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[bookmark: _Toc23706532]Introduction
This report will consist of a study carried out on the forces, accelerations and displacements con-rod’s experience during a 4-stroke cycle. The study was conducted on a 1600cc Ford EcoBoost GDI four-cylinder in-line engine, with high-pressure direct fuel injection.
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[bookmark: _Toc23705910]Figure 1 1.6 Ford EcoBoost Engine (Ford)
Initially, data provided consisted of the crank angle and cylinder pressures, ranging from 1000RPM-6000RPM, then with the use of Microsoft Excel and the appropriate equations, the rest of the required data was formulated. The formulated data was then compared to equivalent data, gathered by the same method for a modified version of the engine.  
To modify the engine, the bore and stroke were altered to change the engine from under squared to over squared. The masses, Con-Rod Length, Cross-Sectional area, Cylinder Pressures and displacement were kept the same as the standard engine.
The purpose of the modification was to study the differences between an ‘over squared’ engine, as opposed to an ‘under squared’ engine and the effects that these would have on the forces, acceleration and displacement that the con-rod encounters.
Finally, extra work carried out consisted of piston acceleration, frictional forces, work done, torque and power can be found in the appendix. 
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[bookmark: _Toc23705890]Table 1 Standard Engine Specifications
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[bookmark: _Toc23705891]Table 2 Standard Piston Ring Specifications 
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[bookmark: _Toc23705892]Table 3 Modified Engine Specifications
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[bookmark: _Toc23705893]Table 4 Modified Piston Ring Specifications
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[bookmark: _Toc23706537]Ultimate Tensile Strength & Young’s Modulus
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[bookmark: _Toc23705895] Table 6 UTS & E Powder Forged Steel (GKN Sinter Metals)      Table 7 UTS & E Titanium Alloy (Arcam EBM System ) 
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[bookmark: _Toc23705944]Equation 1 Angular Velocity
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[bookmark: _Toc23705945]Equation 2 1st Order Acceleration
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[bookmark: _Toc23705946]Equation 3 2nd Order Acceleration
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[bookmark: _Toc23705947]Equation 4 Total Piston Acceleration
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[bookmark: _Toc23705911]Figure 2 Con Rod Angle Diagram (Hill, Con-Rod Angle Diagram)



[bookmark: _Toc23705948]Equation 5 Con-Rod Angle
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[bookmark: _Toc23705949]Equation 6 Gas Force
[bookmark: _Toc23706547]Inertia Force
1st Order Inertia Force

[bookmark: _Toc23705950]Equation 7 1st Order Inertia Force
2nd Order Inertia Force

[bookmark: _Toc23705951]Equation 8 2 Order Inertia Force
Total Inertia Force

Or,

[bookmark: _Toc23705952]Equation 9 Total Inertia Force
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[bookmark: _Toc23705953]Equation 10 NET Force
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[bookmark: _Toc23705954]Equation 11 Rod Force
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[bookmark: _Toc23705955]Equation 12 Side Force
[bookmark: _Toc23706551]Ring/Radial Force
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[bookmark: _Toc23705957]Equation 14 Side Friction Force
[bookmark: _Toc23706554]Ring Friction Force

[bookmark: _Toc23705958]Equation 15 Ring Friction Force
[bookmark: _Toc23706555]Rod Shank Stress 
[bookmark: _Toc23706556]Rod Shank compression Stress

[bookmark: _Toc23705959]Equation 16 Rod Shank Compression Stress
[bookmark: _Toc23706557]Rod Shank Tensile Stress

[bookmark: _Toc23705960]Equation 17Rod Shank Tensile Stress
[bookmark: _Toc23706558]Nominal Static Safety Factors 
[bookmark: _Toc23706559]Compressive 

[bookmark: _Toc23705961]Equation 18 Compressive Static Safety Factor
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[bookmark: _Toc23705962]Equation 19 Tensile Static Safety Factor
[bookmark: _Toc23706561]Compression and Tensile Displacement 
Since,  
And,
Young’s Modulus is interpreted as; 
Then,  
This equation transposed then can be used for finding the Compression and Tensile Displacement;

[bookmark: _Toc23705963]Equation 20 Compressive & Tensile Displacement
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[bookmark: _Toc23705912]Figure 3 Piston Travel Diagram (Hill)













 






[bookmark: _Toc23705964]Equation 21 Piston Travel
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To work out the Work done values for Side Friction Force and Ring Friction Force per degree, the equation below is used,

[bookmark: _Toc23705965]Equation 22 Friction WD/Degree
To work out the NET Work Done per degree;

[bookmark: _Toc23705966]Equation 23 Net WD/Degree
To work out the Gas Work done per degree;

[bookmark: _Toc23705967]Equation 24 Gas WD/Degree
Furthermore, 

[bookmark: _Toc23705968]Equation 25 Friction WD/Cycle
Also, 

[bookmark: _Toc23705969]Equation 26 Gas WD/Cycle
Finally,

[bookmark: _Toc23705970]Equation 27 Total WD/Cycle
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To work out gas torque per degree,

[bookmark: _Toc23705971]Equation 28 Gas Torque/Degree
Average gas torque per cylinder,

[bookmark: _Toc23705972]Equation 29 Gas Torque/Cylinder
Average Gas Torque for the entire engine,

[bookmark: _Toc23705973]Equation 30 Average Gas Torque over Engine
[bookmark: _Toc23706566]Inertia
To work out Inertia torque per degree,

[bookmark: _Toc23705974]Equation 31 Inertia Torque/Degree
Average Inertia torque per cylinder,

[bookmark: _Toc23705975]Equation 32 Average Inertia Torque/Cylinder
The sum of the Inertia torque should always amount to 0 over the two cycles (720°), this is because of Newton’s 2nd Law F=Ma, and as there is a constant velocity at each RPM range covered, there is no acceleration. Therefore, there is an equal amount of positive and negative inertia acting on the engine components. 
[bookmark: _Toc23706567]Mean Effective Pressure
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[bookmark: _Toc23705977]Equation 34 FMEP (1)

[bookmark: _Toc23705978]Equation 35 BMEP
Furthermore, FMEP can also be calculated as,

[bookmark: _Toc23705979]Equation 36 FMEP (2)
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[bookmark: _Toc23705980]Equation 37 Power


[bookmark: _Toc23706569]Results & Analysis
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[bookmark: _Toc23705896]                       Table 8 Standard Peak Gas Forces                                               Table 9 Modified Peak Gas Forces
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[bookmark: _Toc23705913]Figure 4 Peak Gas Forces
From reviewing figure 4, it is clear that after 1500RPM the gradient of gas force increases at a more accelerated rate, due to boost pressure increasing. In addition to this, at 4000rpm the gradient seems to decline, suggesting that the boost pressure from the turbocharger decreases, or potentially an anomaly with the volumetric efficiency of the engine. As the speed of the engine increases, there is less time for heat transfer, so during most  of the compression and combustion strokes, we can consider it to be an isochoric process, where the temperature and pressure are directly proportional:. Therefore, explaining as the engine speed increases, temperatures will remain higher, pressure has to increase for the relationship to remain constant. This explains why the gas force increases, as pressure is a variable of the equation for gas force as well as the bore area, which in turn also explains why the modified engine has higher values at each RPM due to the larger bore area.
[bookmark: _Toc23706571]Inertia Loads
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[bookmark: _Toc23705914]Figure 5 Standard Inertia Loads as a Function of Crank Angle
The Dwell Period at TDC lasts for a shorter period than the dwell period at BDC as clearly shown in figure 5 this is because the acceleration rate is less at BDC. At and around TDC there is a greater rate of change in velocity with respect of time, explaining why there is more inertia force. Following Newton’s second Law of Motion the reciprocating mass of the piston remains constant but the acceleration increases giving a higher value for inertia force at TDC.
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[bookmark: _Toc23705915]Figure 6 Modified Inertia Loads as Function of Crank Angle
Due to the reduction of the stroke in the modified engine, the piston has a shorter distance to travel within the cylinder. Therefore, acceleration induced onto the piston is a lower figure from the smaller crank radius compared to the standard engine. As the crank radius is a significant variable of the piston acceleration formula, this will cause there to be less inertia force acting upon the piston at any given point. As proved in the graph below.  
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[bookmark: _Toc23705916]Figure 7 Total Acceleration against Crank Angle 6000 RPM
[bookmark: _Toc23706572]NET Compressive & Tensile Loads
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[bookmark: _Toc23705897]                         Table 10 Standard NET Forces                                                         Table 11 Modified NET Forces
From examining tables above, it is evident that the values for NET tensile forces are negative up until 2000RPM showing they are still under compressive forces. This is because the inertia forces have yet to overcome the gas force within the cylinder.
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[bookmark: _Toc23705917]Figure 8 NET Compressive Loads
Evaluating figure 8 it is clear that the highest net compressive force acting upon the Rod arises at 5700RPM for both the standard and modified engine. Furthermore, the modified engine follows an almost identical trend, but is always a greater value, due to the increased piston surface area resulting in an increased force, as previously explained. 
The NET tensile loads climb in value as the engine speed increases, due to the relationship with angular velocity, with a consistent gradient, as shown in figure 9 below, as opposed to the NET Compressive loads where the gradient appeared more erratic.
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[bookmark: _Toc23705918]Figure 9 NET Tensile Loads
Also, from further analysing figure 9 it’s noticeable that the modified engine has lower NET tensile force figures at each RPM, due to the reduced piston accelerations. As the engine speeds up the difference between the standard and modified engine increases, at 2000rpm there is a difference of 87.03N, escalating to 235N at 4000rpm and finally further increasing to a 480.15 difference 6000RPM.


[bookmark: _Toc23706573]Compressive & Tensile Stresses in rod Shank
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[bookmark: _Toc23705898]Table 12 Standard Rod Shank Stress Compressive & Tensile
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[bookmark: _Toc23705899]Table 13 Modified Rod Shank Stress Compressive & Tensile 
 , given this relationship, it explains why the Compression and Tensile stresses increase proportionally with force, as shown in table 12 & 13. This proven in figures 10 & 11 where it is clear that both compressive and tensile stress follow an almost indistinguishable trend between the standard and modified engines, shown in both the Compression and Tensile force graphs, because of the increase in force. Given the compressive forces have increased in the modified engine, an expected increase in compressive stress is seen, however, due to the reduced tensile force, the resulting tensile stress has reduced.   
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[bookmark: _Toc23705919]Figure 10 Rod Shank Compressive Stress
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[bookmark: _Toc23705920]Figure 11 Rod Shank Tensile Stress
[bookmark: _Toc23706574]Nominal Static Safety Factors
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[bookmark: _Toc23705900]Table 14 Standard Nominal Static Safety Factors
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[bookmark: _Toc23705901]Table 15 Modified Nominal Static Safety Factors
As shown in Equations 18 & 19 to calculate the static safety factor the UTS figure is required, shown below is the UTS used. Also is the value for the young’s modulus, which is required to work out the compressive and tensile displacements for the powder-forged steel. 
	GKN SM Material Code
	Density [g/cmᶾ]
	UTS [MPa]
	E[Gpa]

	PMET 4206F
	>7.6
	760
	200


 (GKN Sinter Metals)
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[bookmark: _Toc23705921]Figure 12 Compressive Nominal Static Safety Factor
Figure 12 shows that as engine speed increases the safety factor decreases, the rate of which noticeably decreases from 2000RPM onwards. In addition, the modified engine has a lower safety factor at every RPM than the standard engine; this is because there is more compression stress in the modified engine as previously explained. Figure 13 also shows that the tensile safety figures for the modified engine are larger than the standard engine, as opposed to the compressive safety factor this is because more tensile stress is exerted onto the standard engine.
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[bookmark: _Toc23705922]	Figure 13 Tensile Nominal Static Safety Factor	
Finally, the larger the Static Safety factor, the less likely it is to fatigue during operation, from reviewing both figure 12 & 13, it can be said that an under squared engine (Standard Engine) will have a larger compressive safety factor whereas an over squared engine (Modified Engine) which will have a larger tensile safety factor. 
[bookmark: _Toc23706575]Compressive & Tensile Displacement
[bookmark: _Toc23706576]Results
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[bookmark: _Toc23705902]Table 16 Standard Compressive & Tensile Displacement
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[bookmark: _Toc23705903]Table 17 Modified Compressive & Tensile Displacement
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[bookmark: _Toc23705923]Figure 14 Compressive Displacement
Figure 14 shows the same trend for displacement as it did for compressive load and stress, as expected, as they are factors of one another. As previously discussed, the young’s modulus is required to work out displacement of the rod, proven in equation 20, the young’s modulus for the titanium was 113Gpa (Arcam EBM System ) as opposed to the 200gpa of the steel. 
“A stiff material has a high Young's modulus and changes its shape only slightly under elastic loads. A flexible material has a low Young's modulus and changes its shape considerably.” (Materials Eng, n.d.), this is demonstrated in both figure 14 & 15 where the displacement values for both the standard and modified engine with a titanium are larger than with the powder forged steel. 
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[bookmark: _Toc23705924]Figure 15 Tensile Displacement
In summary, the titanium rod has more compressive and tensile displacement, which will have an effect on the compression ratio, even though extremely minute. More tensile displacement means there may be less operating clearance, which, in turn, could cause bent valves if the stretch was excessive whilst the valves were open.
[bookmark: _Toc23706578]Conclusion
In conclusion, it is clear that as engine speed increases, naturally so do the forces, accelerations and displacements exerted onto the con-rod. Subsequently, it is evident, that there are numerous variables and factors to consider when designing a con-rod. An FEA model of the con-rod could be made in order to validate the results obtained. In addition, a more in-depth engine cycle simulation could have been created. In addition, it can be said that an over squared engine (Modified) has more compressive loads, stresses and displacements but less tensile, than an under squared engine (Standard). Finally, in regards to a titanium con-rod averse to a steel one, titanium encounters more displacement due to its lower young’s modulus so has more stress imposed upon it although it has a higher UTS value so that it is further from breaking point during operation. 
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[bookmark: _Toc23706581]Gas Forces against Crank Angle
Initially, from reviewing the Gas Force against Crank Angle graphs for both the standard and then modified engine it is apparent that gas force peaks slightly ATDC. 
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[bookmark: _Toc23705925]Figure 16 Gas Forces in Standard Engine
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[bookmark: _Toc23705926]Figure 17 Gas Forces in Modified Engine
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[bookmark: _Toc23705927]Figure 18 1st & 2nd Order Acceleration at 3500 Standard
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[bookmark: _Toc23705928]Figure 19 1st & 2nd Order Acceleration at 3500 Modified
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[bookmark: _Toc23705929]Figure 20 Total Piston Acceleration
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[bookmark: _Toc23705930]Figure 21Piston Travel at 6000RPM
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[bookmark: _Toc23705904]Table 18 Standard Work Done/Cycle
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[bookmark: _Toc23705905]Table 19 Modified Work Done/Cycle
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[bookmark: _Toc23705931]Figure 22 Friction WD/Cycle against RPM
[image: ]
[bookmark: _Toc23705932]Figure 23 Gas WD/Cycle against RPM
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[bookmark: _Toc23705933]Figure 24 Total WD/Cycle against RPM
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[bookmark: _Toc23705906]                Table 20 Standard Mean Effective Pressures                           Table 21 Modified Mean Effective Pressures
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[bookmark: _Toc23705937]                                            Figure 28 Standard Torque                                Figure 29 Modified Torque

[image: ]
[bookmark: _Toc23705938]Figure 30 Gas Torque for Engine
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[bookmark: _Toc23705939]Figure 31 Instantaneous Torque
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[bookmark: _Toc23705907]                                          Table 22 Standard Power                                  Table 23 Modified Power
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[bookmark: _Toc23705908]Table 24 Engine Power
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[bookmark: _Toc23705940]Figure 32 NET Force 5000RPM
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[bookmark: _Toc23705941]Figure 33 Rod Force at 5000RPM
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[bookmark: _Toc23705942]Figure 34 Side Force at 5000RPM
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[bookmark: _Toc23705943]Figure 35 Ring Force at 5000 RPM
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8 Stroke. 78 mm 0.078 m
32 Acceleration 9 Bore-Stroke Ratio 5]
T 10 Compression Ratio__[10.0-1]
00814 : 321 1%Order 1 Crank Diameter 8 mm 0078 m
12 Crank Radius 39 mm 0.039 m
1st Order Acceleration = R X cos @ 3 Comecting Rod Length | 138 | —mm [XE) o
14
0.0407_}| m} 322 2™ Order 15
013 [m|
® ®
2nd Order Acceleration = 7 X R X cost) 17 Height 2] wm 0,001 m
18 nner diameter 78 mm 0.078 m
19 Outer Diameter 82 mm 0.082 m
Height 3.2.3 Total Piston Acceleration il = = = = Z 1
Inner diameter 1st Order Acceleration + 2nd Order Acceleration = Total Piston Acceleration 21 Second 1 2mm|
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2 Oi 2.0mm|
Thickness 33 ConRod Angle 2 Type Turbocharged. direct gasoline injected nline four cyclinder engine with twin independent variab
Second 1.2mm 24 Valve gear DOHC with four valves per cylinder, twin independent variable-cam timing
Oil 20mm 25 Cylinder Head Cast aluminium
2% Cylinder Block Cast aluminium
22 Modified 27 Camshaft Drive Timing belt with dynamic tensioner
28 Crankshaft Cast iron. four countenweights. five main bearings
Engine Specifications (Wodified) 29 Engine Management Bosch MED17 with CAN-Bus and indvidual cylinder knock control
Discplacement 30 Fuel Injection High-pressure direct fuel injection with sixhole injectors
31 Emission Control Close-coupled thiee-way catalyst system with heated 0xygen sensors and catalyst monitor se
32 Emission Level Euro Stage 6
33 Turbocharger Borg Wamer KP39 low-inertia turbo
3% Lubrication system Pressure-fed lubrication system with varable-displacement pump and fulflow. ol
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