

FSF



Tensile Nominal Hoop Stress point C

Point C	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	0.21537850489286525	-0.57176301367339111	-1.0876834101989818	-2.1910296231324238	-4.3350019886289681	-6.7347337327894499	-9.8537421385299684	-13.312349121875723	-17.23770220355307	-21.564415879268285	-26.414977883223816	-28.586413774950607	-31.930625148391588	RPM


Nominal Hoop Stress (N/mm^2)




Alternating Load

Alternating Load	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	6500	7000	7500	8000	8500	9000	44.416815335120738	99.937834504021652	128.36459631849891	177.66726134048295	277.60509584450455	399.75133801608661	544.10598785522916	710.66904536193181	899.44051053619467	1110.4203833780182	1343.6086638874024	1443.1023302380727	1599.0053520643464	1876.6104479088508	2176.4239514209166	2498.4458626005407	2842.6761814477272	3209.1149079624724	3597.7620421447787	RPM


Alternating Load




Alternating Stress on Bolt

Alt Stress	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	6500	7000	7500	8000	8500	9000	1.1330820238551207	2.5494345536740215	3.2746070489412986	4.5323280954204828	7.0817626490945029	10.197738214696086	13.880254792225232	18.129312381681931	22.94491098306619	28.327050596378012	34.275731221617406	36.813834955052869	40.790952858784344	47.872715507878844	55.521019168900928	63.735863841850524	72.517249526727724	81.865176223532458	91.779643932264761	RPM


Alternating Stress (N/mm^2)




Alternating Stress on Bolt
Modified Bolt	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	6500	7000	7500	8000	8500	9000	1.1528372530746429	2.5938838194179463	3.3316996613857168	4.6113490122985716	7.2052328317165166	10.375535277671785	14.122256350164378	18.445396049194287	23.34495437476151	28.820931326866067	34.873326905507952	37.455682352395144	41.502141110687141	48.707373942403649	56.489025400657511	64.847095485448648	73.781584196777146	83.29249153464292	93.379817499046041	Standard Bolt	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	6500	7000	7500	8000	8500	9000	1.1330820238551207	2.5494345536740215	3.2746070489412986	4.5323280954204828	7.0817626490945029	10.197738214696086	13.880254792225232	18.129312381681931	22.94491098306619	28.327050596378012	34.275731221617406	36.813834955052869	40.790952858784344	47.872715507878844	55.521019168900928	63.735863841850524	72.517249526727724	81.865176223532458	91.779643932264761	RPM

Alternating Stress (N/mm^2)



Combined Stress

Combined Stress	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	110.42923920464526	137.06152872775507	155.91985830159319	169.34324515943609	175.05126436158571	177.22333426842411	177.51011939651556	175.53243782653061	165.80254865178856	163.481612808054	167.07186171397595	168.14386366409627	161.99313898760113	RPM


Combined Stress (N/mm^2)
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life and would be able to deal with the increased stresses at 9oooRPM very well.
However, the redesign was not complete, having a safety factor so high, a wasted shank
could be implemented into the bolt. To work out a minimum shank diameter the
following equation was used:
int Shank = [SEANAardUTS ot Diameter®
= oo X
inimum Shan Modified UTs X Orignal Bolt Diameter
Equation 35 Minimum Shank Diameter
This was calculated to be 5.65mm. With this a new bolt was designed.
12.9
1
D=7.35 B t
2
2 D=565
3
D=735 8
Figure 21 New Bolt Measurements
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