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Introduction
[bookmark: _GoBack]This Paper will address a set of questions proposed based around the forces and stresses present in a conrod in a production engine. The production engine used is a Ford Sigma 1.6 GDI engine, and the recorded data given will be used to analyse the stock conrod used. These simulation calculations will then be used to recalculate the values for a modified engine, too see how the conrod performs under new conditions, and whether it would be suitable.
[bookmark: _Toc23711598]Aims
To investigate the magnitude of Gas and inertia forces within an engine and analyse how they affect the performance of the conrod.
To analyse how modifying the stock engine will affect the performance of the conrod.
To Investigate how using Titanium metal the performance of the conrod.


[bookmark: _Toc23711599]Methodology
[bookmark: _Toc23711600]Production Engine
Firstly, a table of necessary values were obtained, containing researched, given and calculated values;
[bookmark: _Toc23711628]Table 1: Static Values gained at 6000rpm
[image: ]
Where Piston mass is the total mass of the reciprocating assembly, including 1/3 of the conrod. The UTS can be defined by “The Ultimate Tensile Strength - UTS - of a material is the limit stress at which the material actually breaks, with a sudden release of the stored elastic energy”. (EngineeringToolbox, 2003)
Using the 1.6 ford data provided, the Gas force at every degree was calculated, using the equation;
[image: ]
[bookmark: _Toc23711745]Equation 1: Gas Force
ensuring that the pressure was first converted into Pascals. Next, three coloumns were calculated for Inertia force, first and second orders using the equation;
[image: ]
[bookmark: _Toc23711746]Equation 2: Inertia Force
Using the Gas forces and Inertia forces, the overall net force can be calculated by subtracting the latter from the former. In this column, any negative value is considered a Tensile force. The next step was to calculate the Conrod angle using the equation;
[image: ]
[bookmark: _Toc23711747]Equation 3: Rod Angle
Dividing the Net force by Cos Φ, gives the necessary value for the forces acting on the Rod. From these generated columns of data, a table can be produced for each rpm, detailing the maximum forces acting on the Conrod.


[bookmark: _Toc23711629]Table 2: Max forces present on the Conrod @ 6000rpm
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[bookmark: _Toc23711601]Modified Engine
For The modified engine, some assumptions were made during the calculation processes. These assumptions were that the engine would reach maximum power/forces at 9000rpm, with a 25% increase in pressure within the cylinder thanks to the addition of a Turbocharger.
A 25% increase across all degrees of crank rotation was chosen, as this allowed the pressure to be kept low either side of inlet/combustion, yet still allowed for exponential growth with a peak of 120Bar between -100- and +100-degrees crank angle.
In order to keep the same ‘nominal*’ safety factor, cross-sectional area of the conrod had to be altered from 196mm to 245mm, and with this, the weight of the reciprocal 3rd of the conrod was altered accordingly.

*The Safety factor used to keep the system constant, was theoretically calculated from the peak gas force, and not the compressive/tensile safety factors.

All Data can be found in appendix (8.3)



[bookmark: _Toc23711602]Analysis
[bookmark: _Toc23711603]Peak Gas Forces
The peak gas force was found to be highest in the cylinder when the engine was running at 6000rpm, and the calculated peak force was found to be 46863 N. Unsurprisingly, the peak gas force found in the turbocharged modified engine at 9000rpm, was 58579 N. The graphs of gas force (appendix 8.1) show that the peak forces are happening around combustion, clearly showing a rather simplified combustion model.
[bookmark: _Toc23711604]Inertia Loads
As a major component of inertia is angular velocity, 6000rpm will hold the highest values for inertia seen throughout the range, not including the modified engine running at 9000rpm.
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[bookmark: _Toc23711620]Figure 1: Graph of Inertia loads
From the Graph, it can be shown that inertia increases exponentially with the range of RPM’s, with a dramatic increase between 6000 and 9000rpm. This is due to the square of the angular velocity, as this is the only resultant change within each rpm. It can also be deduced that the resulting mean average inertia within the system results at 0, which can be seen if a linear best fit line is produced, however this was an expected result.
[bookmark: _Toc23711605]Compressive Forces
[image: ]
[bookmark: _Toc23711621]Figure 2: Graph of Compressive and Tensile Loads
The graph clearly shows that as rpm increases, so do the compressive loads on the Conrod. However, after 4000rpm, the net compressive force flattens out. This can further be concluded by the effect of the compressive force on the modified engine at 9000 rpm, still being in line with the lesser rpms. This could be caused by the larger increases of inertia present in the system, counteracting the larger gas forces present in the system.
[bookmark: _Toc23711606]Tensile Loads
Figure 2 shows that as the rpm increases the tensile loads are increasing exponentially. This could potentially lead to a situation where tensile loads present are at greater quantities than that of compressive loads, which could lead to the conrod stretching past its elastic limit. Alongside this, the maximum tensile force for rpms below 1500 was sub-zero, therefore any calculations from this point assumed these rpms provided no tensile loading.
[bookmark: _Toc23711607]Conrod Stresses
[image: ]
[bookmark: _Toc23711622]Figure 3: Graph of Conrod stresses
The above graph shows the maximum stresses the Conrod undergoes throughout its cycle. These stresses mirror the compressive forces, with the maximum compressive stress undergone being at 5700 rpm, and the max tensile being at 6000rpm. 
In the modified engine, the maximum stress drops at 9000rpm, due to having no increase in force, however having an increased cross-sectional area for the conrod, allowing for the conrod to undergo more force, for less stress. Tensile however, does increase in line with the previous values, as the tensile force increases in line with the cross-sectional area, providing a greater stress.

[bookmark: _Toc23711608]Safety Factors
[bookmark: _Toc23711630]Table 3: Static Safety Factors
[image: ]
The above tables show the different safety factors experienced by the Conrod at each rpm. The first row shows the theoretical safety factor, which was calculated using the peak gas force, and therefore has the lowest value at 6000rpm. The next two rows show the safety factors calculated from the maximum compressive and tensile forces present in the system and shows that the lowest values are at 5700 and 6000 respectively.

[bookmark: _Toc23711631]Table 4: Safety factors for the modified engine
[image: ]
Due to the increased cross-sectional area of the modified conrod, the safety factors present under tensile and compressive forces show an increase in safety from compressive loading, however a decrease in safety from the tensile loading. This further backs up that increasing the rpm, or forces within the system, could lead to excessive stretching of the conrod, and in turn, failure in the system.
[bookmark: _Toc23711609]Compression and Stretch
[image: ]
[bookmark: _Toc23711623]Figure 4: Graph showing Deformation in Rod
The graph above shows the deformation of the rod throughout the rpm range. Once again, both the compression and stretch increases with the rpms, with the highest compression being at 5700rpm, and the highest stretch being at 6000rpm.
In the modified engine, the increase in cross-section, coupled with the level off in compressive force, allows the conrod to undergo less compressive deformation, however stretch is still increasing in an exponential fashion.


[bookmark: _Toc23711610]Titanium Conrod
By keeping the same dimensions for the conrod and using a density of 4.42g/mm3, the weight of the titanium conrod can be found. Alongside this, an average Ultimate Tensile Stress of 950 N/mm2, and a Young’s Modulus of 114 N/m3, were used to recalculate how the modified engine would adapt to the use of titanium conrods. Gas forces were kept constant from the modified Data; however, inertia was altered due to the decreased weight. All properties of titanium found at (ASM, 2019)
[image: ]
[bookmark: _Toc23711624]Figure 5: Graph of inertia Loads (titanium)
The graph clearly shows a drop-in inertia, and as weight is the only component within the equation that was altered, it is obviously down to this. However, it is shown that weight plays a vital role in the build-up of inertia, as a small decrease of 0.06kg, resulted in a peak decrease of around 2500 KG/m2 of inertial force. Similar graphs can be seen by (Chikalthankar, et al., 2012)
[bookmark: _Toc23711632]Table 5: Comparison of Steel and Titanium Conrods
[image: ]
“Young’s modulus is a measure of the ability of a material to withstand changes in length when under lengthwise tension or compression.” (Britannica, 2019) The Table above proves this statement, in that the titanium’s lower young’s modulus allows for a larger amount of stretch and compression. However, the higher UTS allows for such occurrences, whilst maintaining a higher recorded safety value for both larger compression and tensile forces.

[bookmark: _Toc23711611]Conclusions
[bookmark: _Toc23711612]Aim 1
From the data gained, it can be said that under low revolutions, and up to around 3500rpm, the inertia within the engine is so minimal with comparison to the gas force, that the engine doesn’t experience much of a tensile force, but does receive a large increase to compressive forces. However, after this limit, the gas forces start to stagnate, whilst the inertia forces start to rapidly rise. The result of such, is that the Conrod starts to undergo more tensile stress, and in turn, is more likely to undergo stretching. Alongside this, the data shows that the engine is much more likely to see failure through stretching, as the inertial loads are constantly increasing throughout all rpms.
[bookmark: _Toc23711613]Aim 2
By modifying the stock engine in such a way, it has provided an insight into how forces within the conrod interact. Even with higher pressures, the net compressive forces of the Conrod don’t change very much as, at higher rpms, Inertia plays a more vital role within the system. This can further be concluded by looking at the Tensile forces, as these forces are the only forces to rise, even with an increase in cross section, and in turn increase the stresses and maximum amount of stretch experienced by the piston.
[bookmark: _Toc23711614]Aim 3
From the Data simulated for the titanium, it can be concluded that the use of Titanium conrods would be beneficial to the application of high stress, high power engines. Due to the higher UTS, and lower Modulus of Titanium, such a conrod can allow for more stretch and compression, whilst also allowing for a reduced likelihood of failure within the rod. Alongside this, the reduced weight of titanium, allows the conrod to undergo less inertia per degree of crank rotation, allowing for a net gain in overall force. Therefore, in a modified race engine, the use of titanium conrods would be preferred to that of Steel, thanks to their ability to outperform. 

[bookmark: _Toc23711615]Further Work
Further work was carried out on the test data to find out a broader range of information, the information was used to help further understand and predict the engine characteristics. The calculations carried out were:
· Piston displacement
· Side Rod force
· All frictional Forces Present
· Instantaneous, Inertial and gas Torques
· IMEP and Work Done
· BMEP and Effective Work Done
Refer to Appendix (8.2) for all equations and values calculated.
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[bookmark: _Toc23711617]Peak gas force
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[bookmark: _Toc23711625]Figure 6: Graph of Forces at 6000rpm

[bookmark: _Toc23711618]Further Work Calculations
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[bookmark: _Toc23711626]Figure 7: Further Equations used
[bookmark: _Toc23711619]Tabled Data
*note; As all rpm data was calculated equally, only one set of data will be shown.
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[bookmark: _Toc23711627]Figure 8 : Table of Calculated figures @ 6000rpm
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