[bookmark: _Hlk32179038][image: Image result for uwtsd]


University of Wales Trinity Saint David
School of Engineering
Calculation on Piston, Rod, Crankshaft Assemblies
 Advanced Engine Design
M6X00410
Ainsley Martin
P149894
10/02/2020


Contents
1.	Introduction	5
2.	Part 1	6
2.1	Masses	6
2.1.1	Conrod	6
2.1.2	Piston	6
2.1.3	Gudgeon Pin	6
2.2	Calculations	7
3.	Part 2	12
3.1	Point A	13
3.2	Point B	15
3.3	Point C	16
4.	Part 3	19
4.1	Part A	19
4.2	Part B	20
4.3	Part C	21
4.4	Part D	22
4.5	Part E	23
4.6	Part F	24
4.7	Part G	27
4.7.1	Modified RPM	27
4.7.2	Modified Material	27
4.7.3	Modified Material with Wasted Shank	28
4.8	Part H	30
5.	Part 4	31
6.	Conclusion	35
7.	References	36
8.	Appendix	37




Graph 1 - Bending Stress	8
Graph 2 - Shear Stress	9
Graph 3 - Combined Stress	9
Graph 4 - Nominal Hoop Stress (A)	13
Graph 5 - Nominal Hoop Stress (B)	15
Graph 6 - Nominal Hoop Stress (C)	16
Graph 7 - Alternating Load	21
Graph 8 - Shear Stress Crankshaft	31

Table 1 - Conrod Masses	6
Table 2 - Piston Masses	6
Table 3 - Gudgeon Pin Figures	6
Table 4 - Part 2 Stress Concentration	18
Table 5 - Part A Measurements	19
Table 6 - Part D figures	22
Table 7 - Part 3f Stress Concentrations Dimensions	25
Table 8 - Part 3 F Stress Concentrations	25
Table 9 - Modified Material Results	27
Table 10 - New Bolt Area 1 Dimensions	28
Table 11 - New Bolt Area 2 Dimensions	28
Table 12 - New Bolt Area 3 Dimensions	28
Table 13 - Modified Material with Wasted Shank Results	29
Table 14 - Crankshaft Figures	31
Table 15 - Masses used for Crankshaft	31
Table 16 - Dimensions for Stress Concentration for the Crankshaft	33
Table 17 - Stress Concentrations for Crankshaft	33
Table 18 - Results for Crankshaft	33

Equation 1 - Mass of Gudgeon Pin Out	7
Equation 2 - Second Moment of Area	7
Equation 3 - Piston Acceleration	7
Equation 4 – Gudgeon Pin Inertia	7
Equation 5 - Gas Force	7
Equation 6 - Net Force	7
Equation 7 - Bending Moment	8
Equation 8 - Bending Stress	8
Equation 9 - Shear Stress	9
Equation 10 - Combined Stress	9
Equation 11 - Actual Range	10
Equation 12 - Mean Stress	10
Equation 13 - Allowable Range	10
Equation 14 - Fatigue Safety Factor	10
Equation 15 - Nominal Hoop Stress for A and C	12
Equation 16 - Nominal Hoop Stress for B	12
Equation 17 - Allowable Range with Stress Concentrations	18
Equation 18 – K Cap over K Bolt Ratio	19
Equation 19 – Bolt Stiffness	20
Equation 20 - Alternating Load	21
Equation 21 - Highest Inertia Force	21
Equation 22 - Alternating Stress	21
Equation 23 - Clamping Force	22
Equation 24 - Circumferential Friction Force at Threads	22
Equation 25 - Bolt Head Friction	22
Equation 26 - Torque Needed to Overcome Head Friction	22
Equation 27 - Bolt Stress Minimum	23
Equation 28 - Bolt Stress Range	23
Equation 29 - Maximum Bolt Stress	23
Equation 30 - Mean Bolt Stress	23
Equation 31 - Minimum Bolt Diameter	28

Figure 1 - Goodman Diagram for Part 1	11
Figure 2 - Conrod Points	12
Figure 3 - Goodman Diagram Part 2 (A)	14
Figure 4 - Goodman Diagram Part 2 (B)	15
Figure 5 - Peterson Stress Concentration Diagram Part 2 (C)	17
Figure 6  - Goodman Diagram Part 2 (C)	18
Figure 7 – Measuring to 2nd Engaged Thread	20
Figure 8 - Peterson Stress Concentration Diagram Part 3 (F)	24
Figure 9 - Goodman Diagram Part 3 (F)	26
Figure 10 - New Bolt Design	30
Figure 11 – Old Bolt Design	30
Figure 12 - Peterson Stress Concentration Diagram Part 4	32
Figure 13 - Goodman Diagram Part 4	34
Figure 14 - Part 1 Excel	37
Figure 15 - Part 2 (A) Excel	38
Figure 16 - Part 2 (B) Excel	39
Figure 17 - Part 2 (C) Excel	40
Figure 18 - Part 3 (a) Excel	41
Figure 19 - Part 3 (B) Excel	42
Figure 20 - Part 3 (C) Excel	42
Figure 21 - Part 3 (D) Excel	42
Figure 22 - Part 3 (E) Excel	43
Figure 23 - Part 3 (F) Excel	44
Figure 24 - Part 3 (G) Excel Modified RPM	45
Figure 25 - Part 3 (G) Excel Modified Material	46
Figure 26 - Part 3 (G) Excel Modified Material and Wasted Shank	47
Figure 27 - Part 4 Excel	48


[bookmark: _Toc32184182]Introduction
This project will investigate the forces acting on a piston, connecting rod (conrod) and the crankshaft from a Ford 1.6 GTDI engine. Initially the forces on the gudgeon pin will be investigated and these will be used to determine a safety factor for the pin. Next the forces and thus safety factors will be investigated at three different points on the conrod, for these stress concentration factors will need to be considered due to the different radiuses on the conrod. The conrod bolt and cap will also be investigated, the results from this investigation will then be used to create a new bolt that can withstand the same forces as the original bolt but should have improved performance. The engine will be modified by increasing the rpm; therefore, the new bolt will need to withstand these new forces. Finally, the crankshaft of the engine will be investigated to determine its safety factor, checking if it is able to withstand the forces required.

[bookmark: _Toc32184183]Part 1
[bookmark: _Toc32184184]Masses
[bookmark: _Toc32184185]Conrod
[bookmark: _Toc32184217]Table 1 - Conrod Masses
	Part
	Mass (kg)

	Conrod
	0.2674

	Conrod Caps
	0.1038

	Conrod Bolts
	0.03519

	Gudgeon Pin
	0.08022

	Total Conrod Mass
	0.40639








Table 1 shows the masses for the conrod.
[bookmark: _Toc32184186]Piston
[bookmark: _Toc32184218]Table 2 - Piston Masses
	Part
	Mass (kg)

	Gudgeon Pin (Pin)
	0.08022

	Piston
	0.2577

	Piston Ring
	0.00549

	Circlip
	0.00077

	Total Piston Mass
	0.445063



[bookmark: _Toc32184187]Gudgeon Pin
[bookmark: _Toc32184219]Table 3 - Gudgeon Pin Figures
	D1 (mm)
	21

	D2 (mm)
	15.44

	L1 (mm)
	16.295

	L2 (mm)
	5.46

	Neutral axis (y) (mm)
	10.5

	I (mm^4)
	6756.853613

	Mass of pin (kg)
	0.020225162



Table 2 shows the masses for the piston. To calculate the total piston mass, the mass of the gudgeon pin, piston, three piston rings and two circlips were added together.

The mass of the pin protruding out of the conrod needed to be calculated to find the inertia of the gudgeon pin.
[bookmark: _Toc32184235]Equation 1 - Mass of Gudgeon Pin Out


The neutral axis (y) is calculated using half of D1.
To calculate the second moment of area (I) the following equation is used
[bookmark: _Toc32184236]Equation 2 - Second Moment of Area


[bookmark: _Toc32184188]Calculations
To complete the calculations required cylinder pressure at each crank angle from -360° to 360° was provided for each rpm. From this data the acceleration of the piston can be calculated using equation 3.
[bookmark: _Toc32184237]Equation 3 - Piston Acceleration


R is the crank throw,  is the angular velocity, l is the length,  is the crank angle.

D1 is the outside diameter of the pin, D2 is the inside diameter of the pin, 7800 is the density of steel.
From the acceleration the inertia of the gudgeon pin can be calculated.
[bookmark: _Toc32184238]Equation 4 – Gudgeon Pin Inertia


The gas force is calculated as it is needed to find the net force. The gas force will place the pin into tension, therefore cracks will start here
[bookmark: _Toc32184239]Equation 5 - Gas Force

The bore being used is 0.079m

[bookmark: _Toc32184240]Equation 6 - Net Force


The bending moment is calculated as this will allow the stresses acting on the pin to be calculated 
[bookmark: _Toc32184241]Equation 7 - Bending Moment


L2 is the distance from point A to the centre of gravity of the pin. The bending moment is the torque that bends the pin.
[bookmark: _Toc32184242]Equation 8 - Bending Stress

The bending stress is the stress acting on the pin whilst it is bending (acting down).
C
B
A
[bookmark: _Toc32184209]Graph 1 - Bending Stress

From Graph 1 it can be seen that as the compressive bending stress (Maximum bending stress) increases the tensile bending stress (minimum bending stress) will also increase. When looking at the compressive stress it shows at point ‘A’ there is a sharp increase in stress. This could be due to the turbo beginning to spool at this point, this would cause a rise in the gas force and therefore cause an increase in the stress experience on the pin. After this point the stress continues to increase but at a smaller gradient. At point B there is a small drop in stress, this could be due to the turbo reaching its maximum available boost. The stress beings to increase after this point, this could be due to the engine rpm continuing to increase which would cause the gas force to continue increasing until the engine reaches maximum power at 5700rpm.(Slaney, 2017). After this point the stress decreases as the engine has reached its maximum power and thus the peak gas force will decrease.
When looking at the tensile bending stress, after 2000 rpm the stress increases at a linear rate which is due to the piston acceleration increasing at a linear rate. The values becoming linear after 2000rpm could be due to the engine being turbocharged and therefore there will be some gas force trapped in the cylinder before 2000rpm.
[bookmark: _Toc32184243]Equation 9 - Shear Stress


The shear stress is the stress acting in the upwards direction.

[bookmark: _Toc32184210]Graph 2 - Shear Stress

From graph 2 it can be seen that the shear stress follows the same trends as the bending stress, however the values are smaller. This is because they both use the net force which remains constant between both calculations.
[bookmark: _Toc32184244]Equation 10 - Combined Stress


The combined stress considers both stresses acting on the pin.

[bookmark: _Toc32184211]Graph 3 - Combined Stress

From graph 3 it can be seen that both the compressive and tensile combined stress follow the same trends as both graph 1 and graph 2. This is because the combined stress is the combination of the bending and shear stress.
[bookmark: _Toc32184245]Equation 11 - Actual Range


The actual range is the real range of stresses acting on the pin. The maximum combined stress is the maximum net compressive force and the minimum combined stress is the maximum net tensile force. The minimum combined stress has been calculated to the power of ‘-1’ to get the results acting in the correct direction.
[bookmark: _Toc32184246]Equation 12 - Mean Stress


The mean is the average of the two values.
[bookmark: _Toc32184247]Equation 13 - Allowable Range

The allowable range is the range of values the pin is allowed to be within without breaking. The endurance limit is 45% of the ultimate tensile strength (UTS).(Carvill, 1993). The UTS of the gudgeon pin is 1000Mpa.(S. N. Bagchi, 1979)
[bookmark: _Toc32184248]Equation 14 - Fatigue Safety Factor


The fatigue safety factor (FSF) determines if the part is at risk of breaking. If the value is greater than 1 the part should be safe therefore if the FSF is less than 1 the part is at risk of breaking and a redesign should be considered. This equation produces a safety factor of 1.22, this would suggest that the pin should have an infinite life assuming it’s not placed under any forces outside the normal range. An infinite life if between 1 and 100 million cycles.(CAE Simulation Solutions, 2015).


[image: ]
[bookmark: _Toc32184266]Figure 1 - Goodman Diagram for Part 1
Figure 1 shows the Goodman diagram used to find the fatigue safety factor.





[bookmark: _Toc32184189]Part 2
To calculate the nominal hoop stress the following equation is used.
[bookmark: _Toc32184249]Equation 15 - Nominal Hoop Stress for A and C

This equation can be used for both point A and point C. The cross sectional area (CSA) used for point A is 72 mm^2, the CSA for point C is 184.5 mm^2. 
The following equation is used for the nominal hoop stress at B
[bookmark: _Toc32184250]Equation 16 - Nominal Hoop Stress for B

The CSA for point B is 118 mm^2.
[image: ]C[image: ]
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[bookmark: _Toc32184267]Figure 2 - Conrod Points
Figure 2 shows where measurements were taken for each point on the conrod.


[bookmark: _Toc32184190]Point A
Point A is taken at the little end of the conrod. At point A the net force is divided by 2, this is done as there is a hole and only one side is being calculated. So therefore, half of the force acts on the left side and half of the force acts on the right side. Most of the force acts on the side of the shank, not in the middle. 
The mass used at point A is 0.35593 kg, this is calculated by adding the piston, 3 piston rings, 2 circlips and the gudgeon pin masses together. 

[bookmark: _Toc32184212]Graph 4 - Nominal Hoop Stress (A)
When looking at the at graph x it can be seen that the stresses follow the same trends as seen in part 1. The stress experienced at point A are nearly half of the stress experienced on the pin. This could occur since only half of the little end is being looked at therefore the stresses will be halved. This is true for both the compressive and tensile stresses. This could possibly be due to point A being in such close proximity to the pin. If both sides at point A were considered the stress experienced at these points would be very similar to the stresses experienced at the pin.
Although there is a radius at point A, it is deemed too large to include a stress concentration. Although since there is both a radius and hole at point A there will be a stress concentration the value will ultimately not affect the safety factor enough to be included. 
A fatigue safety factor was calculated for point A using the same method as part 1 and a value of 1.97 was the result. As with part 1 this part will not be at risk of breaking if it only experiences normal stresses.

[image: ]
[bookmark: _Toc32184268]Figure 3 - Goodman Diagram Part 2 (A)
Figure 3 shows the Goodman diagram used to find the fatigue safety factor.


[bookmark: _Toc32184191]Point B
Point B is taken from the shank of the conrod. For point B the net force is left whole and not divided by 2, this is done because the shank is one continuous point with no hole in the middle. The mass used at point B is the mass at point A with 33% of the conrod mass added onto it. 33% of mass is not an accurate value to be added to the reciprocating mass, however it does produce a rough estimate and allows for simplification of the model.

[bookmark: _Toc32184213]Graph 5 - Nominal Hoop Stress (B)
As seen from graph 5 it can be seen that the stresses experienced at point B are greater than point A. This will be because the stresses are acting on the entire shank and not one half of it.
The safety factor found out at point B is 1.57. This implies that the shank is more likely to break than the little end. As with point A there is a radius at point B, it is however too large for stress concentrations to be considered a factored.
[image: ]
Figure 4 shows the Goodman diagram used to find the fatigue safety factor.
[bookmark: _Toc32184269]Figure 4 - Goodman Diagram Part 2 (B)

[bookmark: _Toc32184192]Point C
Point C is taken from beneath the crank pin. The mass used for point C is the mass at point A with the mass of the conrod added minus the mass of the conrod cap.

[bookmark: _Toc32184214]Graph 6 - Nominal Hoop Stress (C)
 
Looking at graph 6 it can be seen that the tensile stress experience at point C are the lowest of all three points. There is no compressive force acting on point C since point C is located below the crank pin. Therefore, the journal takes the compressive force. 
The calculated safety factor at C is 2.51. This is calculated by using a stress concentration factor. Since there is a small radius at point C there is a stress concentration.



[image: ]
[bookmark: _Toc32184270]Figure 5 - Peterson Stress Concentration Diagram Part 2 (C)
A stress concentration is a point on a part where stress is concentrated, it normally occurs around small radiuses, notches or holes (Baldwin, 1954). Force lines compress around these areas which can cause the part to crack around this area.  To calculate the stress concentration a Peterson stress concentration factor diagram for stepped tension bar diagram(Pilkey Walter, 2008) was used. As seen in figure 5. To calculate the stress concentration the radius divided by the diameter needs to be calculated. These values can be seen in table 4
[bookmark: _Toc32184220]Table 4 - Part 2 Stress Concentration
	d (mm)
	9

	H (mm)
	11.15

	H/d
	1.24

	r (mm)
	0.48

	r/d
	0.053

	Stress Concentration
	2.25




 The r/d value can then be use on the Peterson diagram to determine the stress concentration. This value then has to be matched to one of the H/d lines on the graph. Since the value of H/d is 1.24 it was decided to use the H/d line of 1.2. When matching up the r/d value of 0.053 to the H/d line of 1.2 a stress concentration value of 2.25 was found. 
[bookmark: _Toc32184251]Equation 17 - Allowable Range with Stress Concentrations

The endurance limit is divided by the stress concentration as seen in equation 17 to find the actual allowable range.


[image: ][bookmark: _Toc32184271]Figure 6  - Goodman Diagram Part 2 (C)


Figure 5 shows the Goodman diagram used to find the fatigue safety factor.
[bookmark: _Toc32184193]Part 3
Part 3 consists of investigating the properties of the standard conrod bolt and what forces as stresses act upon it.
[bookmark: _Toc32184194]Part A
To find the K Cap over K Bolt ratio the following formula is used. 
[bookmark: _Toc32184221]Table 5 - Part A Measurements
	L1
	L2
	Area Cap 1
	L3
	L4
	Area Cap 2
	Area Cap
	Area Cap – Hole

	20.79
	4.14
	86.0706
	12.04
	7.38
	88.8552
	174.9258
	135.7258





[bookmark: _Toc32184252]Equation 18 – K Cap over K Bolt Ratio


The Young’s Modulus of the cap is 170000 Pa, the area of the cap 135.72 mm^2 this value was gathered from measured values of the cap. These can be found in table 7, the Young’s modulus of the bolt is 210000 Pa and the area of the bolt is 39.2 mm^2. This value was taken from the Bosch automotive handbook.(Bosch, 2007). The Young’s Modulus values have been taken from lecture notes.(McDonald, 2019)















[bookmark: _Toc32184195]Part B
To find the stiffness of the bolt the following equation is used.
[bookmark: _Toc32184253]Equation 19 – Bolt Stiffness


To get the measurement for the bolt length to second engaged thread the depth of the cap hole was measured, the gap to the first thread was measured on the rod bolt hole and the length of one thread is known and this is multiplied by 2. These values were added together to get the total length to the second engaged thread. Photos of these measurements being taken can be seen in figure 7.
The bolt length to the second engaged thread is 25.75mm, the stiffness of the bolt ends up being 319689.3 N/mm.

[image: ]
[bookmark: _Toc32184272]Figure 7 – Measuring to 2nd Engaged Thread
Figure 7 shows one of the measurements being taken to find the length of the bolt to the second engaged thread.

[bookmark: _Toc32184196]Part C
To find the alternating load on the bolt the following equation is used.
[bookmark: _Toc32184254]Equation 20 - Alternating Load
 

[bookmark: _Toc32184255]Equation 21 - Highest Inertia Force

Where the reciprocating mass is 0.3559 kg and the rotational mass is 0.1783kg.
To calculate the the highest inertia force and thus the alternating load the rpm was increased to 6500. At this rpm the highest inertia is 12096.98N. This makes the highest alternating load at 6500 rpm 1590.5N. This value is the extra force on the bolt due to the inertia on the rod cap. The alternating load can be used to calculate the alternating stress with the following equation.
[bookmark: _Toc32184256]Equation 22 - Alternating Stress


[bookmark: _Toc32184215]Graph 7 - Alternating Load
By looking at graph 7 it can be seen that after 2500 rpm the alternating load increases at a linear rate. This is because ω increases at a linear rate after this point. 
[bookmark: _Toc32184197]Part D
The Constants being used in this part can be found in table 6
[bookmark: _Toc32184222]Table 6 - Part D figures
	Average Seating Face
	Bolt Mu
	Thread Mu

	12.9
	0.18
	0.12



The following equation is used to find the clamping force acting on the bolt.
[bookmark: _Toc32184257]Equation 23 - Clamping Force

Where the UTS of the bolt is 1100 MPa. The 60% of the 90% of the UTS is the axial force acting on the bolt when tightened into 90% yield. This is to ensure that there is no deformation occurring at the big end of the conrod. If the yield is greater than 90% the part will be at risk of going past its elastic limit, thus it won’t be able to return to its original shape.
This produces a clamping force of 23284.8N. From this value the circumferential friction force at the threads can be calculated.
[bookmark: _Toc32184258]Equation 24 - Circumferential Friction Force at Threads

The value for this is 2794.18N, this can be used to calculate the moment of circumferential force

This values comes out as 11260.53 N/mm. The bolt head friction then needs to be calculated. 
[bookmark: _Toc32184259]Equation 25 - Bolt Head Friction

This produces a value of 4191.26N, this can then be used to calculate the bolt head friction
[bookmark: _Toc32184260]Equation 26 - Torque Needed to Overcome Head Friction

This value comes out as 27033.65 N/mm
By adding the moment of circumferential force and the torque needed to overcome head friction the total torque with tightening can be calculated. This produces a value of 38.29 N/m at 90% yield.



[bookmark: _Toc32184198]Part E
The minimum stress acting on the bolt can be calculated using the following formula.
[bookmark: _Toc32184261]Equation 27 - Bolt Stress Minimum

Yield is 90% of the UTS and this value is tightening to 90% of yield hence why the 90% value of UTS is multiplied by 0.9. This produces a value of 891 N/mm^2. 
[bookmark: _Toc32184262]Equation 28 - Bolt Stress Range

At 6500 rpm this produces a value of 40.57 N/mm^2. From this value the maximum bolt stress can be calculated.
[bookmark: _Toc32184263]Equation 29 - Maximum Bolt Stress 

At 6500 rpm the maximum stress experienced by the bolt is 931.57 N/mm^2. This can be used to calculate the mean bolt stress.
[bookmark: _Toc32184264]Equation 30 - Mean Bolt Stress

This produces a mean bolt stress of 911.29 N/mm^2















[bookmark: _Toc32184199]Part F
To look at the safety factor the stress concentration experience by the bolt first had to be calculated. To do this a Peterson stress concentration diagram for a semi-circular notch was looked at.  The values in table 7 show the values used to work out the safety factor from figure 8.
[image: ]
[bookmark: _Toc32184273]Figure 8 - Peterson Stress Concentration Diagram Part 3 (F)



[bookmark: _Toc32184223]Table 7 - Part 3f Stress Concentrations Dimensions 
	r (mm)
	0.146

	d (mm)
	7.35

	H (mm)
	8

	H/d 
	1.088435374

	t (mm)
	0.277

	t/r
	1.897260274



Since the r/d value did not match any of the H/d values on the graph, the calculation to work out the stress concentration had to be used. These equations can be found on figure 8. First C1, C2, C3 and C4 had to be calculated which involved using the t/r value. These values were then placed into the Ktn equation to find the stress concentration. The values gathered from doing these equations can be found in table 8.
[bookmark: _Toc32184224]Table 8 - Part 3 F Stress Concentrations 
	C1
	3.788925756

	C2
	-5.172031145

	C3
	3.177871458

	C4
	-0.790295747

	Stress Concentration
	3.442212367






With the new stress concentration acting on the bolt the allowable range can be calculated using equation 17. This produces an allowable range of 54.82 at 6500 rpm. The fatigue safety factor can be calculated by dividing the allowable range by the bolt stress range calculated in part 3 (e). This produces a safety factor of 1.35.





[image: ]
[bookmark: _Toc32184274]Figure 9 - Goodman Diagram Part 3 (F)
Figure 9 shows the Goodman diagram used to find the fatigue safety factor.
















[bookmark: _Toc32184200]Part G
[bookmark: _Toc32184201]Modified RPM
For this part the rpm of the engine was increased to 9000 in 500 rpm increments. This was done to see the extra forces and stresses acting on the bolt if the rpm was increased. This would allow a new safety factor to be calculated to see if the bolt would remain safe at the new rpm.
At 9000 rpm the new highest inertia force is 23191.85 N. A 44% increase from the highest inertia force at 6000 rpm. This produced a new alternating load of 3049.24 N which is a 52% increase from the alternating load at 6500 rpm. The new mean stress is 929.89 N/mm^2, this is 2% increase from 6500 rpm. The new safety factor ends up with a value of 0.64. This means the part is at risk of breaking if the engine modified to rev higher. This safety factor has dropped by 212.6%. The highest the engine can rev with the conrod bolts still being safe would be 7000 rpm where the safety factor is 1.15.
Looking at these results if someone wanted to increase the rpm of this engine the conrod bolts would need to be redesigned to withstand the new forces acting on the bolt. 
[bookmark: _Toc32184202]Modified Material
As the bolt is no longer able to survive a normal life span when the engine rpm is increased it needs to be modified so it is able to withstand the extra stresses acting on it. To do this first a new material was investigated. The new material chosen was ‘ARP Custom New Age 625 +’. This was chosen as bolts are made to fit the conrod currently using this material. This new material has a larger UTS with a value of 1861 MPa (ARP, 2020), this mean the new bolt should be able to withstand higher forces whilst still remaining safe for a normal life. A new Young’s Modulus couldn’t be found for the new material so therefore it was kept to the value of the original bolt.
As the new material has a higher UTS a new yield strength needs to be calculated, this is 90% of the UTS. This comes out as 1674.9 N. To achieve the same tightening torque as the original bolt the new bolt will only need to be tightened to 53.2% of the yield. This value was achieved using the goal seek function in excel. This means the new yield to get the same tightening torque is 891.05 N. From this a new maximum bolt stress can be calculated by adding the range calculated for the original bolt at 9000 rpm to the new yield of 891.05 N. This provides a maximum bolt stress of 968.83 N/mm^2. 
[bookmark: _Toc32184225]Table 9 - Modified Material Results
	New Endurance Limit
	New Mean Bolt Stress (N/mm^2) 
	Allowable Range (N/mm^2)
	Safety Factor

	270.3203349
	929.9401701
	270.4829716
	3.477237522


  
From table x the new endurance limit can be seen, the new endurance limit is under half of the original endurance limit of the bolt. The value for the endurance limit has had the stress concentration value, calculated in part 3 (f) taken into consideration as there will still be a stress concentration even with the new material. 
The new mean bolt stress is nearly identical to the mean bolt stress of the old material at 9000 rpm, this is because they are being tightened to the same torque so therefore the stresses should be similar when compared with the old bolt. However, when comparing the allowable range, the new bolt has a range over 5 times greater than the original material. This shows that the new material will be able to withstand much greater forces. This can be seen when looking at the new safety factor which is around 5.5 times greater than the original bolt. With this new safety factor, the bolt should not be at risk of breaking under normal use even with the engine modified for the increased rpm. 
[bookmark: _Toc32184203]Modified Material with Wasted Shank
As the safety factor was so large, reducing the size of the shank was considered as a way to save weight. The same overall length of the bolt will be kept the same as this means the design of the conrod and cap doesn’t have to be modified to fit the new bolt design. The following equation was used to find the minimum diameter of the shank.
[bookmark: _Toc32184265]Equation 31 - Minimum Bolt Diameter

This produces a value of 5.65mm, this is the minimum diameter the bolt can be without being at risk of breaking.
[bookmark: _Toc32184226]Table 10 - New Bolt Area 1 Dimensions
	Area 1
	 

	Length (mm)
	5

	Diameter (mm)
	7.35

	Area (mm^2)
	42.42917228

	K Bolt (N/mm)
	1782025.236



[bookmark: _Toc32184227]Table 11 - New Bolt Area 2 Dimensions
	Area 2
	 

	Length (mm)
	24

	Diameter (mm)
	5.66

	Area (mm^2)
	25.07187287

	K Bolt (N/mm)
	219378.8876



[bookmark: _Toc32184228]Table 12 - New Bolt Area 3 Dimensions
	Area 3
	 

	Length (mm)
	8

	Diameter (mm)
	7.35

	Area (mm^2)
	42.42917228

	K Bolt (N/mm)
	1113765.772



Tables 10, 11 and 12 show the dimension being used for the new design of the bolt. The diameter of area 1 and 3 had to remain at 7.35 mm as this will allow the bolt to be placed into the original conrod design. The diameter used for area 2 is 0.01 mm above the minimum diameter that can be used, this was done as it will allow the bolt to be as light as possible. To get the lengths for each area a bit of trial and error was done to find a bolt that would produce a good safety factor. 
[bookmark: _Toc32184229]Table 13 - Modified Material with Wasted Shank Results
	1/K (N/mm)
	New Total Area (mm^2)
	New K Cap/K Bolt

	166632.0909
	36.67301532
	2.996024889



As the dimensions of the bolt have changed the area of the bolt and thus the stiffness of the bolt will have changed. The new values can be seen in table 13.
With these new values the same calculations that were done for the modified rpm in part G can be done for the new bolt. The inertia force remains the same as the original bolt as the bolt has no effect on the inertia force. The force acting on the bolt has been reduced by 45%, this is because the stiffness of the bolt has been reduced by 45%. The new alternating load on the bolt is 2901.86 N, this is 148N less than the original bolt, this is because the K Cap over K Bolt ratio is 0.199 greater than the original bolt which therefore causes there to be slightly less alternating load. 
Since the area of the bolt has been reduced there is slightly more alternating stress and therefore the range of bolt stress has increased. The minimum bolt stress has increased from 891N/mm^2 to 1107.3 N/mm^2, this means that the maximum bolt stress has also increased from 968.79 N/mm^2 to 1156.42 N/mm^2. As both the minimum and maximum bolt stresses have increased, the mean bolt stress has increased. 
The new allowable range at 9000 rpm is 216.18 N/mm^2, this is 166.76 N/mm^2 greater than the original bolt, however, it is 54.3 N/mm^2 less than the old bolt design with the new material. This is because some of the material has been removed to reduce the mass of the bolt, which will make it slightly weaker. This can be seen with the new safety factor of 2.73, although less than the old bolt design with the new material, it is still well within a safe range to not break outside of normal use. 
Even if someone decided to uprate the turbocharger this new bolt design this bolt should be able to withstand a much greater power figure than the engine is currently producing since the safety factor is well above 1.
For further work this bolt could be optimised by trying to reduce the safety factor getting it closer to a value of 1. The new mass of the bolt and its impacts could be investigated, this could then be used to optimise the bolt. Finally impacts of adding an uprated turbocharger to increase the overall power of the engine and its impact on the bolt could be investigated.



[bookmark: _Toc32184204]Part H
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[bookmark: _Toc32184275]Figure 10 - New Bolt Design
Figure 10 shows a sketch of the new bolt design. If the bolt was to be made an accurate CAD model would need to be created as this could then be used to run Finite Element Analysis on to find the actual forces that will be acting on the bolt and conrod. This will also produce a visual representation of the forces. The UTS has been increased from the original bolt and the shank has been wasted, both have been done to improve the durability of the bolt.
[image: ]
[bookmark: _Toc32184276]Figure 11 – Old Bolt Design
Figure 11 shows the design of the original bolt as a comparison to the redesigned bolt.

[bookmark: _Toc32184205]Part 4
This part will investigate the crankshaft with the forces and stresses acting on it. The fatigue safety factor of the crank will be calculated to see if is able to withstand the forces and stresses acting on it.
[bookmark: _Toc32184230]Table 14 - Crankshaft Figures
	UTS Crankshaft
	750

	R (m)
	0.0407

	L (m)
	49.88

	L1 (mm)
	12.75

	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

	D1 
	43

	D2
	48



[bookmark: _Toc32184231]Table 15 - Masses used for Crankshaft
	Reciprocating Mass (kg)
	Rotational Mass (kg)

	0.445063333
	0.317256667



A new upwards inertia needs to be calculated using the values from the crank. From this the net force at the crankpin can be calculated by subtracting the peak gas force from the upwards inertia force. As with part 1 the bending moment then needs to be calculated as this can be used to calculate the bending stress. 
The shear stress can be calculated using the net force and inside diameter of the crank. 

[bookmark: _Toc32184216]Graph 8 - Shear Stress Crankshaft
From graph 8 it can be seen that the tensile and compressive shear stresses follow the same trends seen in graph 2, however with the crank the tensile stress is much greater than the compressive stress. 
[image: ]
[bookmark: _Toc32184277]Figure 12 - Peterson Stress Concentration Diagram Part 4


For the crank a new stress concentration needs to be calculate using the dimensions in table 16.
[bookmark: _Toc32184232]Table 16 - Dimensions for Stress Concentration for the Crankshaft
	r (mm)
	1.51

	d (mm)
	44.2

	t (mm)
	0.5

	t/r
	0.331125828

	H (mm)
	7.4

	2t/d
	0.022624434



As the values did not allow a stress concentration to be obtained from the graph, it had to be calculated using the formula. The results from these calculations can be seen in table 17.
[bookmark: _Toc32184233]Table 17 - Stress Concentrations for Crankshaft
	
	

	C1
	1.566374948

	C2
	-2.29185365

	C3
	3.462275538

	C4
	-1.73991192

	Kt
	1.516275124



Using the stress concentration, the endurance limit could be calculated. This ended up being 247.31. Using the calculated endurance limit the allowable range for the crankshaft can be calculated and used to find the fatigue safety factor of the crank.
The results can be seen in table 18.
[bookmark: _Toc32184234]Table 18 - Results for Crankshaft
	Mean
	Allowable Range
	Safety Factor

	36.87173
	470.3158813
	2.000583594



From these results it can be seen that the crank has a safety factor is great enough to withstand the normal forces that it will be experienced. As the safety factor is 2 some future work could be done to look at optimising the design.
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[bookmark: _Toc32184278]Figure 13 - Goodman Diagram Part 4

Figure 13 shows the Goodman diagram used to find the fatigue safety factor.















[bookmark: _Toc32184206]Conclusion
This assignment was to find out the fatigue safety factors of the gudgeon pin, three points on the conrod and the crankshaft. It would be expected that the safety factors are greater than 1 as these parts are used in the standard engine and would not be expected to break under normal conditions. This is what was found as all the parts did have a safety factor above.
Problems started to occur when the engine was modified. As the engine’s rpm was increased above standard values the safety factor of the bolts started to drop to unsafe levels. This is when the bolt had to be modified to not break under these new conditions. Changing the material to one with a greater UTS allowed the bolt to be more than strong enough to survive the modified engine under normal conditions. 
Once the new material was chosen and found to work to acceptable levels a redesign of the bolt could be considered to make it lighter and therefore perform better. To do this some material was removed from the shank of the bolt. This was done with a gradual radius going from the larger diameter to the smaller diameter as this would reduce the stress concentration occurring at these points. By removing some material from the shank, the new bolt was still able to perform well within a safety factor acceptable to use with the modified engine. 
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[bookmark: _Toc32184280]Figure 15 - Part 2 (A) Excel
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[bookmark: _Toc32184282]Figure 17 - Part 2 (C) Excel
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[bookmark: _Toc32184283]Figure 18 - Part 3 (a) Excel
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[bookmark: _Toc32184285]Figure 20 - Part 3 (C) Excel
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[bookmark: _Toc32184286]Figure 21 - Part 3 (D) Excel
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[bookmark: _Toc32184287]Figure 22 - Part 3 (E) Excel
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[bookmark: _Toc32184288]Figure 23 - Part 3 (F) Excel
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[bookmark: _Toc32184291]Figure 26 - Part 3 (G) Excel Modified Material and Wasted Shank
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[bookmark: _Toc32184292]Figure 27 - Part 4 Excel
Bending Stress

Maximum Bending Stress	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	282.48104254495269	353.28159779204282	402.4412119885755	438.62368243396509	457.92530322438756	469.52688233651111	476.97135238305623	479.50537411426734	464.69989299972463	469.12297708142273	486.3333225795115	492.58457770683549	482.9123099298763	Minimum Bending Stress	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	2.3495972085852315	0.23636359503182167	-1.1670738790748605	-4.6602556398997335	-11.398080771320265	-18.934492015698176	-28.658241964393657	-39.266806267066102	-51.470068743830424	-64.830424009680641	-79.959773948748463	-86.920807704241184	-97.509600113326002	RPM


Bending Stress (N/mm^2)




Shear Stress 

Shear Stress Maximum	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	70.06312242939714	87.590854265848748	99.763036336870044	108.69175955515296	113.38620328798982	116.15130977957463	117.85696419110866	118.3192426754625	114.48654269794912	115.37282070486195	119.37481437739795	120.81245552710126	118.24014685438979	Shear Stress Minimum	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	0.49094475441554181	-0.14082608212354297	-0.55820597510153125	-1.5458659624383337	-3.425689476916348	-5.5587051564403076	-8.3045100905345244	-11.318487369333685	-14.767553029699149	-18.552887906317178	-22.82496959168931	-24.77326232558093	-27.744277512269917	RPM


Shear Stress (N/mm^2)




Combined Stress

Combined Stress (Maximum)	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	315.3266622020887	394.33046844313634	449.18769215489442	489.53685170037261	511.00030109326616	523.85112416667278	532.0363963372231	534.71784761090908	518.04890154277211	522.80007522505377	541.77623229685889	548.65486768693916	537.70552200474901	Combined Stress (Minimum)	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	2.5465101708306719	-0.36768966626957911	-1.6150656586575816	-5.5925655047141696	-13.298783359336385	-21.95704442673199	-33.123320845967314	-45.324548533155479	-59.342147470701931	-74.698209322128037	-92.073244742330658	-100.05041187804208	-112.19225397937298	RPM


Combined Stress (N/mm^2)




Nominal Hoop Stress (A)

Maximum Nominal Hoop Stress (A)	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	155.27470285539644	194.4864561133553	221.68623930267145	241.96106537509189	253.35558404064392	260.68180069279828	265.96213771654277	268.75777897540127	262.05818967823382	266.1832093046383	277.89420789796259	282.28286931772993	277.9788180524763	Minimum Nominal Hoop Stress (A)	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)




Nominal Hoop Stress (B)

Maximum Nominal Hoop Stress (B)	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	189.13325924297621	236.58182282205414	269.52452821758703	293.81213748889655	306.8616579109289	314.7821890281362	319.95791932111672	321.88048001826542	312.18574972589016	315.43365439717911	327.31912909770034	331.65798087670504	324.72512546953163	Minimum Nominal Hoop Stress (B)	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	1.5102995065927691	2.3176541677533975E-2	-0.9629663415521964	-3.3828326416873025	-8.0333180683499634	-13.255563297979583	-19.989235709402738	-27.343777842116289	-35.80086097744141	-45.061416379343939	-55.538342544168117	-60.347081233492375	-67.666890615292374	RPM


Nominal Hoop Stress (N/mm^2)




Nominal Hoop Stress (C)

Minimum Nominal Hoop Stress (C)	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	0.37335752195806027	-0.22983151672382257	-0.62734083005519459	-1.5361496593041495	-3.2923472648255574	-5.2612538141758316	-7.8101388798752858	-10.615346921012682	-13.819896491136403	-17.340542195476875	-21.305410029774666	-23.102734387473202	-25.854526104095289	RPM


Nominal Hoop Stress (N/mm^2)





Alternating Load	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	6500	37.644940915056182	84.701117058876434	108.79387924451238	150.57976366022473	235.28088071910119	338.80446823550574	461.15052620943817	602.31905464089891	762.31005352988802	941.12352287640476	1138.7594626804491	1223.0841303301752	1355.217872942023	1590.4987536611243	RPM


Load (N)



Shear Stress Crankshaft

Compressive Shear Stress	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	7.6388173944017224	9.5018210397835414	10.815973625148185	11.764847200646379	12.204898256654902	12.411294306511131	12.497910816683421	12.438588917512487	11.854742258268217	11.792303708069049	12.147945731760847	12.267963214149862	11.915817599219215	Tensile Shear Stress	1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	RPM


Stress (N/mm^2)
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