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[bookmark: _Toc23718775]Introduction
The con-rod is arguably one of the most stressed components within an IC engine, turning linear motion in rotational. Therefore, it is important to understand the forces and stresses experienced through the component in order to consider the right design solution for reliable and functional operation in an ever-demanding environment.
Hence, this report aims to accurately and simply analyse, from and existing modern 1.0 litre GDI engine, the peak gas forces experienced, followed by the inertia first and second order inertia forces, compressive forces, tensile loads and concluding with material considerations. A theoretical modification on the original engine will also be evaluated and the effects thereof.
[bookmark: _Toc23718776]Power Units
[bookmark: _Toc23718777]Ford 1.0 litre GDI Ecoboost Engine
The chosen power unit is a modern three-cylinder one litre engine featured within the existing Ford road going passenger vehicles. It is a turbocharged unit with direct injection. 
The data of the engine used within this analysis is detailed in the table below. Masses and measurements are taken directly from an existing engine.
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[bookmark: _Toc23716807]Figure 1 - Ford 1.0 litre Ecoboost engine data.

[bookmark: _Toc23718778]Modified Engine
The existing engine is modified in order to understand the implications this would have on the operation conditions. As the engine is turbocharged the most sensible method of power increase would be an increase in boost pressure. Not altering the bore of stroke or engine operating speeds. 
The reasoning above the typical increase in engine speed is due to the understanding that this will mainly affect the compressive forces experienced by the engine and not the tensile loads. Tensile loads are mainly responsible for fatigue failure and are at their maximum at the end of the exhaust stroke. An increase in engine speed has a direct correlation to the increase in tensile load as showcased in figure 2. (Bell, 1997)
The simplest method to simulate this within the data analysis without advanced combustion simulation is to increase the existing cylinder pressures by a factor of 1.2, lending to a 20% increase in cylinder pressure. Which replicates the engine under greater amount of boost pressure. Ignition is not retarded or advanced. 

[bookmark: _Toc23716808]Figure 2 - The increase in tensile load experienced within the engine is exponentially related to engine speed.

The original engine characteristics are maintained, the modification only builds upon this as seen in figure 3.

[bookmark: _Toc23716809]Figure 3 - Graphical representation of the boost factor increase within average cylinder pressures at 6700 RPM.

[bookmark: _Toc23718779]Method and Analysis
Using the combustion pressure data recorded from the engine the following characteristics are understood and analysed within Microsoft Excel as seen in Appendix Figure 13 - Microsoft Excel data processing layout.
[bookmark: _Ref23413615][bookmark: _Toc23718780]Peak Gas Forces
The peak gas force acting upon the piston is found through the following equation,
   


[bookmark: _Toc23342333][bookmark: _Toc23716826]Equation 1 – Peak gas force.

Graphing peak gas forces against engine speed, figure 4, the maximum is found at and engine speed of 3500 rpm. Dissimilar to its bigger sister engine the 1.6 Ecoboost which peaks at 5700 rpm, Appendix Figure 18 - Average peak gas force with a Ford 1.6 GDI engine.. This is characteristic is believed to be influenced by the low fuel consumption aims, as lower engine speed consumes less fuel, peak power reflects this. 


[bookmark: _Toc23716810]Figure 4 - Peak gas force.

[bookmark: _Toc23718781]Inertia Loads
Important in the balancing an engine inertia loads directly affect vibration and are the product of con-rod length (), crank radius () and engine speed (ω). First and second order piston accelerations are found through the equations below and translated into force through the understanding of Newton’s second law of motion and is taken in terms of piston mass. 


[bookmark: _Toc23716827]Equation 2 - Formula for first order acceleration.



[bookmark: _Toc23716828]Equation 3 - Formula for Second order acceleration.




[bookmark: _Toc23716829]Equation 4 - Total inertia force.

Plotting the first order and second order forces as well as resultant across all engine speeds produce the graphs showcased in the Appendix Figure 14 - First order inertia force.. Figure 5 - Analysis of first and second order inertia loads on the resultant inertia force.specifically looks at first order and second order inertia forces and their resultant at maximum engine speed.  Maximum and minimum first order inertial forces are found at TDC and BDC as the piston reaches maximum accelerating before changing direction, it only occurs once per crankshaft rotation.
Second order forces occur twice every crankshaft rotation and are balanced. The resultant force sees a morphing of the two forces, an increase in peak force at TDC while a decrease and spread of force at BDC.
The three-cylinder engine is balanced in regards to first order and second order inertia forces (Heywood, 2018), see Appendix Figure 19 - Crank arrangements and star diagrams for first- and second-order components of the inertia force courtesy of (Heywood, 2018). Compared to the four cylinder which is only balanced in the first order and not in the second, clearly shown in the analysis of the four cylinder Ford 1.6 GDI graph Appendix Figure 17 - First, second order and resultant force at 6000 RPM for a Ford 1.6 GDI engine., where a greater amount of acceleration is present 51˚ before and after TDC and BDC. 
There would be no affect from an increase in cylinder pressure on the first and second order accelerations due to gas force not being a component within the calculations. Hence, the modification would not affect the inertia forces.


[bookmark: _Ref23419770][bookmark: _Toc23716811]Figure 5 - Analysis of first and second order inertia loads on the resultant inertia force.

[bookmark: _Toc23718782]Forces in Motion
In order to understand the forces acting through the rod the net force is gathered using Equation 5 - Net Force.. Net force takes into consideration the resistance to motion caused by the inertia force. (Kurtus, 2019)



[bookmark: _Ref23498517][bookmark: _Toc23716830]Equation 5 - Net Force.

To translate this into force acting through the con-rod itself the rod angle must be taken into consideration,

[bookmark: _Toc23716831]Equation 6 - Rod angle.

Therefore, the force acting through the rod is dictated by the merger of these two factors.


[bookmark: _Toc23716832]Equation 7 - Rod force.


[bookmark: _Toc23718783]Compressive
Using the aforementioned equations, a data table was built looking at the spread of rod forces throughout the whole operation range. The peak compressive force was experienced at the same location as peak gas force.
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[bookmark: _Toc23716812]Figure 6 - Maximum rod force value range taken from spreadsheet.



[bookmark: _Toc23718784]Tensile
Maximum tensile force is found as the minimum rod force figure in the data table as it acts in the opposite direction of the initial force solved for, however taking the absolute value gives a functional figure of 5.04 kN. Interestingly it is not found exactly at TDC, but 7˚ afterwards. This is believed to be exactly when the crankshaft begins to pull back on the rod during rotation.
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[bookmark: _Toc23716813]Figure 7 - Minimum rod force value range taken from spreadsheet.


Plotting Compressive force and tensile load against engine speed it is clear that the compressive force is a component of gas force while tensile load increases proportionally to engine speed. Limiting high engine speed therefore can lower component tensile fatigue.


[bookmark: _Toc23716814]Figure 8 - Graph showcasing the relationship between tensile load and the compressive force against engine speed.
[bookmark: _Toc23718785]Dimensional Stress
Considering the smallest cross-sectional area of the conrod, the point most pone to failure, the maximum compressive and tensile stress experienced under operation can be found using Equation 8 - Used to find maximum compressive and tensile stress in relation to minimum con rod cross sectional area.


[bookmark: _Ref23687594][bookmark: _Toc23716833]Equation 8 - Used to find maximum compressive and tensile stress in relation to minimum con rod cross sectional area.
[bookmark: _Toc23718786]Stock
The forces calculated within the stock engine are as follows,


[bookmark: _Toc23718787]Modified
An increase in compressive force is experienced in the modified engine.


[bookmark: _Toc23718788]Material Considerations
The material choice forms a fundamental element in the performance of the con-rod. Subjected to inertial forces and compressive loads the con rod will need to withstand this for a great many cycles, hence the material will directly impact lifespan, safety factor, compression and stretch displacement. 
Commonly used materials consist of alloyed steel, powder forged alloy steel (in the case of this engine), aluminium and titanium. (Hoag, 2006) Using the base material and a titanium variant the two materials effects will be analysis in terms of the aforementioned factors.

[bookmark: _Toc23718789]Ford Powder Forged Steel
More cost effective and able to produce more intricate shapes, as well as reducing engine noise due to lower levels of thermal expansion from the addition of silica in the material composition, the Ford motor company has made powder forged alloyed steel the main material for con-rods. As disclosed by (McDonald, 2019) the material properties are as follows. 
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[bookmark: _Toc23716815]Figure 9 - The properties and results of the con-rod material used by the Ford motor company. UTS and modulus of elasticity is courtesy of Malcolm McDonald.
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[bookmark: _Toc23716816]Figure 10 - Ford powder forged material results from the modified engine.

[bookmark: _Toc23718790]Titanium TiAL 6 V 4 F 89
Featuring a high strength to density ratio and excellent fatigue resistance under loading TiAl6V4 is the material of choice for a performance application. The titanium is alloyed with 6% aluminium and 4% vanadium.

[image: ]
[bookmark: _Toc23716817]Figure 11 - The table of material properties, of titanium TiAL 6 V F 89 courtesy of (Robert Bosch GmbH, 2007), and the results it produced concerning the nominal safety factor, compression and stretch displacement. Taken from the working Excel spreadsheet.
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[bookmark: _Toc23716818]Figure 12 - Titanium results from the modified engine.

[bookmark: _Toc23718791]Nominal Safety Factor
The safety factor is an important consideration when designing any competent and is used as a guideline in ensuring operation without failure within its lifespan. Firstly, understanding the maximum loads the component will undergo a suitable material meeting the safety factor can be decided using the measured ultimate tensile strength (UTS), seen in Equation 9 - Nominal safety factor, crucial in understanding the estimated longevity of the component.


[bookmark: _Ref23689253][bookmark: _Toc23716834]Equation 9 - Nominal safety factor, crucial in understanding the estimated longevity of the component.
Using the UTS of the existing Ford conrod it is found that the compressive safety factor is roughly 5 while under the increased 20% load dropped down to 4. The stock Ford tensile safety factor is 40, a much higher figure due to the lower force experience inertially. The tensile safety factor is not affected in the case of the modified engine.

[bookmark: _Toc23718792]Compression Distance and Stretch
Under operation dimensional changes in the con-rod must not be neglected as it may lead to catastrophic failure when tolerances are exhausted. Two types of dimensional transformations are present compression and stretch. Compression mainly occurs during the power stroke under gas force, while stretch is mainly present during maximum tensile loads. 
Modelling the con-rod as a simple beam based off of the minimum cross-sectional area and length and using the young’s modulus of the selected material the stiffness can be found. As outlined in Equation 10 - Material Stiffness.



[bookmark: _Ref23690212][bookmark: _Ref23690217][bookmark: _Toc23716835]Equation 10 - Material Stiffness.

Once the material stiffness is found the displacement in either direction can be calculated using the maximum operational force (Net force), Equation 11 - Formula for finding either stretch or compression displacement within the conrod under either compressive or tensile force respectively.


[bookmark: _Ref23690329][bookmark: _Toc23716836]Equation 11 - Formula for finding either stretch or compression displacement within the conrod under either compressive or tensile force respectively.

Reviewing the compression and stretch figures there is a clear increase in displacement exhibited by the titanium con-rod material due to the lower stiffness value, resulting in an elongation of 0.01mm. Similarly, under compression the displacement is a difference of 0.066mm. If the engine is modified with a 20% pressure increase and the original con-rods exchanged for an identical titanium variant the increase in compression displacement would be 0.1mm, an increasingly significant figure. Compression displacement is not as critical as elongation, as elongation will cause a decrease in valve clearance especially on the exhaust valves. Fortunately, only a change in compressive displacement is present in this case. It would be of greater concern if the engine speeds were increased for numerous factors which may lead to engine failure, increased elongation and valve float. Hence it is an important factor to consider when modifying and engine.
[bookmark: _Toc23718793]Conclusion
Through the use of the analytical techniques a greater understanding of the Ford 1.0 GDI engine is achieved. The modification, an increase in boost pressure, has proven to be in the best interest for this type of engine as it did not impact the tensile loads but rather the compressive forces, hence maintaining the original tensile safety factor. 
Inertia loads analysis aided in proving that the three-cylinder engine is balanced in the first and second order through graphical representation compared to the four-cylinder Ford 1.6 GDI. However, in terms of moments it remains unbalanced and is suspected to only be corrected through crankshaft counterweights. An increase in engine speed would require greater balancing work therefore resulting in a greater mass.
Graphically compressive forces where proven to be a product of cylinder pressure while an increase in inertia loads were directly proportional to an increase in engine speed. The modified engine only saw an increase in compressive force.
Lastly material considerations. The use of powder forged alloy steel available through new manufacturing processes provide an ideal choice for tensile strength, mass and thermal expansion, or the lack thereof. Under greater cylinder pressures a decrease in the safety factor was present, hence the use of titanium rods proves a viable solution. One consideration to take into account however is the lower material stiffness which lends to an increase in dimensional changes, mainly compression in this case but also stretch which will impact tolerances, if left unaccounted for could lead to engine failure.
It is proven that an increase in boost pressure is the most sensible method of engine performance increase in this case. This will however benefit from being taken further and a study into con rod buckling conducted to fully understand the implications.
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[bookmark: _Ref23710623][bookmark: _Toc23716819]Figure 13 - Microsoft Excel data processing layout.
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[bookmark: _Ref23711330][bookmark: _Toc23716820]Figure 14 - First order inertia force.

[bookmark: _Ref23711353][bookmark: _Toc23716821]Figure 15 - Second order inertia force.



[bookmark: _Toc23716822]Figure 16 - Resultant inertia force.

[bookmark: _Ref23713069][bookmark: _Toc23716823]Figure 17 - First, second order and resultant force at 6000 RPM for a Ford 1.6 GDI engine.


[bookmark: _Ref23710676][bookmark: _Toc23716824]Figure 18 - Average peak gas force with a Ford 1.6 GDI engine.
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[bookmark: _Ref23711517][bookmark: _Toc23716825]Figure 19 - Crank arrangements and star diagrams for first- and second-order components of the inertia force courtesy of (Heywood, 2018)
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Cylinder Pressure (Bar)



Peak Gas Force Compared to Engine Operating Speed
Stock	1000	1500	1750	2000	2500	3000	3500	4000	4500	5000	5500	6000	21989.378412022968	30176.64080720325	32278.066125581347	33078.737999319019	32956.390573041324	33007.007760461522	35114.117361918892	33364.440894089174	33413.704680776202	30618.796826726742	31498.777983427615	31964.077155488147	Modified	1000	1500	1750	2000	2500	3000	3500	4000	4500	5000	5500	6000	26387.254094427564	36211.968968643901	38733.679350697617	39694.485599182823	39547.668687649595	39608.409312553813	42136.940834302666	40037.329072907007	40096.445616931444	36742.556192072087	37798.533580113137	38356.892586585775	Engine Speed (RPM)

Gas Force (N)



First Order, Second Order and Resultant Force @ 3500RPM
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Inertia Force (N)





Compressive Force and Tensile Load Compaired to Engine Speed

Max Compressive Force	1000	1500	1750	2000	2500	3000	3500	4000	4500	5000	5500	6000	22104.516498467998	30297.787962482922	32324.237726714051	33121.875131960631	32770.422565865367	32450.7031994274	34030.029095588754	31724.364993854142	31016.169282707458	27794.361662324969	27751.749287998857	27175.040731310321	Max Tensile Load	1000	1500	1750	2000	2500	3000	3500	4000	4500	5000	5500	6000	311.607651500744	216.21070876370513	118.75819005516693	64.573573036500946	452.06483107446138	780.36245805078556	1277.1203733510567	1869.9475418667225	2592.948584727359	3263.7129917755337	4081.3946192766057	5036.1478093147271	Engine Speed (RPM)


FOrce (N)


Force (N)




First Order Inertia Force Against Crank Angle
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Inertia Force (N)



Second Order Inetia Force Against Crank Angle
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uts. 750 Nimmr2

Modulus of Elasticity 170 kNimm?
Material Stifness 27767410 KM
Nominal Safety Facto 494

Tensile Safety Factor 3339

Max Compression Di 0123 mm

Max Tensile Stretch 0.018 mm
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Nominal Safety Factor 4.09
Tensile Safety Factor 34.70

Max Compression Dist 0.148 mm
Max Tensile Stretch 0.017 mm
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uts. 890 Nimmr2
Modulus of Elasticity 110 kNimm?
Material Stifness 179671.47 kNImm?
Nominal Safety Facto 586

Tensile Safety Factor 3063

Max Compression Di 0189 mm

Max Tensile Stretch 0028 mm
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Nominal Safety Factor 485
Tensile Safety Factor 4118

Max Compression Dist 0.229 mm
Max Tensile Stretch 0.027 mm
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