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[bookmark: _Toc23713931]Introduction
This report will assess a simple conrod on the stresses and forces exerted upon it within an engine simulation. This will be accomplished using provided data given for a Ford Sigma 1.6 GDI engine, from the provided data a number of equations will be used to find out theoretical values for numerous forces including inertia, compression and tensile load. The simulation will then be used to calculate values for a modified engine to analyse how the conrod preforms under new conditions.
[bookmark: _Toc23713932]Aims
· Create software that is able to calculate the resultant force that is being exerted on the conrod at each degree of rotation. 
· Investigate whether or not a production engine conrod is suitable for a modified engine.
· Investigate alternative materials and how they will affect conrod performance.



[bookmark: _Toc23713933]Methodology
All provided Ford data was input into an Excel sheet. This information included the crank angle degree (θ) and the average cylinder pressure (P) in Bar. From here the pressure in N/mm2 per degree is calculated by multiplying the given pressure by . All steps were carried out at various RPM’s ranging from 1000 – 6000.
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[bookmark: _Toc23713904]Figure 1
[bookmark: _Toc23713905]Figure 2 Cylinder Pressure in N/mm2
General information about the conrod is then input into a separate table titled engine information. This table includes the bore diameter (B), piston mass (m), rod length (L), crank radius (Rc), cross sectional area (A), UTS and Youngs modulus (E).
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[bookmark: _Toc23713906]Figure 3 Engine Information Table


All information from the table was measured other than the UTS which was provided. Measured mass of reciprocating parts + 2/3 of the conrod mass according to ( Nigus, 2016)
With the conrod length and the crank radius the rod angle (ϕ) is then calculated using the following formula:
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[bookmark: _Toc23713907]Figure 4 Rod Angle
[bookmark: _Toc23713934]Forces
The gas force in N acting across the top area of the piston cap per degree is then calculated by:

Where P is Pressure in N/mm2.
Angular Velocity (ω) Is then calculated using the formula:

Inertia is then calculated using the first and second order. These are calculated using the following formulas:



With Inertia calculated the net force between Fgas and inertia can be calculated per degree using the following:

The resultant of this formula if positive is a compressive force and if negative a tensile force.
The force on the conrod and from the cylinder side can then be calculated using the following formulas:
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[bookmark: _Toc23713908]Figure 5 Forces Section
[bookmark: _Toc23713935]Information Table
Following this the max pressure can be found using the maximum values in the pressure column, for this excel has a MAX function. Peak gas force can be acquired using the same method. 
Nominal stress can then be calculated  and from there the static safety factor is calculated by .
Max compressive and tensile force is acquired using the MAX (compressive) and MIN (Tensile) function on excel regarding the Frod column. Compressive and tensile force can then be converted to stress by . Using the max compression and tensile stress, the SSF for both compression and Tensile can be calculated using the same formula above but using the new stress values. 
The following formulas were used to calculate the firing compression and Stretch of the conrod:




[bookmark: _Toc23713936]Modified Engine
When modelling the modified engine a few assumptions were made. The first being that the engine would reach its maximum forces and pressures at 9000RPM. Secondly, the max cylinder pressure of the engine would be ~ 120Bar.
To calculate the pressure per degree of crank angle for the modified engine 25% pressure was added at each degree from the 600RPM data. This was to allow for the peak pressure at 9000RPM to be ~120Bar without increasing the pressure outside of -130o to 130o too severely. 
Finally, in order to keep the SSF for the modified engine at 3.14 (Fords safety factor) the cross-sectional area of the conrod was increased to 245mm2 (25% increase) and as a result of this the weight of the conrod was increased by 25% to increase validity of the results.
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[bookmark: _Toc23713938]Peak Gas Force
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[bookmark: _Toc23713909]Figure 6 Peak gas force graph
The graph above shows the peak gas force at each RPM of the production engine and then the peak gas force of the modified engine at 9000RPM. The graph shows that the peak gas force of the production engine occurs at the 6000RPM with a force of 46862.91N. Whereas, the Modified engine has a peak gas force of 58578.63N.
[bookmark: _Toc23713939]Inertia
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[bookmark: _Toc23713910]Figure 7 Inertia/Crank Angle Graph
The graph above shows the inertia per degree at each recorded RPM of the production engine with the addition of the modified engine at 9000 RPM. The results shown in the graph indicate that there is an exponential correlation between the RPM and magnitude of inertia acting on the system. The shape of the graph also indicates that the result mean inertia within 4 strokes is 0Kg/m² 
[bookmark: _Toc23713941]Net Compressive and Tensile Force
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[bookmark: _Toc23713911]Figure 8 Compression and Tensile Force Graph
Using the graph above it can be determined that at an RPM of 5700 not 6000. Upon further inspection this can be concluded to be because of the lower inertia of ~1000 Kg/m² whereas the gas force is kept relatively similar resulting in a higher net force. This makes the max compressive force on the production engine 39431.87N whereas, the modified engine peaked at 38983.54N suggesting the higher RPM’s don’t affect compression force in the case of this engine from roughly 4000RPM. With the exponential growth of inertia this suggests a proportional increase in gas force is also occurring. 
However, when looking at the tensile forces at each RPM the graph shows an exponential growth at each RPM. This is due to the gas force at each RPM when the system undergoes a tensile force being relatively similar whereas the inertia as mentioned above is increasing exponentially. The maximum tensile force for the production engine is 7885.46N whereas the modified engine peaked at 20108.66N.



[bookmark: _Toc23713942]Compression and Tensile Stress
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[bookmark: _Toc23713912]Figure 9 Compression and Tensile Stress Graph
The Stress graph for both compression and tensile mirrors the same pattern as the force graph as expected for the production engine producing a maximum compression stress of 197.35N/mm2 and maximum tensile stress of 40.23N/mm2. This is to be expected as the only additional factor in calculating the stress is a uniform cross-sectional area.
However, for the Modified engine the stress points appear highly reduced compared to the force points. This, however, is to be expected as the increase in cross sectional area required for this engine allows for the force to be shared out across a larger plane and therefore resulting in a lower overall stress. The maximum compression stress for the modified engine was calculated at 159.11N/mm2 whereas the tensile stress was 82.08N/mm2
[bookmark: _Toc23713943]Compressive and Tensile Static Safety Factor
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[bookmark: _Toc23713913]Figure 10 Static Safety Factor Table

Above shows a table of the static safety factor of the production and modified engine (9000RPM) for both compression and tensile stress. On the production engine the lowest SSF is 3.73 meaning the conrod is capable of enduring at least 3 times the stress before failing. When it comes to tensile SSF the lowest value is 18.64 meaning the there is no need to worry about tensile stress at the engines highest RPM. Both 1000 and 1500 RPM have a safety factor of 0 because there is no tensile stress within the system at those RPMs 
For the modified engine the compression SSF is 4.71 making it safer in terms of compression than the production engine however, when it comes to tensile the SSF is 9.14 almost half the value for the production engine however still safe from failing. 
[bookmark: _Toc23713944]Firing Compression and Stretch
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[bookmark: _Toc23713914]Figure 11 Firing Compression Graph
The maximum compression distance for the conrod occurs on the production engine at 5700 RPM as shown by the graph. At 5700RPM the maximum compression is 0.16mm However in the modified engine the maximum firing compression is 0.13mm. The reduction in compression is due to the increased cross-sectional area as the UTS of the conrod remains the same.  
[image: ]
[bookmark: _Toc23713915]Figure 12 Stretch Graph
With stretch the production engine has a maximum 0.032mm at 6000RPM whereas the modified engine has 0.065mm even with the increased cross-sectional area the stretch is nearly double at 9000RPM. As mentioned in the above section this is due to the rapid increase in inertia.
[bookmark: _Toc23713945]Titanium Rod
By keeping the conrod dimensions in the modified engine the same but swapping the material to Titanium the properties of the conrod were updated. 
Youngs Modulus = 114500 N/mm2
UTS = 1000N/mm2
Density 4.42 g/mm3
Values area according to (INC., 2002) (ASM, 2019)
Conrod mass was then calculated using 
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[bookmark: _Toc23713916]Figure 13 Titanium Inertia Graph
The graph above shows the effect that reducing the mass of the conrod has on the inertia. As the mass of the inertia is the only variable that is changed between the modified engine and Titanium engine for inertia.
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[bookmark: _Toc23713917]Figure 14 Titanium Stretch and Compression
Due to this reduction in Inertia the tensile force is reduced however the compressive force is increased. This results in the SSF for tensile being higher as there is less stress as well as the SSF compression increasing due to the higher UTS of Titanium meaning even with the increased compressive force the titanium is safer. However, the Titanium rod both stretches and compresses more than the standard engine due to its reduced Young’s modulus which could have an effect on the compression ratio as the total swept volume at BDC would increase as the piston compresses and the total volume at TDC would decrease due to stretching which would also reduce the clearance volume.
[bookmark: _Toc23713946]Conclusion
From the software created it can be concluded that at lower RPM’s the inertia acting on the system is minimal compared to gas force. However, as the RPM increases the Inertia increases exponentially leading to a large increase in tensile force however a capped increase in Compressive force of ~40000N. Additionally, this would mean that although SSF would indicate the engine is closer to failing under compression at 5700RPM if the RPM was to continue increasing without conrod modification the conrod would actually fail from stretch. 
Modifying the engine by increasing the cylinder pressure and max RPM dictated how the conrod must be modified to allow for a similar SSF. This was due to the increased forces acting upon the conrod needing to be managed by an increased cross-sectional area and in turn mass. Even with the increased cross-sectional area the tensile SSF was not met identically but was still within safety standards. The modification also confirmed the rising tensile stress even with an increased cross-sectional area 
Changing the material of the conrod from Steel to Titanium reduced the peak inertia in the system due to its reduced weight in turn reducing the maximum tensile force on the system while increasing the compression. This however, combined with the increased UTS of Titanium resulted in increased SSF for both compression and Tensile. As Titanium has a lower Young’s modulus than Steel it was susceptible to an increased stretch and firing compression. 
The data suggests that performance engines reaching higher RPM’s and internal pressure should make use of lighter material conrods with a higher UTS like Titanium as it allows for a higher SSF.


[bookmark: _Toc23713947]Further work
Further work was carried out into the following aspects and can be found in the appendix:
· Displacement
· Force Radial Ring
· Instantaneous Torque
· Gas Torque
· Inertia Torque 
· Indicated Work Done
· IMEP
· Friction
· Effective Work Done
· BMEP
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[bookmark: _Toc23713920]Figure 17Torque Graphs
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[bookmark: _Toc23713921]Figure 18 Table of data calculated at 6000RPM
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Torque/Angle 6000
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Torque/Angle 9000
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