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[bookmark: _Toc32496539]Introduction
The aim for this project is to use the standard Ford 1.6 eco-boost GDI turbo engine, previously used to calculate acceleration, forces and displacements of the piston and con-rod assembly. Previous data can be transferred initially to calculate stresses acting upon the gudgeon pin, conrod, bolt, cap and crankshaft.
The objective is to analyse the calculations recorded for the fatigue safety factors and provide a numerical guideline for the modified engines and their race duty cycles.


[bookmark: _Toc32496540]Masses and Dimensions
[bookmark: _Toc32496541]Constants relative to the forces and stresses acting on the gudgeon pin
Represented in the following;  Figure 1, are the masses of the conrod, gudgeon pin, and piston components which entail the overall mass of the components used to calculate the forces and stresses acted over in the heading; 5.1.1 and 5.1.2. These masses were taken from the previous assignment; Con-rod accelerations, forces, displacements. However, in this study the lengths of the conrod and gudgeon pin were recorded using a Vernier provided by the University, where it states the following measurements in columns K, L and M. In addition, some of these measurements were conducted on Solidworks after a CAD model was created of the conrod and gudgeon pin, in order to find the values for L1, represented in Figure 3 and L2, represented in Figure 4. Due to insufficient research material available for the gudgeon pin, two materials were used, tool steel and alloy steel, and an average of UTS was taken. The values for the UTS were recorded from (Bell, 2019) where an assumption was presumed as an average of the two UTS values giving a total of 699Mpa shown in column L, row 16, shown in Figure 1.
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[bookmark: _Ref32062127][bookmark: _Toc32496331]Figure 1: Constants table relative to the forces (N) and stresses (N/mm2) acting on the gudgeon pin


[bookmark: _Toc32496542]CAD model of the conrod and gudgeon pin, with values recorded for the constants table
[image: ]In the process of designing the CAD model of the conrod, Figure 2, represents the measurements recorded from the conrod and each aspect of the conrod needed in order to design in Solidworks. These measurements were a brief understanding to get the conrod extruded. However, when creating the CAD model more measurements were conducted but not recorded. The final design of the conrod is shown in Figure 34, were this includes the tapers recorded in MS Excel; Figure 1.


[bookmark: _Ref32064480][bookmark: _Toc32496332]Figure 2: Accurate measurements recorded for the conrod CAD model
Referring to Figure 3, in order to find L1, the gudgeon pin was mated in the assembly so the forces acting on point ‘A’, represented as the green circle to the edge of the gudgeon pin, which is represented as the length of the gudgeon pin sticking out. However, the net compressive force acting on the gudgeon pin is half of the length sticking out from point ‘A’, as recorded in the constants table, Figure 1.
[image: ]





[bookmark: _Ref32065513][bookmark: _Toc32496333]Figure 3: Length sticking out and the force acting on the gudgeon pin


Furthermore, referring to Figure 4, in order to find the distance from point ‘A’, represented as the green circle to the centre of mass of the gudgeon, the gudgeon pin was evaluated for the taper and the length the gudgeon pin was sticking out in order to find the centre of mass; this was presented in the mass properties entailed in Solidworks.
[image: ]





[bookmark: _Ref32065675][bookmark: _Toc32496334]Figure 4: Centre of Mass, L2, of the gudgeon pin
· [image: ]Top Taper – 12mm
· Middle Taper – 15.5mm
· Bottom of small end bearing – 17.81mm
· Bottom Taper – 19mm
Referring to Figure 5, the top of the conrod has a taper, as shown above, the measurements recorded with the Vernier and transposed into Solidworks. 
In addition, the value for the cross-sectional area was recorded from Solidworks represented in heading; 8.1, Figure 35.




[bookmark: _Ref32066253][bookmark: _Toc32496335]Figure 5: Side measurements recorded from the CAD model
[bookmark: _Toc32496543]Constants relative to the compressive and tensile forces at the three critical rod-sections
Figure 6 shows the stress concentrations calculated for each point in the three critical rod-sections in order to recall the allowable range for the fatigue safety factor results. 
[image: ]



[bookmark: _Ref32149624][bookmark: _Toc32496336]Figure 6: Constants relative to the three critical rod-sections
[image: ]In addition, the masses are calculated for the three critical rod-sections, where point ‘B’ and ‘C’, apply the reciprocating mass entailed in Equation 13. 
[bookmark: _Ref32152045][bookmark: _Toc32496337]Figure 7: Mass constants used for each point in the three critical rod-sections


[bookmark: _Toc32496544]CAD model of the cross-sectional areas calculated for each point in the three critical rod-sections
Applying the section property tool in Solidworks, the cross-sectional area can be located, shown in Figure 8. A value of 67.33mm2 is represented, however, the cross-sectional area has only applied for one side of the conrod. Due to only one side selected, the value can be multiplied by 2 to calculate the actual cross-sectional area.
[image: ]







[bookmark: _Ref32150910][bookmark: _Toc32496338]Figure 8: Cross-sectional area at point 'A'
Secondly, the cross-sectional area for point ‘B’ was located giving a value of 259.77mm2.
[image: ] 







[bookmark: _Toc32496339]Figure 9: Cross-sectional area at point 'B'

Finally, the last cross-sectional area located at point ‘C’, represents a value of 143.62mm2.
[image: ]






[bookmark: _Toc32496340]Figure 10: Cross-sectional area at point 'C'
All these values for the cross-sectional area can be found in the results table, Figure 23.


[bookmark: _Toc32496545]Constants relative to the standard conrod; bolt and cap
Represented in the following;  Figure 11, are the measurements carried out with a Vernier in the University where a CAD model was created using Solidworks, shown in Figure 13. Referring to the UTS of the bolt, a value of 1100 Mpa was conducted, where shown on the top of the conrod bolt states the UTS.
In addition, these values for the Young’s modulus were assumed from the materials data table (Cambridge University Engineering Department , 2003), where the bolts material relates to the value for a ‘mild’ stainless steel, however the rod-cap is applied as AISI 4130 low ‘alloy’ steel. 
Furthermore, values assumed such as mthread and mhead coef, also the stress concentration at thread root, according to (Mcdonald, 2020).
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[bookmark: _Ref32228538][bookmark: _Toc32496341]Figure 11: Constants table relative to the conrod bolt and cap


[bookmark: _Toc32496546]CAD model of the standard conrod bolt
Figure 12, shows the bolts sitting in place on the conrod, and Figure 13, of the entire bolt design; these were modelled using the measurements carried out in the University using the Vernier, where they could be applied in Solidworks to find the constant values above in Figure 11.
[image: ]





[bookmark: _Ref32229507][bookmark: _Toc32496342]Figure 12: Standard 1.6 GDI Ford eco-boost conrod bolts
[image: ]










[bookmark: _Ref32229700][bookmark: _Toc32496343]Figure 13: Standard 1.6 GDI Ford eco-boost conrod bolt design

[bookmark: _Toc32496547]Constants relative to the modified bolt
Figure 14 shows the measurements created for the modified bolt, where the shank diameter is reduced to ‘6mm’; however, using the same design and concept as the standard bolt. In order to calculate the new fatigue safety factor at each rpm the bolt stiffness has changed. Figure 14 shows three different areas and lengths for the bolt, which will equate as the total bolt stiffness (K) and a new UTS of 1516.8466, which represents the new material, ARP2000 (ARP automotive racing products, 2020).
The length stated in ‘L2’ does not include the length of the chamfers, however, for further work they could be applied for a more accurate result.
[image: ]




[bookmark: _Ref32332875][bookmark: _Toc32496344]Figure 14: Constants table relative to the modified conrod bolt


[bookmark: _Toc32496548]Constants relative to the Ford 1.6 GDI crankshaft
Referring to Figure 15, these measurements of the crankshaft were recorded using a Vernier for the most accurate results. The crankshaft ultimate tensile strength  (UTS) was recorded from a website (Matmatch, 2020), which states the value of the crankshaft to be ‘620 Mpa’ acting as a medium carbon steel; AISI1040, applicated to: crankshafts, railway tracks, train wheels, gears and machinery parts because of their high strength, resistance to wear and toughness (Matmatch, 2020).
[image: ]






[bookmark: _Ref32391179][bookmark: _Toc32496345]Figure 15: Constants table relative to the Ford 1.6 GDI crankshaft


[bookmark: _Toc32496549]Calculations and Results
[bookmark: _Toc32496550]Results of forces and stresses acting on the gudgeon pin
[bookmark: _Ref32058927][bookmark: _Ref32062306][bookmark: _Toc32496551]Methodology of the forces and stresses acting on the gudgeon pin
Referring to the previous data, such as cylinder pressures, masses and dimensions obtained on the Ford 1.6 eco-boost GDI turbo engine, the gas forces need to be recalculated in order to find the force acting upon the gudgeon pin. This is acquired by using the previous equation for inertia force, however, removing the mass of the gudgeon pin, shown in Equation 1.
 
[bookmark: _Ref31966180][bookmark: _Toc32496376]Equation 1: Inertia force without the mass of the gudgeon pin (N)
Equation 1, represents previous data calculated, such as the first and second order piston acceleration. This equation will only apply to the top third of the conrod, this is where the gudgeon pin actuates in the small end bearing. 
In order to find the maximum net compressive and tensile force on the gudgeon pin, refer to the previous data obtained in the previous study, where the gas force is acquired to find the updated net force using the following equation, Equation 2. 
 
[bookmark: _Ref31970075][bookmark: _Toc32496377]Equation 2: Net force without the mass of the gudgeon pin (N)
Furthermore, following Equation 2, the maximum compressive force is applied in 5700 rpm, however, the maximum tensile force is attained in 6000 rpm. This means, at point ‘A’, at 5700 rpm the compressive force will be in tension, this force acts at point ‘A’, which is applied on the corner edge on the top plane where the gas force is fired on the piston acting in the same direction; however, the tensile force will be applied as compression, where the force acting at point ‘B’ will be applied to the opposing direction on the bottom plane of the gudgeon pin, when gas force is acting on the piston. 


As a result, the bending moment on the gudgeon pin will increase as rpm increments; this is because the greater the gas force applied to the gudgeon pin, the more the gudgeon pin will bend. In addition, using Equation 3, the bending moment can be calculated for the tension acting at point ‘A’ using the maximum compressive force.
 
[bookmark: _Ref31972594][bookmark: _Toc32496378]Equation 3: Bending moment acting on the gudgeon pin (N/mm)
Furthermore, represented in Equation 3, the inertia force of the gudgeon pin is calculated from the following, Equation 4.

[bookmark: _Ref31979681][bookmark: _Toc32496379]Equation 4: Inertia force of the gudgeon pin (N)
However, the mass of the gudgeon pin can be calculated from the following, Equation 5.
 
[bookmark: _Ref31979925][bookmark: _Toc32496380]Equation 5: Mass of the gudgeon pin sticking out (kg)
A CAD model was applied to calculate measurements of the Ford 1.6 eco-boost GDI conrod and gudgeon pin, where referring to Equation 3, it states the midpoint length of the gudgeon pin; this represents the distance from point ‘A’ where the force acts upon the gudgeon pin to the centre of the piston pin bore. In addition, the centre of mass was calculated in Solidworks, where the gudgeon pin was recreated when all the components of the conrod was mated together, allowing a section of the conrod to be applied to the mass properties giving the distance of centre of gravity from the edge of the conrod. 

[bookmark: _GoBack]
Furthermore, after calculating the bending moment for the maximum compressive and tensile forces, the bending stress acting upon each point of the gudgeon pin can be calculated using the following; Equation 6.

[bookmark: _Ref31978430][bookmark: _Toc32496381]Equation 6: Bending Stress (N/mm2)
In addition, to calculate the shear stress which acts at each point of the gudgeon pin using compressive and tensile forces, using the following, Equation 7.

[bookmark: _Ref31978962][bookmark: _Toc32496382]Equation 7: Shear Stress (N/mm2)
Moreover, using Equation 6, in order to calculate the bending stress and Equation 7, to work out the shear stress, the combined overall stress between the two stresses can be calculated using the following, Equation 8.

[bookmark: _Ref32056332][bookmark: _Toc32496383]Equation 8: Combined Stress (N/mm2)
As a result, the combined stress for compressive and tensile forces have been calculated; this can be represented now as the mean stress using the following, Equation 9. 

[bookmark: _Ref32056935][bookmark: _Toc32496384]Equation 9: Mean Stress (N/mm2)
Also, the range of stress can be applied from the combined compressive and tensile stress using the following, Equation 10.

[bookmark: _Ref32067229][bookmark: _Toc32496385]Equation 10: Range of combined compressive and tensile stress (N/mm2)
Furthermore, the allowable range can be applied using the mean stress calculated using, Equation 9, using the following, Equation 11.

[bookmark: _Ref32057324][bookmark: _Toc32496386]Equation 11: Allowable Range (N/mm2)
However, referring to Equation 11, the UTS of the gudgeon pin was unknown as study refers to their material as either Tool steel or Alloy steel, so an assumption presumed of the average UTS between the two materials shown in the properties table in the heading, 8.2, Figure 37. In addition, shown in constants table; Figure 1.
Furthermore, knowing the values for the range of stress and the allowable stress, the fatigue safety factor can be evaluated using the following, Equation 12.

[bookmark: _Ref32067260][bookmark: _Toc32496387]Equation 12: Fatigue Safety Factor



[bookmark: _Ref32062311][bookmark: _Toc32496552]Results of the forces and stresses acting down on the gudgeon pin
Using the methodology provided in the heading 5.1.1, in order to find the maximum compressive and tensile forces for each rpm the following equations were used: Equation 1 and Equation 2, represented in Figure 38 and Figure 39. These equations were conducted for each rpm, where 5700 rpm proved the greater compressive force acting upon the gudgeon pin and at 6000 rpm the greater tensile force acting upon the gudgeon pin represented in Figure 16 . 
[image: ]




[bookmark: _Ref32059734][bookmark: _Toc32496346]Figure 16: Peak compressive and tensile forces (N) acting on the gudgeon pin 
Compressive force results at point ‘A’ acting in tension
Furthermore, the stresses carried out for the maximum compressive force as follows; represented in Figure 17 recorded from 5700 rpm.
[image: ]

[bookmark: _Ref32060197][bookmark: _Toc32496347]Figure 17: Maximum compressive force (N) representing the stresses (N/mm2) acting on the gudgeon pin
Tensile force results at point ‘A’ acting in compression
In addition, the stresses carried out for the maximum tensile force as follows; represented in Figure 18 recorded from 6000 rpm.
[image: ]

[bookmark: _Ref32060814][bookmark: _Toc32496348]Figure 18: Maximum tensile force (N) representing the stresses (N/mm2) acting on the gudgeon pin
Goodman diagram representing the mean stress acting on the gudgeon pin
Represented below, Figure 19, is the Goodman diagram for the gudgeon pin where the average UTS of the two materials; alloy steel and tool steel were assumed at a value of ‘699’. In addition, the Goodman diagram’s states to keep within the endurance limi where the endurance limit is a precise stress level for a material, where stress cycles under a specific amplitude and mean will not accumulate fatigue damage, (Siemens, 2019), and can last forever. The mean stress is applied at point ‘XY’, which allows a value for the allowable range to be calculated shown in, Figure 20, using Equation 11.
[image: ]







[bookmark: _Ref32139645][bookmark: _Toc32496349]Figure 19: Goodman diagram of the mean stress (N/mm2) acting on the gudgeon pin


Mean and range of stresses for the gudgeon pin
Furthermore, the results calculated referred to the compressive and tensile forces combined the mean and range of stresses can be calculated, allowing the result of the fatigue safety factor which acts on the gudgeon pin, as represented in Figure 20.
[image: ]

[bookmark: _Ref32068042][bookmark: _Toc32496350]Figure 20: Mean and range of stresses for the gudgeon pin (N/mm2)
Referring to Figure 20, the fatigue safety factor, ‘FSF’, is represented at a value of 1.56(2dp), which represents that the gudgeon pin will last forever under the maximum compressive force acting upon at 5700rpm and tensile force at 6000rpm reaching over the material, steels fatigue of 107 cycles. At 5700rpm, the gudgeon pin will complete 47.5 complete cycles/sec and the number of hours, ‘N’ to get 107 cycles is equal to 58 hours. In addition, at 6000rpm, the gudgeon pin will complete 50 complete cycles/sec and the number of hours, ‘N’ to get 107 cycles is equal to 55 hours.


[bookmark: _Toc32496553]Results of the forces and stresses acting up around TDC on the gudgeon pin
Referring to the fatigue safety factor recorded for the compressive and tensile forces acting at 5700 rpm and 6000 rpm, the same process following the same equations used in the heading; 5.1.1, were calculated for compressive and tensile forces acting around TDC exhaust where at 7000 rpm produced the maximum compressive force and 9000 rpm which produced the maximum tensile force.
In addition, the compressive force was calculated taking the polynomial equation recorded from the polytropic trendline for peak gas forces across each rpm shown in the Appendix; 8.2, Figure 40. Moreover, the piston acceleration was calculated in respect to each rpm referring to their angular velocity, in order to find the inertia force using Equation 1. Finally, referring to the maximum compressive force acting around TDC exhaust on the gudgeon pin; 7000 and 9000 rpm, take the inertia force (N) away from the peak gas force (N). However, the values for tensile forces were taken from an equation represented in the polytropic trendline shown in the Appendix; 8.2, Figure 41, where this formulas was applied to each rpm incrementing each thousand.
Referring to Figure 21, when increasing the rpm of the engine, the fatigue safety factor of the gudgeon pin slightly decreases under the forces and stresses applied compared to Figure 20. However, the standard 1.6 gudgeon pin can apply the higher loads and stresses acting tensile without breaking according to the assumptions made for the higher forces and piston accelerations using the polytropic trendline. 
[image: ]







[bookmark: _Ref32330425][bookmark: _Toc32496351]Figure 21: Maximum compressive and tensile force (N) and stresses (N/mm2) acting on the gudgeon pin around TDC exhaust


[bookmark: _Toc32496554]Results of forces and stresses acting on the three critical rod-sections
[bookmark: _Ref32155935][bookmark: _Toc32496555]Methodology of the forces and stresses acting on the three critical rod-sections
Firstly, calculate the mass for each critical rod-sections in the diagram, Figure 42, where, point ‘A’ the mass is 1/3 of the conrod plus the mass of the gudgeon pin, point ‘B’, is represented in Equation 13 and point ‘C’, is represented in Equation 14.

[bookmark: _Ref32143840][bookmark: _Toc32496388]Equation 13: Reciprocating Mass (kg)

[bookmark: _Ref32144790][bookmark: _Toc32496389]Equation 14: Mass of lower conrod (kg)
In addition, using these masses, shown in the constants table, Figure 7, the inertia force for each point presented in the three critical rod-sections can be calculated using the following, Equation 15. Where the maximum compressive force applies in 5700rpm and the maximum tensile force applies in 6000rpm, hence the piston acceleration value changing for compressive and tensile. 

[bookmark: _Ref32152746][bookmark: _Toc32496390]Equation 15: Inertia force for each point acting on the three critical rod-sections (N)
Furthermore, the net force is applied in order to find the maximum compressive and tensile forces, using Equation 16.

[bookmark: _Ref32153894][bookmark: _Toc32496391]Equation 16: Net Force (N)
These equations for inertia force and net force are represented in the heading 8.3.1; Figure 43, Figure 44 and Figure 45.


Furthermore, calculating the stresses and fatigue safety factors at each point according to the diagram, Figure 42, using the following equations;

[bookmark: _Toc32496392]Equation 17: Maximum nominal stress (N/mm2)

[bookmark: _Toc32496393]Equation 18: Minimum nominal stress (N/mm2)

[bookmark: _Toc32496394]Equation 19: Mean nominal stress (N/mm2)

[bookmark: _Toc32496395]Equation 20: Range of nominal stress (N/mm2)
The allowable range and fatigue safety can be applied using Equation 11 and Equation 12, in order to find at each point of the rod-sections.


Stress concentration literature review
A change in the geometric form of a component gives an increase to further stress over and above the calculated stress which is known as stress concentration. Within the component, the internal stress gets redistributed from miniscule to greater values at the region where the cross-sectional area changes. For example, in the diagram represented of the three critical rod-sections represented in Figure 42, at point ‘A’, the redistribution arises at the area of the fillet radius combining the two geometric shapes. If a greater fillet radius is provided amongst the two segments, the cross-sectional area is altered more steadily, then the internal stresses gets adequate space to get redistributed evenly.  However, if the fillet radius is minuscule, the change in form is more sudden, then the internal stresses do not get adequate space to get redistributed evenly (Sengupta , 2019).
[bookmark: _Ref32168609][image: ]The values of stress concentrations were taken from the radius at each point acting on the three critical rod-sections; ‘A’ = 10mm, ‘B’ = 25mm and ‘C’ = 8.5mm, as shown in Figure 22; the radius’ are then divided by ‘d’, which is a value for the cross sectional areas recorded in the results table, Figure 23. This gives a value for r/d, which allows the aspect line to reach the curve ‘D/d’, which is applied using the larger distance across that cross sectional area divided by the smallest distance. In this instance, the constants carried out for the three critical rod-sections are as stated in Figure 22.
[bookmark: _Ref32225555][bookmark: _Toc32496352]Figure 22: Stress concentration at each point acting on the three critical rod-sections
The values for stress concentration ‘Kt’, were constructed from the Bosch automotive handbook (Bosch, 1978; Pilkey, 1997).
According to (Sengupta , 2019), the value of the stress concentration ‘Kt’ differs from 1 to about 3 in most senarios. When ‘Kt’ = 1, this means there is no stress concentration, that is, considered the value of stress = actual value of stress. When ‘Kt’ = 3, the genuine stress is three times the intended value.
[bookmark: _Toc32496556]Results of the forces and stresses acting on the three critical rod-sections
Using the equations, provided in the heading; 5.2.1, the following results can be calculated as shown in Figure 23. 
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[bookmark: _Ref32156015][bookmark: _Toc32496353]Figure 23: Results of the forces (N) and stresses (N/mm2) acting on the three critical rod-sections
As previously stated above, in Figure 22, the stress concentrations were applied at each sector, which affected the final endurance limit values shown in Figure 6. These stress concentrations varied the value for the fatigue safety factor (FSF), where at point ‘A’ and ‘B’, the stress concentration was carried from the Figure A-15-5, recorded from (Bosch, 1978), where it states the rectangular filleted bar is in tension or simple compression. However, at point ‘C’, Figure A-15-6, was recorded from (Bosch, 1978), as at point ‘C’ the rectangular filleted bar was in bending.

Goodman diagrams representing each point in the three critical rod-sections
Referring to Figure 24, represents a Goodman diagram of the mean stress acting at point ‘A’ on the three critical rod-sections shown in Figure 42.
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[bookmark: _Ref32158115][bookmark: _Toc32496354]Figure 24: Goodman diagram representing point 'A' (N/mm2) in the three critical rod-sections 
Furthermore, Figure 25, represents the mean stress acting at point ‘B’ against the UTS and endurance limits.
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[bookmark: _Ref32158370][bookmark: _Toc32496355]Figure 25: Goodman diagram representing point 'B' (N/mm2) in the three critical rod-sections

Finally, Figure 26 represents the mean stress acting at point ‘C’ against the UTS and endurance limits.
[image: ]






[bookmark: _Ref32169433][bookmark: _Toc32496356]Figure 26: Goodman diagram representing point 'C' (N/mm2) in the three critical rod-sections


[bookmark: _Toc32496557]Results of forces, torques and stresses acting on the standard Ford 1.6 GDI eco-boost bolt
[bookmark: _Ref32241543][bookmark: _Toc32496558]Methodology of the forces, torques and stresses acting on the standard Ford 1.6 GDI eco-boost bolt
Firstly, in order to find the stiffness ratio of the bolt and cap combined, find the cross-sectional area for each bolt and cap interface and Youngs modulus, apply these constants into Equation 21. This will determine the approximate ratio of the bolt stiffness (KB) to the cap-rod stiffness (KRod).

[bookmark: _Ref32233924][bookmark: _Toc32496396]Equation 21: Approximated Stiffness Ratio
Secondly, in order to find the stiffness of the standard bolt (KB), use Equation 22. 

[bookmark: _Ref32234420][bookmark: _Toc32496397]Equation 22: Standard bolt stiffness (N/mm2)
In addition, following the same route, find the cap interface stiffness (KRod), using Equation 23.

[bookmark: _Ref32234667][bookmark: _Toc32496398]Equation 23: Standard cap stiffness (N/mm2)
Using the following equations, Equation 22 and Equation 23, the actual stiffness ratio can be calculated using Equation 24.

[bookmark: _Ref32235674][bookmark: _Toc32496399]Equation 24: Actual Stiffness ratio


Moreover, to find the highest inertia force acting on the standard bolt, use Equation 25.

[bookmark: _Ref32235667][bookmark: _Toc32496400]Equation 25: Highest inertia force acting on the standard bolt (N)
Referring to Equation 25, this will entail the final value for the extra force on the bolt, where three variations of equations can be used to validate the result of the extra force on the bolt. 

[bookmark: _Toc32496401]Equation 26: Extra force on the standard bolt variant 1 (N)

[bookmark: _Toc32496402]Equation 27: Extra force on the standard bolt variant 2 (N)

[bookmark: _Toc32496403]Equation 28: Additional bolt stretch (mm)

[bookmark: _Toc32496404]Equation 29: Extra force on the standard bolt variant 3 (N)


In addition, finding the extra force acting upon the standard bolt using the equations above, means the extra nominal stress at root thread can be calculated using Equation 30. 

[bookmark: _Ref32238910][bookmark: _Toc32496405]Equation 30: Extra nominal stress at root thread (N/mm2)
Furthermore, from the static bolt force when tightened to 90% yield, the required tightening torque needs to be calculated. Firstly, calculate the clamping force when built using Equation 32.

[bookmark: _Toc32496406]Equation 31: Tightening to 90% Yield (N/mm2)

[bookmark: _Ref32238897][bookmark: _Toc32496407]Equation 32: Clamping force when built (N)
There are two areas of friction applied when calculating the required bolt tightening torque; one coefficient of friction acting on the 2nd engaged thread with a value of ‘0.18’ and friction between the head with a value of ‘0.12’, both represented in the constants table, Figure 11 and apply both frictional areas to the clamping force as shown below;

[bookmark: _Ref32240228][bookmark: _Ref32240225][bookmark: _Toc32496408]Equation 33: Circumferential friction force acting on 2nd engaged thread (N)

[bookmark: _Toc32496409]Equation 34: Circumferential friction force acting on the head (N)


Using the equations above to find the circumferential friction force, this can be applied to finding the resisting torque at threads taking Equation 33, and applying it to Equation 35. 

[bookmark: _Ref32240475][bookmark: _Toc32496410]Equation 35: Resisting torque at threads (N/mm)
In addition, using the circumferential force acting on the head, the torque needed to overcome head friction can be applied using Equation 36.

[bookmark: _Ref32241043][bookmark: _Toc32496411]Equation 36: Torque needed to overcome head friction (N/mm)
This means, the total torque acquired when tightened can be calculated using Equation 37.

[bookmark: _Ref32241123][bookmark: _Toc32496412]Equation 37: Total torque needed when tightened (N/mm)
Furthermore, the range of stress is equivalent to the extra nominal stress at thread root shown in Equation 30, this value can be equated as the range of stress. In order to find sigma max (σmax), the value of the minimum can be applied as 90% of the tightened yield strength as shown in Equation 38.

[bookmark: _Ref32310487][bookmark: _Toc32496413]Equation 38: Sigma minimum (σMin), of 90% yield (N/mm2)
This result can be applied to find sigma max (σmax) using Equation 39.

[bookmark: _Ref32310500][bookmark: _Toc32496414]Equation 39: Sigma maximum(σMax), of 90% yield (N/mm2)
In addition, the mean stress can be calculated by applying the minimum and maximum values for sigma (σ), using 

[bookmark: _Toc32496415]Equation 40: Mean stress (N/mm2)
Furthermore, in order to find the final endurance limit, calculate the polished endurance limit which represents 45% of the rod-bolt UTS, which is applied to Equation 41.

[bookmark: _Ref32311874][bookmark: _Toc32496416]Equation 41: Final endurance limit (Mpa)
Finally, taking into account the final endurance limit, the allowable range can be calculated using Equation 11, in order to find the fatigue safety factor for the bolt using Equation 12.
 


[bookmark: _Toc32496559]Literature review on conrod bolts
Furthermore, there are two tightening methods on how the preload is generated; such as, rotational tightening which is torque, angle and yield controlled; where the tensioner is rotated to directly produce the preload and Tensioning, where the bolt is stretched without rotating the tensioner (Nord-Lock Group, 2014). In this case, Figure 27, the study results in rotational tightening where the bolt is tightened to 90% yield. A conrod bolt is torque tightened, torque gradient, angle rotating, stretch measurement and various other methods. The torque process is commonly used due to its ease and convenience (Misumi, 2020). According to research findings; various references such as, ((Norbar, 2020); (Gedore, 2020)), state the load will be 90% of the bolt yield strength and a coefficient of 0.14. However, in the results table the coefficient of friction used at the threads was 0.18 (Mcdonald, 2020). 
According to, (Boltscience, 2018), when the rod-bolt is tightened the shank tolerates a direct stress because of the elongation strain, along with a torsional stress because of the torque that acts upon the threads. A majority of bolt tightening torque tables ignore the torsional stress and assume the threads impact a direct stress of some percentage of bolt yield stress, such as 75%. With high frictional conditions, the magnitude of torsional stress depends when combined with direct and an equivalent stress over a yield, leading to failure. A more accurate representation to determine the magnitude of direct stress, when shared with torsional, will equal the stress of some percentage of yield. This percentage is commonly applied at 90%.
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[bookmark: _Ref32401811][bookmark: _Toc32496560]Results of the forces, torques and stresses acting on the standard Ford 1.6 GDI eco-boost bolt
As previously stated in the heading; 5.3.1, the methodology studies each aspect shown in the results table below; Figure 27. 
This study looks at the forces, torques and stresses acting on the standard 1.6 bolt and cap at 6000rpm, where the bolt is being stretched and the cap is being compressed. 
[bookmark: _Ref32241709][image: ]






[bookmark: _Ref32331187][bookmark: _Toc32496357]Figure 27: Results of the forces (N), torques (N/mm) and stresses (N/mm2) acting on the standard Ford 1.6 GDI conrod bolts @6000rpm

Using the previous equations in the heading; 5.3.1, Figure 28 shows the fatigue safety factor of the standard bolt acting at 9000rpm.
[image: ]



[bookmark: _Ref32313257][bookmark: _Toc32496358]Figure 28: Results of the forces (N), torques (N/mm) and stresses (N/mm2) acting on the standard Ford 1.6 GDI conrod bolts @9000rpm
Comparing the fatigue safety factors at the two rpms chosen; 6000rpm and 9000rpm, Figure 27 shows the standard 1.6 bolt is within the fatigue safety factor allowing the bolt to act under the force and stresses applied. However, Figure 28 shows when the rpm increases; the inertia force, extra force acting on the bolt and extra nominal stress at root of thread significantly increases which applies a lower allowable range the bolt can apply; this causes the bolt to fail at 9000 rpm with a fatigue safety factor of ‘0.77’ causing the bolt to break. This is where a modified bolt design has been redesigned shown in Figure 29, where the shank diameter has been reduced in order to reduce bolt stiffness which will reduce the extra force in the threads. In addition, a new material has been applied to the modified bolt; this will enlarge the bolts ultimate tensile strength, for the bolt not to break under high loads at higher rpms.
The new material applied is an alloy steel ‘ARP2000’ which can be carefully heat treated to an advanced level, which can produce a greater strength material than the standard 1.6 bolt. ARP2000 is commonly used in short track and drag racing as an upgrade from standard bolts, so theoretically these bolts should not break under high rpms (ARP automotive racing products, 2020). 


CAD model of the modified conrod bolt
Figure 29 represents the modified CAD model compared to the standard 1.6 GDI Ford eco-boost conrod bolt. As shown in Figure 29, the rod has a reduced diameter shank and full engagement for the remaining threads. The reason for this design comes from (ARP, Automotive racing products, 2011), where the reduced diameter shank is helpful in an alternative way. It decreases the bending stiffness of the rod-bolt. Hence, when the rod-bolt bends because of deformation in the conrod, the bending stresses are condensed below compared to the stresses acting before. In addition, this additionally increases the fatigue resistance of the rod-bolt (ARP, Automotive racing products, 2011). 
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[bookmark: _Ref32243452][bookmark: _Toc32496359]Figure 29: Modified 1.6 GDI Ford eco-boost conrod bolt design



Methodology used in order to calculate the new total bolt stiffness (K)
In order to calculate the new areas for each section of the new bolt design, use Equation 42.

[bookmark: _Ref32333579][bookmark: _Toc32496417]Equation 42: Area for each section of the new bolt (mm2)
In addition, to calculate the stiffness at each section of the bolt, which represents as K1, K2 and K3, use Equation 43.

[bookmark: _Ref32333824][bookmark: _Toc32496418]Equation 43: Stiffness at a certain section on the bolt (N/mm2)
Finally, in order to calculate the total stiffness of the bolt after working out each stiffness at each section of the bolt, use Equation 44. 

[bookmark: _Ref32333952][bookmark: _Toc32496419]Equation 44: Total bolt stiffness (K)



[bookmark: _Ref32401813][bookmark: _Toc32496561]Results of the forces, torques and stresses acting on the modified bolt
As previously stated, a new rod-bolt was designed for the Ford 1.6 eco-boost GDI to improve the fatigue safety factor at higher rpms compared to the standard rod-bolt. Figure 30 shows the modified bolt has a significant improvement acting at 6000 and 9000 rpm, where a fatigue safety factor of ‘1.8’ is represented at 9000rpm, which implies the bolt is strong enough under higher inertia loads and stress.
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[bookmark: _Ref32332666][bookmark: _Toc32496360]Figure 30: Results of the forces (N), torques (N/mm) and stresses (N/mm2) acting on the modified bolt
[bookmark: _Toc32496562]Results of forces and stresses acting on the crankshaft
[bookmark: _Ref32482196][bookmark: _Toc32496563]Methodology of the forces and stresses acting on the crankshaft
Firstly, calculate the inertia force acting upon the crankshaft, however, because of a rotational angular velocity; this equation will apply to Equation 25 previously applied for calculating the fatigue safety factor in heading; 5.3.3 and 5.3.4. 
Furthermore, the net force is applied in order to find the maximum compressive forces, using Equation 16.
Once the maximum compressive force has been calculated, the horizontal projected bearing area can be considered using 

[bookmark: _Toc32496420]Equation 45: Horizontal projected bearing area (mm2)
Following this, as the values for the maximum compressive force and horizontal project bearing area are known, these can be used to find the nominal bearing pressure, using 

[bookmark: _Toc32496421]Equation 46: Nominal bearing pressure (N/mm2)
In order to calculate the stresses acting on the crankshaft, the second moment of area needs to be known, using Equation 47; this can be achieved.

[bookmark: _Ref32409557][bookmark: _Toc32496422]Equation 47: Second moment of area (mm4)
In addition, the bending moment and stresses can be calculated for point ‘A’ and ‘B’ on the crankshaft. Firstly, looking at the bending moment;

[bookmark: _Toc32496423]Equation 48: Bending moment at point 'A' on the crankshaft (N/mm)




[bookmark: _Toc32496424]Equation 49: Bending moment at point 'B' on the crankshaft (N/mm)
These equations used the maximum compressive force which correlates back to the inertia force and net force at 6000 rpm.
Moreover, the second moment of area is known, along with the bending moment just calculated, the bending stresses at each point can be calculated using Equation 50.

[bookmark: _Ref32410300][bookmark: _Toc32496425]Equation 50: Bending Stress (N/mm2)
Furthermore, the shear stress can be considered at point ‘B’, which is acting in tension acting on the critical fillet section using Equation 51.

[bookmark: _Ref32411029][bookmark: _Toc32496426]Equation 51: Shear stress acting on the critical fillet section (N/mm2)
In order to calculate the maximum and minimum resultant stress acting on the critical fillet section at point ‘B’ at TDC exhaust. The upwards inertia force on the crankpin needs to be known, where Equation 52 shows;

[bookmark: _Ref32412625][bookmark: _Toc32496427]Equation 52: Upwards inertia force acting on the crankpin (N)


Considering the upwards inertia force along with the bending and shear stress acting on the critical fillet section, point ‘B’, the maximum and minimum resultant stress can be considered at point ‘B’, where;

[bookmark: _Toc32496428]Equation 53: Maximum resultant stress @B (N/mm2)

[bookmark: _Toc32496429]Equation 54: Minimum resultant stress @B (N/mm2)
Finally, the final procedures to find the fatigue safety factor, consider the range and mean stress using the following;

[bookmark: _Toc32496430]Equation 55: Range of stress @B (N/mm2)

[bookmark: _Toc32496431]Equation 56: Mean stress @B (N/mm2)
In addition, the allowable range acting at point ‘B’ shown in Equation 11, where the fatigue safety factor can be considered using Equation 12.


[bookmark: _Toc32496564]Literature review on crankshaft
During the process of the crankshaft throw, the primary stresses and deformations defines from the gas pressure and inertial forces as represented in Figure 31, (Bosch, 1978).
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[bookmark: _Ref32421597][bookmark: _Toc32496361]Figure 31:Gas pressure and inertial forces acting on the crankshaft (N), (Bosch, 1978)
During the material and manufacturing processes, stress and load factors are primary considerations during selection. High stressed crankshafts are commonly drop forged, however, in smaller stressed engines, cast crankshafts, unite two main advantages; such as lower weight and less expensive, which are predominately becoming popular within the manufactures (Bosch, 1978). There are two types of loads applied on a crankshaft, these being; bending force and a twisting force. Referring to the results shown below, Figure 32, the calculations are for the bending moments and stress acting on the crankshaft. These results can represent the bending fatigue failures from the bending of the crankshaft which takes place over once per revolution (General Motors Corp, 1972).
[bookmark: _Toc32496565]Results of the forces and stresses acting on the crankshaft
Using the equations previously stated in the heading; 5.4.1, the results are as shown in Figure 32. Furthermore, the results show a greater upwards inertia force on the crankpin compared to half the maximum compressive force; this could be down to an error in the methodology. However, looking further into the results at point ‘B’ in the critical fillet selection, shows a greater bending moment and stress value than point ‘A’, where this implies a greater amount of tension on the crankshaft. In addition, the crankshaft is capable of handling the forces and stresses giving a value for its fatigue safety factor of ‘2.01’, which evaluates to double the expected. 
[image: ]








[bookmark: _Ref32482428][bookmark: _Toc32496362]Figure 32: Results of the forces (N) and stresses (N/mm2) acting on the crankshaft



Goodman diagrams representing the critical fillet section at point ‘B’ on the crankshaft
Referring to Figure 33, represents a Goodman diagram of the mean stress acting at point ‘B’ on the critical fillet sections acting on the crankshaft.
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[bookmark: _Ref32496004][bookmark: _Toc32496363]Figure 33: Goodman diagram representing point 'B' (N/mm2) on the critical fillet-section on the crankshaft
[bookmark: _Toc32496566]Conclusion
To conclude, during this study of calculating the working safety factors for infinite fatigue life for the duty cycle of the standard Ford 1.6 GDI eco-boost engine includes the piston, conrod and crankshaft assemblies, shows if the engine was to increase their rpm, Ford would need to produce a new conrod and rod bolts in order to apply the higher loads and stresses which act from the engine. However, the piston and crankshaft proved to seem reliable if given forces and stresses were to act on the components proofing a beneficial working safety factor.
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[bookmark: _Ref32067195][bookmark: _Toc32496569]CAD model of the conrod and gudgeon pin with values recorded
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[bookmark: _Ref32064707][bookmark: _Toc32496364]Figure 34: CAD model of the conrod
[image: ]




[bookmark: _Ref32067200][bookmark: _Toc32496365]Figure 35: Cross-sectional Area of the CAD model gudgeon pin (mm2)

[bookmark: _Ref32058324][bookmark: _Toc32496570]Forces and stresses acting on the gudgeon pin









[bookmark: _Toc32496366]Figure 36: Inertia force without the mass of the gudgeon pin (N) vs Crank angle (°)
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[bookmark: _Ref32058289][bookmark: _Toc32496367]Figure 37: Properties of steel grades (Bell, 2019)
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[bookmark: _Ref32059626][bookmark: _Toc32496368]Figure 38: Variable entities acting on the gudgeon pin at 5700rpm
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[bookmark: _Ref32059627][bookmark: _Toc32496369]Figure 39: Variable entities acting on the gudgeon pin at 6000rpm












[bookmark: _Ref32326368][bookmark: _Toc32496370]Figure 40: Polytropic equation used for peak gas forces acting on the gudgeon pin (N)









[bookmark: _Ref32326370][bookmark: _Toc32496371]Figure 41: Polytropic equation used for tensile force acting on the gudgeon pin (N)

[bookmark: _Toc32496571]Three critical rod-sections
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[bookmark: _Ref32142817][bookmark: _Toc32496372]Figure 42: Three critical rod-sections diagram

[bookmark: _Ref32153939][bookmark: _Toc32496572]Forces acting on each point on the three critical rod-sections
[image: ]








[bookmark: _Ref32153929][bookmark: _Toc32496373]Figure 43: Applied forces acting on point 'A' (N)
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[bookmark: _Ref32153930][bookmark: _Toc32496374]Figure 44: Applied forces acting on point 'B' (N)
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[bookmark: _Ref32153931][bookmark: _Toc32496375]Figure 45: Applied forces acting on point 'C' (N)
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Inertia Force (N)




Polytropic equation used for peak gas forces acting on the gudgeon pin

Peak Gas forces (N)	
1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	22526.604532979596	28363.022927874568	32397.709995396126	35531.47012835677	37575.466492404128	39111.03714215698	40468.922256665915	41573.145951895574	41324.141119057189	42759.717702079666	45579.770959023437	46690.856992165987	46862.905606981476	Rpm


Peak gas forces (N)




Polytropic equation used for tensile forces acting on the gudgeon pin

Tensile force (N)	
1000	1500	1700	2000	2500	3000	3500	4000	4500	5000	5500	5700	6000	-205.45013468327679	-62.977482571675978	32.92496901075674	283.95624482128426	764.5523711472614	1304.9159536415016	1999.3066583101763	2754.5916845633024	3623.514688807566	4574.5351167150766	5655.0706696678626	6156.7054821853544	6916.2719254391295	Rpm


Tensile force (N)




image1.png
B c D K L M
Masses kg Lengths
Conrod 02634 0.0878 Gudgeon Pin length 6] __mm
Conrod Cap 01033 Gudgeon Pin diameter 21 mm
Conrod bolts 003519 L1 (midpoint of fnet/2) 826 _mm
Conrod assembly 0.4064) L2 (Centre of mass) 897 _mm
Gudgeon 0.079)
Piston 02577 Top Taper 2] mm
Piston ring 0.0153]  0.0462 (3x) Middle Taper 155 mm
il 0.00077| 0.00154 (2x) Bottom of Small end bearing 1781  mm
Reciprocating Assembly 0.38444] 0.30324 Bottom Taper 15 mm
Reciprocating W.0 Pin 031424 Inner diameter of the gudeon pin 145 mm
Conrod Length 134|mm Length sticking out 1652 mm
Conrod Cross Sectional Area 143.81[mmn2 Alloy Steel 758] _ Mpa
Tool Steel 640 _ Mpa
Piston Ring Height 0.00118]m Gudgeon Pin Average UTS 699 Mpa
Piston Ring Diameter 0.07324|m Gudgeon pin Endurance Limit 31455 Mpa
Piston Ring Thickness 0.00288|m Cross Sectional Area (A) 2368 _mm "2
Density Steel 7800| ke
Production
R 0.0807|m Mass pin sticking out 0.023352654]
L 0.13a]m Second moment of Area (1) 7376.652832] _mmna
Bore 0.079[m
Stroke 0.0813|m
Compression Ratio 104[1
Capacity 159[cc
Area 0.00490167|mA2
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Delta ¥: 0.00mm
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Delta z: 16.52mm

File: gudegon pin-1@1.6 gdi conrod To: gudegon pin-1@1.6 gdi conrod
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Mrec 0.50684] (ke)

Final endurance limit 'A" 177.6315783  Mpa

Final endurance limit ‘B’ 160.7142857|  Mipa

Final endurance 7 153.4090909  Mpa
Stress concentration of bolt @ A" 19|
Stress concentration of bolt @ B’ 2.1]
‘Stress concentration of bolt @ 'C' 22|
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2 Section Properties -

® Options..

Recalculate

Report coordinate values relative to: | - default

[Measurements are based on sectioned model
|section properties of the selected face of Conrod

|area = 67.33 milimeters 2

|Centroid reltive to output coordinate system origin: { millmeters )

[Polar moment of inerta of the area, at the centroid = 1866.93 millmeters * <
|Angle between principal axes and part axes = 0.00 degrees
Principal moments of inertia of the area, at the centroid: ( millmeters * 4)

Ix=7972
y= 178721

[Moments of inerta of the area, at the output coordinate system: ( millimeter
104579.79 LY = 5051285

00 2= 000

< >

Help print... ‘Copyto Clipboard
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2 Section Properties -

®

Options...

Recalculate

Report coorinate values eate to

[Measurements are based on sectioned model
ISection properties of the selected face of 1.6 gdi conrod

larea

59.77 milimeters’2

|Centroid relative to assembly origin: (millimeters )
74.40

4.00
7= 14587
[Moments of inertia of the area, at the centroid: (millimeters ~ 4)
L= 286532 Ly = 0.00 Lz =000
Ly = 19197.38
1zy=000

Polar moment of inerta of the ares, at the centroid = 19197.38 millimeters

|angle between principal axes and assembly coordinate axes = 90.00 degrees
Principal moments of inertia of the area, at the centroid: ( millmeters * 4)
= 286532
Iy = 1632906

[Moments of inerta of the area, at the output coordinate system: (millimeter

LXK = 6267724.41 XY = 104359359 1 = 2619041.1
104359359 96431599 L1Z = 204619993
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Cross sectional area of the cap interface 144 mm"2
Bolt youngs modulus 2106411 Pa
Cap youngs modulus 2016411 Pa
Bolts cross section area 44.17864669 mm"2
Top to bottom of cap 23.6] mm
Cap to rod mating surface to frist thread 4| mm
Start of threads to 2nd engaged thread 2| mm
Distance from bolt head to 2nd engaged thread 29.6| mm
Length of bolt 37.5] mm
Diameter of bolt 8| mm
Mrot 0.26826| (ke)
Mrec 0.50684| (ke)
Root of thread 7] mm
Bolt UTS 1100 Mpa
Mthread coef 0.18|
Mheadcoef 0.12]
Seating Face Diameter 13| mm
Av Seating face Diameter 105 mm

Stress concentration at thread root
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Bolt UTS 1516.8466| Mpa
Diameter of bolt 8| mm
Shank diameter 6| mm

Root of thread 7| mm
AL 50.26548246| mm~2
A2 28.27433388| mm~2
A3 38.48451001 mh2
5 7| mm
12 19.5| mm
3 12.5| mm
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Conrod Crank Diameter

44 mm
Conrod Crank Width w/o fillets 15| mm
Conrod Crank Max Width 21] mm
Conrod Crank Fillets 3| mm
Crank to Bore Diameter ag] mm
Crank to bore width w/o fillets 19| mm
Crank to bore max width 24 mm
Crank to bore fillets 25| mm
21| mm

2g] mm

Distance of A to main bearing. 103| mm
Distance of B to main bearing 32| mm
Crank UTS 620 Mpa

Final Endurance Limit @ ' 279 Mpa
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Peak Gas Forces (N) | Piston Acceleration (M/s2) | Inertia Force (N) | Compressive and Tensile Loads (N)
Rpm Compressive Tensile

1000 22526.60453] 581.88847 182.8526328] 22378.94697| -246.3266038]

1500 28363.02293 1309.249057| 411.4184238| 28047.52856| -154.7776571

1700 32397.71 1681.657678) 528.4441088] 31977.95914] -83.02533671

2000 35531.47013| 2327.55388| 731.4105312| 34922.32772| 109.1736105

2500 37575.46649) 3636.802937| 1142.828955 36609.87285 483.4766201

3000 39111.03714 5236.99623| 1645.673695 37720.58229) 904.04204]

3500 40468.92226| 7128.133757| 2239.944752| 38550.17677| 1443.30058|

4000] 41573.14595 9310.215519) 2925.642125 39034.0127| 2023.834657|

4500] 41324.14112| 11783.24152| 3702765814 38152.33736) 2693.601841

5000] 42759.7177| 14547.21175 4571.31582| 38843.91059) 3425.305389)

5500] 45579.77096| 17602.12622| 5531.292142| 40661.26583| 4264.862497 |

5700] 46690.85699) 18905.55639) 5940.88204| 41348.5021 4664.71198)

6000 46862.90561 20947.98492| 6582.694781 40877.2095 5263.093529| Angular Velocity (rad/s)
7000] 46739.6| 28512.53503 8959.779007| 37779.82099 8849.8 733.0382858
8000] 44696.4] 37240.86208] 11702.5685 32993.8315 11769.5 837.758041
9000} 41053.2 47132.96607] 14811.06326 26242.13674 15089.2| 942.4777961
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Compressive force, Poin

In tension

Max Compressive Force

Max Acceleration

41348.5921 18905.55639
Bending moment Bending Stress Shear Stress Combined Stress Finertia pin
(N.mm) (N/mmA2) (N/mmA2) (N/mmA2) N
188310.7439 268.0433601 87.30699346 319.9019964 441.4949089





image18.png
Tensile force, Point '

", In compression

Max Tensile Force

Max Acceleration

-5263.093529 20947.98492|
Bending moment Bending Stress Shear Stress Combined Stress Finertia pin
(N.mm) (N/mmA2) (N/mmA2) (N/mmA2) N
17348.53269 24.69407161 -11.11295086| -33.22330327| 489.1910348
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Endurance limit (Mpa)

A

+699 (Mpa) o

A
+314.555 (Mpa)

> Mean stress (N/mm?)

699

8 N

31455 (Wpa)

- 699 (Mpa)
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Mean Stress (N/mmA2) | Range Stress (N/mm~2) | Allowable Range (N/mmA2) | FSF

130.754359] 327.9553245) 511.4210769) 1.559423003
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Compressive force, Point 'A'

', In tension
Max Compressive Force Max Acceleration
37779.82099) 28512.53503]
Bending moment Bending Stress Shear Stress Combined Stress Finertia pin
(N.mm) (N/mmA2) (N/mmA2) (N/mmA2) [Piot Area |
150058.0458| 213.5940944] 79.77158149) 266.6016842]  665.8433529
Tensile force, Point B, In compression
Max Tensile Force Max Acceleration
-15089.2 47132.96607)
Bending moment Bending Stress Shear Stress Combined Stress Finertia pin
(N.mm) (N/mmA2) (N/mmA2) (N/mmA2) N
62318.396| 88.70461616 -31.86064189 -109.2195538| __ 1100.679828
Mean Stress (N/mm#2) | Range Stress (N/mmA2) | Allowable Range (N/mmA2) | FSF |
78.69106518] 375.821238] 558.2780413 1.485488272]
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A c

T (mm) 10 T (mm) 25 T (mm) 8.5

D (mm) 27 D (mm) 30 D (mm) 12

d (mm) 20.85 d (mm) 20 d (mm) a

Cross Sectional Area (mm*2) | 134.66 | Cross Sectional Area (mm*2) | 259.77 | Cross Sectional Area (mm*2) | 143.62
r/d 0.07426 r/d 0.09624. r/d 0.05918

D/d 1.20496 D/d 15 D/d 3

Kt 1.9 Kt 21 Kt 2.4
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A B c
Max Compressive Force Max Compressive Force Max Compressive Force
36922.4438| 31141.56373| N/A
Max Tensile Force Max Tensile Force Max Tensile Force.
10711.31356| 17832.52815| 20785.42979
Compressive Finertia pin Finertia pin
441.4945089) 441.4945089
Tensile Finertia pin Finertia pin Finertia pin
289.1910343] 289.1910343] 289.1910348
Point A | Point B | Point C
Cross Sectional Area (mm~2)
134.66] 259.77] 143.62
Max Nominal Stress (N/mmA2)
79.5433949] 68.64737325] 144.7251761
Min Nominal Stress (N/mmn2)
-274.1901367] -119.881294] N/A
Mean Nominal Stress (N/mmA2)
-97.32337089] -25.61696036] 144.7251761
Range Nominal Stress (N/mm*2)
353.7335316] 188.5286672] 144.7251761
Allowable Range (N/mm*2)
401.363702] 332.4072687] 226.978059
FSF
1.13464986] 1.763165643] 1.568338455

Compressive force only acts from centre to centre of conrod, so compression only act on point A and B
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Endurance limit (Mpa)
[ 750 (Mpa)l -

A
+177.63 (Mpa)

I
|
|
1 Mean Stress (N/mm*2)

>

B
~177.63(Vpa)

-750 (Mpa)
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Endurance limit (Mpa)
[ 750 (Mpa)l -

A
+160.71 (Mpa)

I
|
|
1 Mean Stress (N/mm*2)

B
-160.71(Mpa)

-750 (Mpa)

>
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Endurance limit (Mpa)

A
+750(Mpa) [r——— e e e e e e e e e O

A
+163 41(Mpa)

> Mean stress (N/mm?)
14473 Y 750

B
-153.41 (Mpa)

Mean

-750(Mpa)
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Stiffness Ratio

3.126+00)
6000rpm”
Bolt Stiffness Highest Inertia force on bolt Cap Stiffness Cap over the bolt
(N/mmn2) ) (N/mmn2) (Stiffness Ratio)
313429 59| 13259.77324| 977837.8378 3.119800667]

Extra force in bolt

Extra nominal stress at root of thread

‘Additional bolt stretch

Validation for the equation used for extra force in bolt

N (N/mmn2) (mm) N N
1609.2736 41.8161| 0.0051| 1609.2736 1609.2736
htened to 90% Torque at Threads | _Circumferential F Fri Torque needed to overcome head fri Total Torque when tightened
(N/mm?2) (N/mm) ) (N/mm) (N/mm)
594.0000| 26242.1161| 17713.4284| 3149.0539 16532.5332 34245.9616|
34.2460|(N/m)
Range of Stress Sigma min, of 90% yield Sigma max Mean
(N/mmA2) (N/mmA2) (N/mmA2) (N/mmA2)
41.8161| 891.0000| 932.8161 911.9081
Polished Endurance Limit Final Endurance limit Allowable Range FSF
(N/mmA2) (N/mmA2) (N/mmA2)
495.0000| '247.5000| 84.6414| 2.0241|
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9000rpm"

Highest Inertia force on bolt

Extra force in bolt

Extra nominal stress at root of thread

N) N (N/mmA2)
29834.4898| 3620.8657| 94.0863|
Range of Stress Sigma min, of 90% yield Sigma max Mean
(N/mmA2) (N/mmA2) (N/mmA2) (N/mmA2)
94.0863| 891.0000| 985.0863 938.0432|
Allowable Range FSF
(N/mmA2)
72.8806| 0.7746|
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6000rpm!

KL Stiffness Highest Inertia force on bolt K2 stiffness K3 Stiffness Total bolt stiffness (K] Stiffness ratio
(/mmA2) [} (/mmn2) (/mmn2) /mmA2)
1507964.47] 13259.77324] 30449283 414228.57] 157229.2475] 6219185384

Extra force in bolt

[Extra nominal stress at root of threa

‘Additional bolt stretch

Validation for the equation used for extra force in bolt

N /mmA2) {mm) N N
5183703 238634 0.0058] 5183703 5183703
Tightened to 90% Vield Clamping force when built __|Circumferential F Friction @ Threads| Resisting Torque at Threads| Circumferential F Friction | Torque needed to overcome head friction | Total Toraue when tightened
(/mmA2) ) [} (/mm) [ (/mm) (/mm)
8190972 31522.5530) 5674.0595] 19859.2084] 3782.7064] 19859.2084] 397184168
397188 (N/m)
Range of Stress Sigma min, of 90%yield Sigma max Mean
(/mm2) (/mm2) (/mm2) /mm2)
238634 12286457 1252:5091] 12405774
Polished Endurance Limit Final Endurance limit Allowable Range FSF
(/mmA2) (/mmA2) /mmA2)
682.5810) 3412903 1243211] 5.2097]
5000
Highest Inertia force on bolt Extra force in bolt [Extra nominal stress at root of thread]
) N /mmr2)
258344898 20663335 53.6926]
Range of Stress Sigma min, of 90%yield Sigma max Mean
(/mm2) (/mm2) (/mm2) /mm2)
53.6926] 12286457 12823383 12554920
‘Allowable Range FSF
/mmA2)
1243211 2.3154|
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Gas pressure
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Finertia

Max Gas force

Max Compressive Force

Horizontal projected bearing area

Nominal bearing pressure

(N) (N) (N) (mmA2) (N/mmA2)
13259.77324 46862.90561 33603.13236 924.00 18.18|
Bending Moment @ A Second Moment of Area Bending Stress @ A
(N/mm) (mmA4) (N/mmA2)
176416.44 35500.50 53.42
Bending Moment @ B Bending Stress @ B Shear Stress @ 'B'
(N/mm) (N/mmA2) (N/mmA2)
537650.12 162.81 11.05
Upwards inertia force on crankpin | Maximum resultant stress @ '8' | _Minimum resultant stress @ 'B'
(N) (N/mmA2) (N/mmA2)
20318.13 164.30 -98.44
Range of Stress @ 'B" Mean Stress @ 'B' Allowable Range @ 'B' FSF
(N/mmA2) (N/mmA2) (N/mmA2)
262.74 32.93 528.36 2.01
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Endurance limit (Mpa)

A

+620 (Mpa)

A
+279 (Mpa)

Mean stress (N/mm?)

B
-279 (Mpa)

-620 (Mpa)
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2 Section Properties

®

Face<2>@gudegon pin-1

n pin.

Report coordinate values relative to:

— default -

larea = 236,50 millimeters "2

[Section properties of the selected faces of 1.6 gdi conrod
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Density (1000 kg/m3)

Elastic Modulus (GPa)
Poisson’s Ratio

Thermal Expansion (10-6/K)
Melting Point (°C)

Thermal Conductivity (W/m-K)
Specific Heat (3/kg-K)
Electrical Resistivity (10-9W-m)
Tensile Strength (MPa)

Yield Strength (MPa)

Percent Elongation (%)

Hardness (Brinell 3000kg)

Carbon Steels

7.85

190-210

0.27-0.3

1-16.6

24.3-65.2

450-2081

130-1250

276-1882

186-758

10-32

86-388

Alloy Steels

7.85

190-210

0.27-0.3

9.0-15

26-48.6

452-1499

210-1251

758-1882

366-1793

4-31

149-627

Stainless St

775-81

190-210

0.27-0.3

9.0-20.7

1371-1454

1.2-36.7

420-500

75.7-1020

515-827

207-552

12-40

137-595

Tool Steels

772-8.0

190-210

0.27-0.3

9.4-151

19.9-48.3

640-2000

380-440

5-25

210-620
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5700 rpm Crank Angle Piston Acceleration F Inertia Pin Inertia Force W/O G.P Gas Force
Maximum Compressive Force (N) deg m/sh2 N N N
41348.5921 -360 18905.55639 441.4949089| 5774.513143 1287.178526
-359 18900.66473| 441.3806757 | 5773.019036 1282.521939
-358| 18885.9937| 441.0380682| 5768.537916 1270.022681
-357| 18861.55512 440.4673625| 5761.073395| 1268.429638
-356 18827.36867 | 439.6690182 5750.631487 | 1262.180009
-355] 18783.46189 438.6436784| 5737.2206| 1255.93038
-354| 18729.87013 437.3921686| 5720.851532 1244.779081
-353 18666.63651| 435.9154958| 5701.537457 1225.907651
-352] 18593.81191| 434.214848 5679.293909 1204.09522
-351 18511.45485 432.2915921 | 5654.138768| 1191.350878
-350] 18419.63149 430.1472731 | 5626.092243 1172.601991
-349 18318.41555| 427.7836122] 5595.176844 | 1153.485478
-348| 18207.88818| 425.202505 5561.417367 | 1133.26609
-347 18088.13796| 422.4060195| 5524.840858| 1112.679076
-346| 17959.26072 419.3963939 5485.476593| 1087.680559
-345] 17821.35949 416.1760342 5443.356042| 1063.90746
-344| 17674.54438 412.7475119] 5398.512836| 1040.501986
-343 17518.93247 | 409.1135608| 5350.982733 1018.444471
-342] 17354.64766| 405.2770746| 5300.803581| 988.5442847
-341 17181.82057 | 401.2411034| 5248.015274| 963.4232263
-340 17000.58838| 397.0088509 5192.659714 933.5230396
-339 16811.0947| 392.5836706| 5134.780765| 911.5880667
-338] 16613.48941| 387.9690628| 5074.424206| 883.2809228
-337| 16407.92851| 383.1686704| 5011.637685 835.9798079
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(I « L M N [ P
6000 rpm Crank Angle Piston Acceleration F Inertia Pin Inertia Force W/O G.P Gas Force
Maximum Tensile Force (N) deg m/sh2 N N N
5263.093529 -360 20947.98492 489.1910348| 6398.352514| 1330.068138
-359 20942.5648 | 489.0644606 | 6396.696992| 1322.225466
-358| 20926.30881 | 488.6848401 | 6391.731763 1312.789751
-357| 20899.23005| 488.0524792] 6383.460826 | 1309.603666
-356 20861.35033 487.1678872 6371.890844| 1301.760994
-355] 20812.70016| 486.0317766| 6357.031136| 1290.854778
-354| 20753.3187| 484.6450621 | 6338.893665| 1279.948562
-353 20683.25376 483.0088597 | 6317.493027 | 1260.954591
-352] 20602.56167 | 481.1244853 | 6292.846436| 1237.304034
-351 20511.30731 478.9934538| 6264.973704| 1221.741232
-350] 20409.56398| 476.6174771 6233.897222] 1209.119432
-349 20297.41335] 473.9984623 | 6199.641933| 1188.65496
-348| 20174.94535 471.1385097 | 6162.235309] 1165.126944
-347 20042.25813 468.0399108| 6121.707322] 1142.946888
-346| 19899.45786| 464.7051456| 6078.090408 | 1113.169243
-345] 19746.65871| 461.13688 6031.419437 | 1086.455142
-344| 19583.98269 457.3379634| 5981.731674| 1051.775827
-343 19411.55952 453.3114248| 5929.06674| 1042.340112
-342] 19229.52649 449.0604705 | 5873.466571| 995.2840809
-341 19038.02833| 444.5884802| 5814.975373 971.6335234
-340 18837.21704| 439.8990037 | 5753.639572 949.6985504
-339 18627.25174 434.9957569 5689.507772 918.0827793
-338] 18408.29852| 429.8826181 | 5622.630699 883.648548
-337| 18180.53021| 424.5636237 | 5553.061147| 863.3066178
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R s T u \ w
A 5700rpm 6000rpm
F Inertia (N) @5700 rpm | F Inertia (N) @6000 rpm | F Net@5700 rpm | F Net@6000 rpm Max Compressive Max Tensile
4646.98576) 5149.014693] -9575.815287| -10706.4901 369224438 -10711.31356
4645.783391 5147.682428 -9577.661163| -10711.21842|
4642.177252| 5143.686706) -9581.730555| -10711.31356|
4636.170248| 5137.030746| -9560.281368 -10698.94039)
4627.767219| 5127.719911] -9555.887715| -10685.01765|
4616.974933| 5115.761699) -9536.908832| -10667.96983|
4603.802078| 5101165737, -9517.266698 -10644.7559
4588.259255 | 5083.943773| -9499.804557| -10623.49107|
4570.358966| 5064.109658 -9479.772503| -10600.77655|
4550.115601 5041.679336) -9445.195083| -10563.90526|
4527.54542 5016.670826) -9411.182945| -10518.06609)
4502.666541] 4989.104201 -9372.141519) -10474.08964)
4475.498915 | 4959.001568| -9328.852697 -10427.24844)
4446.06431 4926.387047| -9280.632112| -10373.18739)
4414.386284)] 4891.286741] -9231.578712| -10320.91305|
4380.490162| 4853.728711] -9176.114778) -10259.82989)
4344.403009| 4813.742946| -9115.16137 -10201.03676|
4306.153601 4771.36133) -9047.805423] -10111.39938]
4265.772394] 4726.617611] -8983.308765) -10053.86057|
4223.291495| 4679.547363| -8909.124646| -9967.477692|
4178.744623| 4630.187948| -8834.890148] -9874.027973|
4132.167077| 4578.578478| -8747.943445| -9784.999228)
4083.595697 | 4524.759776| -8662.708043| -9693.624545|
4033.068828| 4468.774325 | -8591.895376| -9583.092478)
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Y Z AA AB AC AD

B 5700rpm 6000rpm
F Inertia (N) @5700 rpm | F Inertia (N) @6000 rpm | F Net@5700 rpm | F Net@6000 rpm Max Compressive Max Tensile

11075.63115 12272.16748| -16004.46068] -17829.6429 3114156373 -17832.52815
11072.76543) 12268.99216| -16004.6432 -17832.52815
11064.17055 12259.46875 -16003.72385 -17827.09561
11049.85345 12243.60493 -15982.96457| -17805.51457|
11029.82566) 12221.41348] -15957.94616| -17778.71121
11004.10331 12192.91226| -15924.03721 -17745.12039)
10972.70712| 12158.12423] -15886.17174) -17701.71439)
10935.66234) 12117.07738) -15847.20764) -17656.62468
10892.99877| 12069.80473| -15802.4123 -17606.47162|
10844.75071 12016.34427| -15739.83019) -17538.5702
10790.95691 11956.73896) -15674.59444) -17458.13423|
10731.66056) 11891.03664) -15601.13554 -17376.02207|
10666.90921 11819.28999) -15520.263| -17287.53686)
10596.75474) 11741.5565 -15431.32254) -17188.35685

10521.2533| 11657.89839) -15338.44573| -17087.5247
10440.46524| 11568.38254) -15236.08986) -16974.48371
10354.45508 11473.08042 -15125.21344) -16860.37423]

10263.2914| 11372.06803| -15004.94322| -16712.10608]
10167.04678) 11265.4258| -14884.58315 -16592.66876)
10065.79776| 11153.23852| -14751.63091 -16441.16885
9959.624695 11035.59523| -14615.77022| -16279.43525
9848.611718| 10912.58916| -14464.38809) -16119.00991
9732.846637| 10784.3176| -14311.95898 -15953.18237|

9612.42084) 10650.88182| -14171.24739) -15765.19997|
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F Inertia (N) @5700 rpm | F Inertia (N) @6000 rpm | F Net@5700 rpm | F Net@6000 rpm Max Compressive Max Tensile

13741.31461 15225.83336) -18670.14413] -20783.30877| N/A -20785.42979)
12268.99216| 15221.8938| -17200.86993| -20785.42979)
12259.46875 15210.0783| -17199.02206| -20777.70515
12243.60493 15190.39637| -17176.71605 -20752.30601
12221.41348] 15162.86387| -17149.53397| -20720.16161
12192.91226| 15127.50298 -17112.84616| -20679.71112|
12158.12423] 15084.34217| -17071.58885 -20627.93233|
12117.07738) 15033.41616| -17028.62268) -20572.96345
12069.80473| 14974.76592 -16979.21826| -20511.43281
12016.34427| 14908.4386| -16911.42376| -20430.66453
11956.73896) 14834.487438) -16840.37649) -20335.88275
11891.03664) 14752.97192| -16760.51161 -20237.95735
11819.28999) 14663.95728 -16672.64377| -20132.20416|

11741.5565 14567.5149| -16576.1243 -20014.31524)
11657.89839) 14463.72195 -16475.09082| -19893.34826|
11568.38254) 14352.66142| -16364.00716| -19758.76259)
11473.08042 14234.42198 -16243.83878) -19621.71579)
11372.06803| 14109.09792| -16113.71985 -19449.13598]

11265.4258| 13976.78903| -15982.96217| -19304.032
11153.23852| 13837.60051 -15839.07167| -19125.53084)
11035.59523| 13691.64283| -15691.74075 -18935.48286)
10912.58916| 13539.03166) -15528.36553| -18745.45241

10784.3176| 13379.88769) -15363.42995 -18548.75246)
10650.88182| 13214.33658 -15209.70836| -18328.65473





