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Abstract
The automotive industry faces the challenge to provide the most fuel efficient and excellent engine performance output while maintaining low emissions in today’s market. This paper compares the differences between each of the different variable compression ratio engine designs, including explaining the benefit and design process of each of the concepts. 
Variable compression ratio is a system which allows the change of compression ratio in an internal combustion engine, that allows the engine’s performance and efficiency to be achieved, whilst performing like a conventional internal combustion engine, through meeting the requirements whilst being more efficient. The main feature of variable compression ratio engines is that they allow different compression ratios to operate depending on the vehicle’s performance needs. Within a variable compression ratio engine, there are many thermodynamic benefits within the engine map; at low power levels the engine operates at a high compression ratio to increase the fuel efficiency, while at high power levels, the engine operates at a low compression ratio to prevent knocking.
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[bookmark: _Toc38895005]Reasons for and Relevance of the Project 
The motivating factors when analysing the need to reduce emissions and improve efficiency in internal combustion engines is due to more rigorous environmental regulations, as well as the social demands of society (University of Pitesti, 2016).  One of the most important international agreements based on reducing emissions and, therefore, greenhouse gasses is the Kyoto Protocol. The Kyoto Protocol is a United Nation international agreement to reduce emissions and concentrates on six main greenhouse gases: • Carbon dioxide (CO2), Methane (CH4), Nitrous oxide (N2O), Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs) and Sulphur hexafluoride (SF6) (United Nations, 2019). Of these six gases, the combustion engine produces large quantities of CO2, HFCs and N20, which are regarded as contaminants; CO2 can potentially be deadly as it removes oxygen from the blood. HFCs such as Benzol, can cause irritation to the eyes, skin and breathing system. It can also cause depression, dizziness, headaches and nausea, and is known as one of the numerous causes of cancer.  Finally, although, on its own, N20 irritates the mucous layer, if it is combined with HFCs it can cause what is commonly known as acid rain (nitrous acids) which can contaminate areas many miles away from the source (AS, 2019). Another contaminant produced by the combustion engine is lead; lead is a very dangerous metal because when inhaled it can produce blood clots which can have lethal consequences (AS, 2019). 


[bookmark: _Toc38895006]Aims and Objectives
This report discusses the design concepts, implementation, analysis and limitation factors of each of the variable compression ratio design concepts. The aim for this report is to design each of the variable compression ratio components in Solidworks, where this will allow a motion simulation to be created, which can be analysed on each of their characteristics. 
The objective for this report is to compare and analyse the beneficial impact and limitations of each of the variable compression ratio design concepts, and how they are applied to the internal combustion engines in the real world. 


[bookmark: _Toc38895007]Variable Compression Ratio (VCR) Engine
[bookmark: _Toc38895008]Technical Description
Within the automotive industry, car emissions and fuel economy have always been a challenge, this has prompted the variable compression ratio engine to come into the market, where it approaches with its low fuel consumption, engine performance, efficiency and emission reduction.
The first variable compression ratio engine was built by Harry Ricardo as a prototype engine back in the 1920s to study knock in aircraft engines. Variable compression ratio was accomplished by increasing or decreasing the cylinder and cylinder head in relation to the crankshaft (National Research Council, 2015). However, variable compression ratio has expanded over the years, achieving different design concepts which will be investigated in this report. 
Variable compression ratio is a system which allows the change of compression ratio in the internal combustion engine. This is defined by the ratio of the greatest volume within the combustion chamber at bottom dead centre of the piston position and the lowest volume within the combustion chamber at top dead centre of the piston position. In addition, when the engine load decreases, the end gas temperature decreases, resulting in a high compression ratio preventing the risk of knocking in naturally aspirated and or boosted engines. When the compression ratio is increased from 8 to 14, the efficiency produces an increase from 50 to 65 percent (15% gain), whereas, a 16 - 20 ratio change only results in an increase from 67 to 70 percent (3% gain) (Khan & Takalkar, 2017). 
As stated above, the main concepts of variable compression ratio are to improve engine performance, efficiency, fuel consumption and reduce emissions. The greater the in-cylinder pressure and temperatures acting upon the beginning of the combustion stage and miniscule residual gases, due to the high compression ratio, which increases the laminar flame speed, where this will cause the ignition delay to be shorter. In addition, during low loads at a greater compression ratio, the cylinder pressure during the combustion stage is less. Therefore, low fuel consumption rates are reasonable with high compression ratios at part load. The main feature for variable compression ratio engines allows different compression ratios to operate depending on the vehicle’s performance needs. Within a variable compression ratio engine, there are many thermodynamic benefits within the engine map, where at low power levels the engine operates at a high compression ratio to increase the fuel efficiency, while at high power levels, the engine operates at a low compression ratio to prevent knocking (Khan & Takalkar, 2017). 



[bookmark: _Toc38895009]Design Concepts
[bookmark: _Toc38895010]Atkinson Design Concept
[bookmark: _Toc38895011]Literature Review
A multi-linkage internal combustion engine was created by James Atkinson in 1886. This engine uses a link design process in order to allow the expansion stroke to be longer than the compression stroke, which provides this extended expansion cycle, referred to the Atkinson cycle. This engine provides a greater expansion ratio compared to the compression ratio. 
There are three types of full-expansion cycles to consider represented in Figure 1, one type of expansion cycles is called the Otto cycle (1,2,3,40-1); this cycle is used in internal combustion engines (ICE), where the expansion stroke and the compression stroke are the same. The in-cylinder pressure is greater than the barometric pressure at the end of the power stroke, which means there is an increased quantity of potential to make useful work from working changes. The second type of expansion is called the Atkinson cycle (1,2,3,4A-1), used in hybrid engines, and represents overexpansion in an engine. As the Atkinson cycle fully expands to 4A the in-cylinder pressure and the barometric pressure are the same, which means more thermal energy (1-40-4A-1), will result in effective mechanical work, ensuring a greater thermal efficiency. The final expansion cycle is called the Miller cycle (1-2-3-4M-5-1); this overexpansion cycle does not expand fully to the barometric pressure. In comparison to the Atkinson cycle, the Miller cycle is less efficient, this is because the Atkinson cycle has a higher work output (5-4M-4A-5) (Zhao, 2017).
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[bookmark: _Ref36552111]
[bookmark: _Toc38895041]Figure 1: P-V Diagram of the three full-expansion cycles (Zhao, 2017)
The important thermodynamic characteristics for an over-expansion engine conducts of having a large work output, in addition, a greater thermal efficiency compared to the Otto cycle within their same operating conditions (Hou, 2007). In the Atkinson cycle, there is an optimum compression ratio which enables maximum performances, such as, the power, power density and effective efficiency; these entities will reach their maximum value and start to decrease as the compression ratio increases (Gonca, 2016). In addition, the equivalence ratio, also known as phi, has a huge impact on the engine’s performance (Ebrahimi, 2011). Compared to an Otto cycle, the equivalent ratio equal or closer to one can be implemented into the Atkinson cycle, during high or full loads. Firstly, as the combustion efficiency increases, the fuel economy will improve. This implys that the Hydrocarbons (HC) and Carbon monoxide (CO) emissions will decrease, while the Oxygen (O2) concentration increase, along with a greater efficiency of the three-way catalyst under the stoichometric air-fuel ratio (Watanabe, et al., 2006).
The Atkinson cycle retards the intake valve closure timing relative to the Otto cycle, where the expansion stroke is the same as the Otto cycle, in which the compression stroke shortens, allowing the term overexpansion to be referred. For a greater efficiency improvement, a higher expansion ratio is conducted by reducing the chamber volume.
Figure 2 represents the piston displacement in relation to the crank angle per cycle. This shows during the expansion stroke, there is half an increase compared to the compression stroke, where this represents the extended expansion cycle. 
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[bookmark: _Ref36725447][bookmark: _Toc38895042]Figure 2: Piston movement through one cycle (Watanabe, et al., 2006)
[bookmark: _Toc38895012]Methodology, Results and Analysis
In the beginning of this study, calculations for both the Otto and Atkinson cycle were conducted relative to the one-litre Ford Fox engine, in order to enhance the performance and efficiency of the engine. During the beginning of the authors studies, due to inaccurate results and an inability to apply the correct data, the project was changed to compare the design concepts of the available variable compression ratios. However, the author has managed to successfully get enough data to show accurate representations in relation to the Otto and Atkinson cycles.
Furthermore, the work conducted for this study is shown below, where the main goal was to analyse how much more efficient the one-litre Ford Fox engine could be if it used the Atkinson cycle instead of the Otto cycle. 
Using the following link, will show the Excel data used to simulate the Otto and Atkinson cycle; 
https://uowtsd-my.sharepoint.com/:f:/g/personal/jbass_146018_student_uwtsd_ac_uk/Ekde7FmWBnNNg2ehDRHR8OwBd9ud5GGLmst3kR-9YvyGeA?e=7iJk8N
Firstly, the Ford Fox data was provided in an MS Excel format for each of the RPMs; this allowed data values for the volume and cylinder pressures over the crank angle to be carried over into the simulation. In this case, the Otto cycle was considered, where the values of the pressures for non-combustion and combustion can be calculated. Whereas a different approach for the Atkinson cycle was taken, where a retard in the intake valve closure timing was considered, keeping the pressure constant for 45 degrees to achieve the same pressure as the Otto cycle. 






Shown below, in Table 1, represents the constants table according to the one-litre Ford Fox engine for both the Otto and Atkinson cycle, the only changes represented as a constant is the rate of heat released during combustion and the amount of volume in the cylinder. 
[bookmark: _Ref36995140][bookmark: _Toc38895115]Table 1: Otto cycle, Constants table
	Constants Table

	Otto Cycle

	Compression Ratio
	8, 10 or 12
	

	Bore
	71.9
	mm

	Stroke
	82
	mm

	Cylinders
	3
	

	Conrod Length
	137
	mm

	Capacity
	998.8097411
	cc

	a
	0.041
	m

	l
	0.137
	m

	ncompression
	1.2266
1.3187
1.4836
	(12)
(10)
(8)

	nexpansion
	1.1952
1.247
1.3179

	(12)
(10)
(8)

	Gamma
	1.25
	

	dQr per cyl
	1021.83
	Joules

	Combustion efficiency
	0.90
	%

	Density of air
	1.17
	

	Mass air
	3.89E-04
	kg

	Fuel ratio
	14.70
	

	Mass fuel
	2.64E-05
	kg

	LHV
	4.30E+07
	J/kg.K

	Volume efficiency
	1.00
	%

	Volume per cyl
	3.33E-04
	cc

	

	Atkinson Cycle

	dQr per cycle
	969.06
	Joules

	Volume per cyl
	3.16E-04
	cc

	
	
	


Using these constants will allow the user to calculate the new pressure and volumes for the corresponding compression ratios.  

Before calculating the non-combustion and combustion pressures, the polytropic index for both nCompression and nExpansion needs to be found, by using the logarithm of both volume and average pressures. 










[bookmark: _Ref36816452][bookmark: _Toc38895043]Figure 3: LogP vs LogV
Referring to the Appendices; Otto and Atkinson cycle calculations, the logarithmic graph of the standard compression ratio of the Ford Fox engine at 10.1:1, Figure 65, represents nComp in grey, known as the compression stroke at a value of 1.3187. In addition, the nExp represented in orange, known as the expansion stroke at a value of 1.247.
These values are mainly dependent on the engine speed and data accuracy, where a typical value would represent 1.3 during the compression and 1.27 for the expansion strokes (Ballantyne, 2019). Referring back to the data calculated using an average of data plots for each of the strokes respectively, shows an accurate representation of both values, which allows these data points to be applied to find both non-combustion and combustion pressures using the equations below;

[bookmark: _Toc38798302]Equation 1: Non-Combustion Pressure (bar)

[bookmark: _Toc38798303]Equation 2: Extra Pressure for Combustion (bar)

[bookmark: _Toc38798304]Equation 3: Sum of Extra Pressure for Combustion (bar)

[bookmark: _Toc38798305]Equation 4: Mass Fraction burn

[bookmark: _Toc38798306]Equation 5: Burn Rate

[bookmark: _Toc38798307]Equation 6: dQr (Rate of heat released during combustion)

[bookmark: _Toc38798308]Equation 7: Add Combustion Pressure (bar)

[bookmark: _Toc38798309]Equation 8: New Combustion Pressure (bar)

[bookmark: _Toc38798310]Equation 9: Combustion Pressure (bar)


Using the standard compression ratio of 10.1:1, a P-V diagram can be represented for the real and simulation data for both cycles shown in Figure 4. The P-V diagram represents the same trends as the real data from the Ford Fox pressure data, which correlates these equations above, creating similar pressures with the retard of the intake valve closure relative to the over-expanding engine. 
Figure 4, shows the Atkinson cycle data applying the over expanding data, whereas, the real data cuts off and decreases. Further studies could have been analysed in order to find the over expansion according to the calculations used if the project was ongoing instead of changing after the first interim. 
[image: ]






[bookmark: _Ref36891703]
[bookmark: _Ref37245011][bookmark: _Toc38895044]Figure 4: Otto and Atkinson P-V Diagram at 10.1:1 compression ratio


In relation to the original P-V diagram at the standard compression ratio, the same process needs to be applied to other compression ratios which are 8 and 12. The graph, Figure 5, shows when the compression ratio is at its lowest the greater the amount of pressure, allowing for engine performance, whereas, the higher the compression ratio, pressure is less, creating a more efficient engine.












[bookmark: _Ref36981057][bookmark: _Toc38895045]Figure 5: Otto and Atkinson P-V Diagram for each of the compression ratios 
In order to represent the volumes for the other compression ratios, the following equations were used to allow these valves to be known; 

[bookmark: _Toc38798311]Equation 10: Clearance Volume (cc)

))
[bookmark: _Toc38798312]Equation 11: Piston Movement (m)

[bookmark: _Toc38798313]Equation 12: Volume (cc)
In relation to the P-V diagrams, the pressure can act against crank angle shown in the graph, Figure 6, which represents the point in which combustion occurs. This will allow the author to calculate the rate of heat released during combustion, in addition to the mass fraction burn and burn rate, which allows this to be known. Referring to the heading, Otto and Atkinson cycle calculations, shows the pressures for both cycles at each of the other compression ratios against the crank angle.
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[bookmark: _Ref36979106][bookmark: _Toc38895046]Figure 6: Pressure (bar) vs Crank Angle (°) at 10.1:1 compression ratio


Before calculating the indicated efficiency, a predicted efficiency can be acknowledged to understand and represent similar values; this can be done by using Equation 13.

[bookmark: _Ref37239799][bookmark: _Toc38798314]Equation 13: Theoretical thermal efficiency for the Otto Cycle (Watanabe, et al., 2006)
In addition, a following equation could be used to find the Atkinson predicted thermal efficiency, however, due to inaccurate results, an ideal Atkinson cycle could not be represented.
Referring to the data, now that the pressure and volumes are known; the work done per degree can be found using Equation 14.

[bookmark: _Ref37064449][bookmark: _Toc38798315]Equation 14: Work done per degree (J)
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[bookmark: _Toc38895047]Figure 7: Work done (J) vs Crank angle (°)
Furthermore, after calculating the work done per degree, the sum of the entire cycle can be represented as a total value. In addition, the work done, where the heat in is represented during the start of combustion, represents the indicated efficiency from actual heat using Equation 15.
 * 100
[bookmark: _Ref37068316][bookmark: _Toc38798316]Equation 15: Indicated efficiency from actual heat (%)
Furthermore, Equation 16 shows the combustion efficiency taken into effect, to represent the indicated efficiency before combustion. 

[bookmark: _Ref37068517][bookmark: _Toc38798317]Equation 16: Indicated efficiency before combustion efficiency (%)
Using these equations above, represents the values calculated in Table 2, the Ford Fox engine shows a greater increase of efficiency at both compression ratios 10.1:1 and 12:1 when the Atkinson cycle is applied. 
[bookmark: _Ref37075948][bookmark: _Toc38895116]Table 2: Indicated efficiency calculated for each cycle
	Otto Cycle
	
	Atkinson Cycle

	Compression ratio – 8:1
	
	Compression ratio – 8:1

	Indicated efficiency from actual heat
	66.69886788
	%
	
	Indicated efficiency from actual heat
	67.23787709
	%

	Indicated efficiency before combustion efficiency
	60.02898109
	%
	
	Indicated efficiency before combustion efficiency
	60.51408938
	%

	Compression ratio – 10.1:1
	
	Compression ratio – 10.1:1

	Indicated efficiency from actual heat
	57.59548586
	%
	
	Indicated efficiency from actual heat
	60.25656167
	%

	Indicated efficiency before combustion efficiency
	51.83593727
	%
	
	Indicated efficiency before combustion efficiency
	54.2309055
	%

	Compression ratio – 12:1
	
	Compression ratio – 12:1

	Indicated efficiency from actual heat
	52.71422828
	%
	
	Indicated efficiency from actual heat
	56.43428669
	%

	Indicated efficiency before combustion efficiency
	47.44280546
	%
	
	Indicated efficiency before combustion efficiency
	50.79085802
	%





These results can be verified according to (Watanabe, et al., 2006); this journal article represents a study based on the Otto and Atkinson cycles, which analyses the improvements of indicated efficiency between the baseline Otto cycle and the extended expansion from the Atkinson cycle.
Referring to Table 2, these results were calculated at 100% load representing similar figures according to (Watanabe, et al., 2006), where Figure 8 shows a 4.1% increase of indicated efficiency at 100% load. Comparing this figure, the results show an accurate representation of the Atkinson cycle simulation against the Otto cycle for the indicated efficiency of the engine.
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[bookmark: _Ref37079627]
[bookmark: _Toc38895048]Figure 8: Improvement of indicated efficiency (net) (Watanabe, et al., 2006)


In addition, the piston side force could have been considered and calculated using the relative pressures and constants comparing the two cycles. However, according to (Watanabe, et al., 2006), the cylinder pressure causes a decrease of thrust friction within the piston-skirt, allowing an increase of griding friction between the linkage joints, creating a mechanical loss, as shown in Figure 9.
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[bookmark: _Ref37159049][bookmark: _Toc38895049]Figure 9: Calculated piston side force (N)

[bookmark: _Toc38895013]Design Stage and Motion Analysis
After the calculations were conducted for the Atkinson simulation cycle, the design concept was created in Solidworks using a visual representation, shown in Figure 10. According to (Zhao, 2017), the piston is not directly connected to the crankshaft and is actually connected to a mechanical link. Using this implementation, the engine can allow longer expansion and exhaust strokes compared to the intake and compression strokes. The value for the expansion ratio is approximately 1.78 times more than the original compression ratio, which allows a greater thermal efficiency, therefore, a shorter compression stroke reduces the compression ratio and preventing knocking in the engine.
[image: ]







[bookmark: _Ref37080799][bookmark: _Toc38895050]Figure 10: Patent drawing of the original Atkinson engine (Zhao, 2017)








The Atkinson cycle engine was designed in Solidworks, where a visual representation of the original Atkinson cycle was represented in (The Original Atkinson Engine, 2016), where this video helped represent Figure 11, showing the final design product. 
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[bookmark: _Ref37082051][bookmark: _Toc38895051]Figure 11: Final design of the Atkinson cycle engine 
Using this final design concept of the Atkinson cycle engine, a motion simulation was carried out, referring to the link below;
https://youtu.be/v5El9MmKiOU (Atkinson Engine Design Concept, 2020)
As shown in the motion simulation, James Atkinson had to vary the travel length of each piston cycle with a combination of linkages as there was no variable valve timing in 1886. This shows the advanced technology the Atkinson cycle as developed over the years into hybrid vehicles.

 

[bookmark: _Toc38895014]FEV Conrod Design 
[bookmark: _Toc38895015]Literature Review
According to the FEV website, FEV developed their prototype variable compression ratio engine on a Lotus Elise MK1 as a demonstrator vehicle. This vehicle is originally a 1.8litre engine, however, with the effect of the variable compression ratio it was downsized to a 1.65litre, with the change of the compression ratio to be from 8.8:1 to 12:1 (FEV, 2020).
In the FEV variable compression ratio system, the compression ratio is adjusted based on the position of the gudgeon pin, based in the rotating eccentric sleeve, which is controlled by the left and right cylinders. Therefore, the connecting rod length changes according to the moment which acts upon the eccentric, resulting from the gas and inertia forces, which is applied by hydraulic pressure to the pistons enabling them to move up and down (Khan & Takalkar, 2017). Shown in the figure below, Figure 12, the moment which acts on the eccentric can be both positive or negative during the combustion cycle, which allows it to adjust in both directions and can increase or decrease the connecting rod length (Asthana, et al., 2016).
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[bookmark: _Ref36210190][bookmark: _Toc38895052]Figure 12: Movement of the eccentric due to gas and inertia forces (Asthana, et al., 2016)


This feature FEV has met, is a cost-effective variable compression ratio solution, where there is no expensive or power consuming actuators needed, and all practical fundamentals are focused into one component, such as, the eccentric in the small end bearing of the connecting rod (Khan & Takalkar, 2017). In the FEV connecting rod design, there are two support chambers which are connected to an oil circuit via a check valve each, such as a 3/2 check valve as shown in Figure 13. The 3/2 check valve has a passage from the chamber down to the crankcase where this can be controlled from. This allows for one of the hydraulic pistons to enter more into its support chamber, which displaces oil in the process, whereas, on the other support chamber, it fills with oil. During this scenario, the eccentric can only rotate in one single direction. According to (Asthana, et al., 2016), the drawback for the FEV connecting rod design is during the adjustment process as it takes several working cycles to complete. The number of cycles during the adjustment process depends on two main factors: the operating stage and the hydraulic resistance. Thus, the hydraulic resistance is controlled by the orifices, and adjusted in a way in order to process a quick finished process in order to avoid engine knock during load changes from part to full load. In addition, the use of the improved efficiency is instantaneous within high compession between load changes to part load (Khan & Takalkar, 2017).
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[bookmark: _Ref36210176][bookmark: _Toc38895053]Figure 13: Working principle of FEV’s two-stage VCR system (Tomar, et al., 2013)


[bookmark: _Toc38895016]Design Stage
Initially, a technical drawing was recorded from the FEV website (FEV, 2020), as shown in, Figure 14, which enabled the author to understand the procedure of the design and what dimensions to use. This technical drawing was then imported into Solidworks as an initial sketch, which allowed the author to draw over the sketch referring to some of the dimensions stated and representing the same trends as the technical drawing.
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[bookmark: _Ref36210229][bookmark: _Toc38895054]Figure 14: Technical drawing of the FEV connecting rod (FEV, 2020)


Using the technical drawing above, a base model for the FEV connecting rod was created and applied to a drawing schematic acting on each of the planes, which is represented in Figure 15.  
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[bookmark: _Ref36210608][bookmark: _Toc38895055]Figure 15: Drawing schematic of the base model of the FEV connecting rod
Once the base model of the FEV connecting rod has been modelled, the author can proceed to develop the actuator collar, also known as an eccentric bushing. This is represented in the small end bearing of the connecting rod, which performs in two different rotational positions within the locking member (Brendel & Bentenrieder, 2008).  
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[bookmark: _Toc38895056]Figure 16: Two-Step System (Jääskeläinen, 2019)
Represented in Figure 17, a drawing schematic of the actuator collar was developed representing the view on each of the planes. 
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[bookmark: _Ref36213421][bookmark: _Toc38895057]Figure 17: Drawing schematic of the FEV actuator collar
Referring to the actuator collar, this allowed the author to develop an eccentric hub, shown in Figure 18, which sits inside of the actuator collar and rotates depending on the pressure received from the hydraulic pistons inside each of the oil chambers. This allows the connecting rod to vary its length when the actuator collar rotates, which moves the offset of the gudgeon pin, depending on the compression ratio. When the compression ratio is high, the gudgeon pin will have a longer connecting rod length, pushing the piston higher in the stroke, whereas at a lower compression ratio the gudgeon pin will decrease the connecting rod length.
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[bookmark: _Ref36210826][bookmark: _Toc38895058]Figure 18: Drawing schematic of the FEV eccentric hub

Moving forward, referring to Figure 19, a drawing schematic of the hydraulic piston sitting in the oil chamber can be developed.
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[bookmark: _Ref36214595][bookmark: _Toc38895059]Figure 19: Drawing schematic of the FEV hydraulic piston
Lastly, the actuator piston link was one of the hardest components to create on Solidworks, shown in Figure 20; this allows the actuator arm to rotate according to the gas and inertia forces acting on the bottom of the pistons.
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[bookmark: _Ref36215589][bookmark: _Toc38895060]Figure 20: Drawing schematic of the FEV actuator piston link
Finally, the full representation of the FEV conrod can be displayed in a drawing schematic shown in Figure 21.A; this design process took longer than expected, which pushed the project back and applied more pressure to finish the other variable compression design concepts.
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[bookmark: _Ref36216225][bookmark: _Toc38895061]Figure 21: A). Drawing schematic of the final design of the FEV connecting rod, B). Iso-metric representation of the Final design of the FEV connecting rod



[bookmark: _Toc38895017]Working principle of the hydraulic variable compression ratio system
If the compression ratio of the cylinder was to be adjusted, the limit lever must be adjusted by the actuator to a reasonable position, depending on the speed and load from the engine. During the expansion stroke of the engine cylinder, the high-oil circuit is disengaged by closing the high-oil source solenoid valve. The system is provided by a low-oil pressure source, where instantaneously the volume regulator attached to the solenoid valve is activated. The oil flowing in the oil circuit, links to the volume regulator. Which allows both left and right globe valves flow directly into the volume regulator within the solenoid valve, where the pressure of the connecting oil in the circuit decreases. If the oil within the circuit is lower than closing pressure, the right globe valve is activated. Simultaneously, as the high gas pressure acting on the surface of the piston, the pressure of the oil in the left cylinder is still very high. This means, the left globe valve is operated according to the pressure of oil, which closes the circuit. The gas pressure acting on the surface of the piston cylinder slowly decreases as the cylinder runs to the exhaust stroke. The oil pressure in the left cylinder will decrease during the later stage of the exhaust stroke and the early stage of the inlet stroke, causing the left globe value to open (Chen, et al., 2019).
Referring to Figure 22.(a), during this stage, the inertia force within the engine components, such as, piston and gudgeon pin, moves relative to the connecting rod in an upwards direction. The inertia force and pressure from the oil on the left cylinder combined to allow the eccentric gudgeon pin to rotate clockwise acting in an upwards motion. 
Referring to Figure 22.(b), during the later stage, the cylinder runs down the inlet stroke and the compression ratio in the earlier stage; when the inertia force direction of the piston and gudgeon pin moves relative to the downwards motion of the piston, with the inertia force and pressure from the oil on the left piston and the right piston combined, which moves the centre of the gudgeon pin towards the upward direction, rotating the eccentric gudgeon pin counter clockwise. 


Lastly, referring to Figure 22.(c), when the volume regulator within solenoid valve closes, due to contact with the limit lever, the medium of both left and right cylinders become uncompressible, disabling the eccentric gudgeon pin to rotate. This causes the oil in the volume regulator to flow back through the solenoid valve into the tank, whereas, the piston returns due to the spring force in the volume regulator. 
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[bookmark: _Ref36286798][bookmark: _Toc38895062]Figure 22 Schematic diagram of the adjustment process. (a) First stage of adjustment; (b) second stage of adjustment; (c) adjustment completion (Chen, et al., 2019)
Furthermore, this scenario determines the distance between the gudgeon pin and center of the small end bearing. The length of the connecting rod varies with compression ratio. When the compression stroke carries on, the pressure which acts upon the piston surface continues to increase, allowing the left piston to drop, where the pressure of the system increments rapidly. 


[bookmark: _Toc38895018]Simulation results and analysis
Due to insufficient research and understanding, a motion simulation was not carried out in Solidworks for the FEV variable compression ratio conrod. However, according to (Chen, et al., 2019), a study was carried out of the dynamic characteristics of the hydraulic components within the variable compression ratio during the adjustment of engine speeds and regulating quantities. Initial displacement values of the left and right cylinder pistons and volume regulator was considered respectively at, 11.7mm, 4.3mm, and 0mm. 
Referring to Figure 23, shows the simulation results of the displacement of the cylinder pistons at different engine speeds with the same adjustment quantity of 3mm. According to the graph, Figure 23, the displacement of the left cylinder piston increases slowly to the stroke and decreases progressively, whereas, the right cylinder decreases to zero and increases progressively. In addition, as the engine speed increases, the crank angle needs to be greater, in order to complete the adjustment process. This shows, as the engine speed is higher, the adjustment effect of the variable compression ratio system will be affected, as it cannot acquire the same compression ratio compared to the lower engine speeds. Lastly, Figure 23, shows the adjustment process of the piston position during different engine speeds are completed by 180° degrees, allowing the variable compression ratio engine to achieve the adjustment in one cycle.
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[bookmark: _Ref37239939][bookmark: _Toc38895063]Figure 23: Displacement of the cylinder piston at different engine speeds with the same adjustment quantity (Chen, et al., 2019).
Referring to 	Figure 24, another simulation carried out on the left and right cylinder flows with an adjustment of 3mm, carried out at different engine speeds; this shows both the inflow and outflow within the left cylinder is greater than the right during both characteristics. This is because of the diameter of the left cylinder being larger than the right. Figure 24 represents, as the engine speed is greater, the lessamount of time the engine takes to rotate during the same angular displacement. Furthermore, the volume flow created by the adjustment remains the same, which represents when the engine speed is greater, the flow is also greater.
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[bookmark: _Ref37241459][bookmark: _Toc38895064]	Figure 24: Flow of cylinders at diﬀerent engine speeds with the same adjustment quantity (Chen, et al., 2019).	


Figure 25 represents the pressure drop from the initial pressures acting in both the left and right cylinders; both cylinders start the cycle with the same pressures, gradually increasing slightly before the one cycle has completed. As the pressure reaches maximum pressure of the variable hydraulic orifices, the orifices begin to close. Both left and right cylinder pressures begin to rise rapidly, then reaches fluctuation when the orifices begin to close. The results indicate, the greater the engine speed, fluctuation is more compared to the lower engine speeds. In order to ensure the working reliability of the variable compression ratio system, measures need to be taken into account to reduce the pressure acting on the left and right cylinders.
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[bookmark: _Ref37245158][bookmark: _Toc38895065]Figure 25: Pressure of the left cylinder at different engine speeds with the same adjustment quantity (Chen, et al., 2019).





[bookmark: _Toc38895019]Infiniti Design Concept
[bookmark: _Toc38895020]Literature Review
The development of the 2-litre petrol variable compression turbo engine was introduced in the Paris Motor Show in 2016. Nissan were the first company to develop the first mass production engine with the variable compression ratio technology, where the variable compression turbo engine can vary its piston stroke and compression ratio between 8:1 and 14:1. During the low compression ratio of 8:1, the infiniti design is developed for high power demand using the boost from the turbocharger intake pressure at full load conditions. However, during the high compression ratio of 14:1, which is developed for low load operations, allowing the engine to be as efficient as possible and good stability, as the load increases, the greater engine flow through the exhaust system allowing more boost to be available. During full load, the turbochargers boost capacity increases, allowing a reduction in compression ratio if necessary, which allows for reducing the thermal stresses and makes the engine more efficient. 
Furthermore, referring to the Appendices; Infiniti Design Concept,  Figure 69, represents the difference between the specifications of the VC Turbo and the conventional Infiniti V6 engine. According to (Loh, 2017), the VC turbo performs on par with the naturally aspirated (NA) V6 engine, where the comparison of fuel consumption and output specifications, such as, power and torque can be analysed. Figure 69 shows the VC turbo making 2hp less and up to 51Nm more torque than the NA V6 engine, claiming a 27% increase of fuel economy.
The variable compression turbo uses new developed systems, such as, a wide-range turbocharger and electric waste gate, in order to achieve high efficiency. Using this, allows accurate control in boost pressures with as less turbo lag as possible to generate the high power on demand. During the low loads, the electric valve timing control adjusts constantly in order to reduce the pumping losses in the form of an Atkinson cycle (Nissan Motor Cooperation, 2020). 
According to, Shinichi Kiga, the chief powertrain engineer of Nissan, the fuel efficiency was able to gain 8% alone just from a variable compression system compared to their competitors which use the turbocharged 4-cylinder engines but without the variable compression system. In addition, developing the variable compression system, the vehicle can sustain a vehicle weight saving of 45kg (Sessions, 2018).
The variable compression turbo engine, uses a multi-link system in order to achieve the variable compression ratio, where a control linkage system lies between the connecting rod and the crankshaft, which connects onto the actuator shaft, allowing the compression ratio to be varied, as shown in Figure 26. Nissan incorporated the turbocharged, 4-cylinder mass production engine, where not many modifications to the block were applied. As the compression ratio changes, the actuator rotates approximately 70° while at top dead centre, which changes the piston displacement by 3.1mm (Mahesh & Aparna, 2012). 
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[bookmark: _Ref37324696][bookmark: _Toc38895066]Figure 26: Principle of Variable Compression Ratio (Nissan Motor Cooperation, 2020)
The principle of the variable compression ratio engine, requires the actuator motor to rotate the actuator arm connected to the control shaft, as stated above this rotates approximately 70°, where the rotation of the control shaft moves the lower-link (L-link), which changes the angle of the multi-link component, adjusting the vertical position of the piston, which decreases the piston displacement along the stroke of the cylinder, allowing the process to change the compression ratio.


Figure 27 represents the angular change of the upper link, making the piston displacement lower as it moves up and down, however, it remains in a vertical manner as it moves down to bottom dead centre smoothly; this causes less friction against the cylinder walls and improves the efficiency of the engine. Between top dead centre and bottom dead centre, the piston motion becomes symmetrical, which reduces vibration.
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[bookmark: _Ref37326267][bookmark: _Toc38895067]Figure 27: Optimization of the link layout (Nissan Motor Cooperation, 2020)
Figure 28 shows the friction reduction using the variable compression ratio engine compared to the conventional engine used in their rival company vehicles. This is because of the angle from the upper link is near enough vertical, which represents no thrust force acting on the cylinder bore which reduces the friction.
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[bookmark: _Ref37337514][bookmark: _Toc38895068]Figure 28: Profile of Piston friction losses (Nissan Motor Corportation, 2016)


As previously stated, according to (Kendall, 2016),  the typical variable compression ratio engines changes its compression ratio by increasing or decreasing the pistons height at top dead centre, however, the infiniti achieves this by a multi-link system with an electric motor actuator, also known as the Harmonic Drive reduction gear. The harmonic drive moves an angled actuator arm and rotates the control shaft which has four aligned eccentric cams for each cylinder. These are connected to an intermediate link alongside bearings between each of the ends connecting to the eccentric cam at the bottom end of the multi-link at the top end. In addiiton, the middle of the multi-link applies in a bearing along the crankshaft journal. 
[bookmark: _Hlk38195040]A second bearing on the multilink, positioned 180° degrees from that connecting the intermediate link effectively serves as the piston connecting rod big-end bearing. This arrangement produces a 17º offset of the conrod from the crankshaft journal center point. (Nissan Motor Cooperation, 2020)
Furthermore, referring to Figure 29, the harmonic drive is controlled according to the ECU, which inputs data gathered from the engine sensors which will then determine the compression ratio acquired for the given driving load conditions. As stated, the harmonic drive can effectively deliver a low compression ratio for when power is desired and a high compression ratio for efficiency is desired. This will vary the piston height at top dead centre according to the harmonic drive, determining the position of the multi-link.
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[bookmark: _Ref37337139][bookmark: _Toc38895069]	Figure 29: VC-Turbo Control Strategy (Nissan Motor Corporation, 2016) 


[bookmark: _Toc38895021]Design Stage
In order to develop the Infiniti engine in Solidworks, approximated values and designs were assumed. In addition, specifications were gathered from (Motortrend, 2019), comparing the different specifications between the VC turbo and the V6 Infinti engine. The design was proceeded according to a visual representation of a schematic drawing, Figure 30 and Figure 31, represents the turbocharged 4-cylinder engine, applied with the multi-linkage components, actuator arm and harmonic drive according to both their compression ratio. A non-complex design was initially undertaken in order to analyse the concept of the design and understand the movement of each of the components. 
[image: Real black technology takes you to the Infiniti variable compression ratio engine]






[bookmark: _Ref37413478][bookmark: _Toc38895070]Figure 30: Schematic drawing of the state of the engine high compression ratio (Easy car network, 2018)
[image: Real black technology takes you to the Infiniti variable compression ratio engine]






[bookmark: _Ref37414426][bookmark: _Toc38895071]Figure 31: Schematic drawing of the state of the engine low compression ratio (Easy car network, 2018)

Referring to the heading; Appendices, Infiniti Design Concept, shows the technical drawings acquired to design in Solidworks. 
The first initial step during the design process was to consider half the cylinder for the motion analysis to be able to analyse the motion of the piston and connecting rod travelling vertically up and down the cylinder stroke. The drawing schematic for each plane represented to the component is shown in Figure 32.
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[bookmark: _Ref37418215][bookmark: _Toc38895072]Figure 32: Drawing schematic of the VC turbo cylinder


After the cylinder was designed, the inner diameter of the cylinder was used to represent the outer diameter of the piston. The design process replicates the schematic drawing, 	Figure 70, showing the same trend of curves within the component.
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[bookmark: _Toc38895073]Figure 33: Drawing schematic of the VC turbo piston


In addition, the connecting rod also known as the upper link in this design, was developed as an assumption, represented in Figure 34, and was accorded to the patient drawing schematic. An assumption was also made for the gudgeon pin which mates accordingly to the small end bearing of the connecting rod. 
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[bookmark: _Ref37421821][bookmark: _Toc38895074]Figure 34: Drawing Schematic of the VC turbo connecting rod


Moreover, this leads to the multi-linkage components which act upon the variable compression enabling the engine to achieve the change between both compression ratio, represented in Figure 36. As previously stated above, this component rotates depending on which compression ratio is acquired, where this connects to the end of the U-link also known as the connecting rod and the crankpin. This is rotated according to the crankpin, which is connected to the actuator arm, which rotates the crank in position for each compression ratio. The design of this component is represented in Figure 35.
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[bookmark: _Ref37581501][bookmark: _Toc38895075]Figure 35: Drawing schematic of the VC turbo Lower link
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[bookmark: _Ref37581424][bookmark: _Toc38895076]Figure 36: Visual representation of the VC Turbo Lower Link (Car and Driver, 2017)
Furthermore, the crankshaft was developed, Figure 37, where the design of the VC turbo crankshaft connects the lower multilink system and not the connecting rod, as this is most of the cases in conventional engines; this is because of the rotation of the lower link allowing the change in piston displacement through varying the compression ratio. 
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[bookmark: _Ref37499938][bookmark: _Toc38895077]Figure 37: Drawing schematic of the VC turbo crankshaft


In addition, the control link was developed, Figure 38; this allows the movement between the lower link and the piston displacement, where the lower bearing of the control link lies on the control shaft varying the compression ratio, allowing the change in piston displacement. This is linked with a control pin in the lower link, allowing the rotation of the top half of the control link.
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[bookmark: _Ref37501232][bookmark: _Toc38895078]Figure 38: Drawing schematic of the VC turbo control link


Furthermore, compared to the crankshaft, this design of the control shaft represents the same concept, Figure 39; however, the control shaft has a minor offset compared to the crankshaft, which allows the control shaft to vary the engines compression ratio. As the control shaft rotates clockwise, assuming the piston displacement too increase, causing the rotation of the lower link component to increase. 
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[bookmark: _Ref37501871][bookmark: _Toc38895079]Figure 39: Drawing schematic of the VC turbo control shaft


In order to allow the control shaft to rotate, a control shaft link was developed which allows the centre of rotation to rotate in position according to the actuator arm which controls the compression ratio, allowing each of the offset applied in the control shaft to change the piston displacement.  
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[bookmark: _Toc38895080]Figure 40: Drawing schematic of the VC turbo control shaft link


One of the most critical components is the actuator arm, Figure 41, which allows the rotation between the harmonic drive and the control shaft; this component was not easy to design based off a visual representation of the motion analysis of the variable compression turbo engine (Nissan VC Turbo Engine (2018). A sketch of the original design was undertaken from the motion analysis and then imported into Solidworks to try and replicate the same trends as the actual component. 
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[bookmark: _Ref37505390][bookmark: _Toc38895081]Figure 41: Drawing schematic of the VC turbo actuator arm


The final design of the VC turbo is represented in Figure 42; due to limited time during this project, simplistic designs such as the harmonic drive was considered, as a motion simulation of the variable compression ratio was carried out using each of the components necessary. 
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[bookmark: _Ref37506746][bookmark: _Toc38895082]Figure 42: Drawing schematic of the final design of the VC turbo engine


[bookmark: _Toc38895022]Motion Simulation and Results
Using this final design concept of the VC turbo engine. A motion simulation was carried out, referring to the link below:
https://youtu.be/hcXm-4Otb6o (Infinity VC Turbo Engine Design Concept, 2020)
The motion simulation above, represents the range of motion for each compression ratio and the movement of the piston. It represents the motion of each cycle with the rotation of the control shaft by the actuator arm. In this instance, during the motion simulation, after a complete cycle the harmonic drive actuates the change in compression ratio, showing the differences.
In addition, many dotted lines are represented in the motion analysis where mates were connected to these allowing the crankshaft, control shaft and harmonic drive to align with each of the represented lines, where the freedom of rotation can be applied for each component changing its position. 
Furthermore, relative to the research conducted, results can be shown similarly in the motion simulation where the angular change of the upper link, making the piston displacement lower as it moves up and down, as it remains in a vertical manner moving down to bottom dead centre, creating less friction against the cylinder walls improving the efficiency of the engine.


Referring to Figure 43, represents the trace path according to the motion simulation (Infinity VC Turbo Engine Design Concept, 2020); clearly represented in the graph, Figure 43, at low compression the less range of motion on the X and Y axes, and at high compression the greater range of motion. This is because of the offset applied to the control shaft and the range of motion applied to the actuator arm, which allows the piston displacement to increase on the X and Y axes, representing the difference between the Otto and Atkinson cycles. This rotation is applied through the lower link, where the rotation of the vertical axis, shown in Figure 26, is applied representing the same trends as the real design concept.










[bookmark: _Ref37507857][bookmark: _Toc38895083]Figure 43: Range of motion varying each compression ratio in the motion analysis


Furthermore, the comparative of the conventional, Ford Fox and the VC turbos, rotation from the connecting rod can be represented in Figure 44. The conventional engine shows the standard piston displacement for an Otto cycle engine; however, the VC turbo represents the points in each cycle where the connecting rod acts vertically. During the intake and combustion process, the axes of the connecting rod act vertically for a longer duration compared to the expansion and exhaust process. 
These values were carried out from predictions, using the values from the Ford Fox data, such as, the crank throw and the connecting rod length, the following equations can be carried out:

[bookmark: _Toc38798318]Equation 17: Conventional Piston Displacement

[bookmark: _Toc38798319]Equation 18: VC Turbo Piston Displacement










[bookmark: _Ref37513341][bookmark: _Toc38895084]Figure 44: Conventional vs VC Turbo rotation of the connecting rod (m) vs Crank Angle (°)
In addition, the piston displacement can be represented due to the change in compression ratio according to Figure 45; this graph shows the piston displacement increasing through the crank, where a value of 20mm is approximated. This is due to the control shaft being offset, allowing the range of motion of the piston to increase from the rotation of the harmonic drive.
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[bookmark: _Ref37515940][bookmark: _Toc38895085]Figure 45: Piston displacement (m) vs Crank angle (°) for each compression ratio

 

[bookmark: _Toc38895023]Gomecsy’s Design Concept
[bookmark: _Toc38895024]Literature Review
In overexpansion there are many design concepts to achieve the best efficiency. Through background research, the design concepts used, such as, Infiniti’s and Gomecsys use variable compression ratios; this means it can switch its compression ratio and can continue, ranging between a low 8:1 to a high 14:1 (Jancer, 2018).
This design concept allows the engine to have a compression ratio that is high in power and efficiency and low to prevent engine knock. When the engine has a high compression ratio, the engine’s combustion chambers are squeezing tight on the air-fuel mixture, so those engines that include a supercharger, turbochargers and twin chargers cannot have such a high compression ratio; this is because their job is to gather more air and put it into the engine. However, if the air is now compressed tightly and the turbo forces more air into the engine, the air could combust randomly (Jancer, 2018).
This design achieved variable compression ratio relative to the transverse motion acting on the crankshaft away from bottom dead centre, resulting in a decrease in compression ratio which increases the volume between the piston and the cylinder head. In addition, to increase the compression ratio, Gomecsy uses their own method; this design represents the engine block to be kept stationary while the gearbox moves, where the input shaft of the gear box is aligned with the crankshaft (Asthana, et al., 2016). 

Referring to Figure 46, the crankshaft is rotatably mounted to the engine block, allowing the block to remain stationary. The crankshaft consists of four cranks, each of them supporting the connecting rod connected to each four pistons. The radius of rotation of the crankpin relies on the distance between the crank and the axis of rotation of the crankshaft. Furthermore, between top dead centre and bottom dead centre, the piston displacement is dependent on the position in which the axis of rotation of the crankshaft is acting, where the repositioning of the axis can develop into a variable compression ratio system. therefore, the compression ratio is changed relative to the engine speed and loads. In order to achieve this, the eccentric is linked into either a hydraulic or electronic control system.
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[bookmark: _Ref38277553][bookmark: _Toc38895086]Figure 46: Sectional view of the Gomecsy engine (Asthana, et al., 2016)


The axis of rotation is affected by the crankshaft position by bearings contained in eccentrics. Figure 47 represents five main bearings within the crankshaft, where they are made from upper and lower bearing cups. These eccentrics are built with two components combined; the upper and lower bush halves integrated together with fasteners to form the eccentric assembly, where these lower bush halves are interconnected as shells allowing the crank webs to rotate inside (Asthana, et al., 2016).
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[bookmark: _Ref38285532][bookmark: _Toc38895087]Figure 47: Perspective exploded view of the crankshaft and eccentric bearings (Asthana, et al., 2016)
In order to create room for the shells in Figure 47, the lower bearing cups must be smaller in width than the upper bearing cups. In addition, the crankshaft centreline changes according to the rotation and position of the bearings within the eccentric (Asthana, et al., 2016).
Referring to (Asthana, et al., 2016), this design concept is advantageous compared to the other variable compression ratio designs, where this design allows the engine block to be fixed in place, allowing the movement of the axis of the input shaft contained in the gearbox. If the engine block was not fixed and was able to move, there would be excess stress acting on these moving components, where they would engage and implement the engine block movements.
Moving forward, Gomency approached a new design concept, instead of moving the crankshaft axis they introduced gears, represented in Figure 48. This latest design allows the intermediate gears to maintain the direction of rotation of the crank member and the crankshaft the same, and the auxiliary shaft is concentric to the rotation axis of the crankshaft. The crank member obtains an external gear meshing with two intermediate gears and an auxiliary gear. The intermediate gears and auxiliary gears are hinged on the same side of the crankweb, where the intermediate gears have a parallel axis relative to the crankshaft axis. In relation to the crank member, the top and bottom dead centre of the piston can be determined to allow the change of compression ratio to occur with a control ring attached to the auxiliary shaft. 
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[bookmark: _Ref38368240][bookmark: _Toc38895088]Figure 48: Perspective View of a part of reciprocating piston mechanism (Asthana, et al., 2016)	Comment by Cherry Crew: does this need to be a capital letter ???




Figure 49 represents an actuator, which can be controlled either hydraulically or electrically, connected to a pin which determines the combustion properties of the system to enable the compression ratio to change in steps, where the change of compression ratio is continuous as the actuator is applied by an electric motor, driving the auxiliary gears with a worm gear. The rotation of the worm gear depends on the torque being applied on the auxiliary shaft, in which the gear will rotate allowing the eccentric crank member to rotate also. According to this input, is the change in compression ratio (Asthana, et al., 2016).
In addition, this design is an improvement compared to the earlier stage of this design concept. This system has many advantages where it achieves building of a compact and simple reciprocating engine system (Asthana, et al., 2016).
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[bookmark: _Ref38369381][bookmark: _Toc38895089]Figure 49: Torsion Spring used as a Control Unit (Asthana, et al., 2016)


[bookmark: _Toc38895025]Design Stage
In order to develop the Gomecsy’s engine in Solidworks, approximated values and designs were assumed. This design was developed according to a visual representation from the Gomecsys, GoEngine two-cylinder model, Figure 50, in which represents the same gears and eccentrics labelled in Figure 49. The aim for this mechanism is to coordinate the eccentric knots to rotate simultaneously with the crankshaft at half speed. With an implementation of a worm gear, this can extend the shaft from the servo motor, where this allows the inner rim to alter by 120° and the camshafts to change by 60°. In addition, to change the timing for each camshaft relative to the crankshaft, the piston height in relation to the CNS fluctuates (Marinopoulos, 2011).
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[bookmark: _Ref38444878][bookmark: _Toc38895090]Figure 50: Two-Cylinder GoEngine layout (Marinopoulos, 2011)
 


In addition, an in-depth visual representation of the two-cylinder engine, Figure 50, shows each of the main components which control this assembly. According to (Marinopoulos, 2011), the transmission ratio between the eccentric gears and the sun gears should be double than the between of the inner rim and the sun gear, when the inner rim is stable. This assembly design concept can be applied into any engine block and head.
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[bookmark: _Toc38895091]Figure 51: In-depth visual representation of the two-cylinder GoEngine (Marinopoulos, 2011)










Figure 52 represents a visual representation of the worm gear controlling the gear which is coaxial with the crankshaft driving the sun gear inside. The engine works alongside the fixed and changed compression ratio, where without adjusting the compression ratio, the gear connected to the worm gear is fixed, in which the eccentric sleeve rotates at half speed of the crank relative to the transmission ratio. Whereas, if the compression ratio is adjusted, the eccentric sleeve rotates changing the piston height position (Lin & Yang, 2020). 
During the development of this design concept, the only component not designed was the worm gear; this was due to an insufficient understanding of this component, alongside the remainder of time available for this project, where further research could have been conducted in order to develop this part.
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[bookmark: _Ref38467275][bookmark: _Toc38895092]Figure 52: Visual representation of the GoEngine Worm gear being applied to both sun gear and intermediate gears (Marinopoulos, 2011)



Firstly, when designing the two-cylinder GoEngine model, the crankshaft was considered using the visual representation, Figure 50. This allowed the author to develop and design the crankshaft in Solidworks, represented below in Figure 53.
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[bookmark: _Ref38448618][bookmark: _Toc38895093]Figure 53: Drawing schematic of the GoEngine crankshaft


Furthermore, the eccentric gear was developed, as shown in Figure 54, which represents the offset shown in the front plane. At the maximum compression ratio, during firing at top dead centre, the eccentric is at its highest position during the expansion stroke. However, one full rotation on the crankshaft will equate the compression ratio to be at its minimum at top dead centre during the gas exchange, causing the eccentric position to be at its lowest during the intake stroke (Gomecsys, 2020). 
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[bookmark: _Ref38455073][bookmark: _Toc38895094]Figure 54: Drawing schematic of the GoEngine eccentric
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[bookmark: _Toc38895095]Figure 55: Iso-Metric Visual representation of the GoEngine Eccentric
Moreover, the sun gear was developed, as shown in Figure 56; as a result, this sun gear is rotating according to the eccentric between the two intermediate gears, where this alters the gear-pin assembly allowing the change in height at top dead centre. 
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[bookmark: _Ref38460825][bookmark: _Toc38895096]Figure 56: Drawing schematic of the GoEngine sun gear



This eccentric is connected to the other cylinder, which changes according to the sun gear rotating along the crankshaft axis; this allows for the change in height during top dead centre in each cylinder, where this design is replicating the two-cylinder model by GoEngine. 
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[bookmark: _Toc38895097]Figure 57: Drawing schematic of the GoEngine 2nd cylinder Eccentric


As stated above, the final design, represented in Figure 58 and Figure 59, does not include the worm gear, however, an understanding of the design was achieved. 
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[bookmark: _Ref38532988][bookmark: _Toc38895098]Figure 58: Drawing schematic of the Final GoEngine design
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[bookmark: _Ref38532990][bookmark: _Toc38895099]Figure 59: Iso-Metric Visual representation of the Final GoEngine Eccentric Design	Comment by Cherry Crew: you use a lower case D above - d	Comment by Cherry Crew: 


[bookmark: _Toc38895026]Results and Analysis
Referring to the Gomecsys website, (Gomecsys, 2020), Figure 60 represents a highly detailed graph showing the position of each eccentric through out the crankshaft cycle for each of the corresponding cycles. This graph, Figure 60, tells the reader the angle of the eccentric according to the top dead centre firing (TDCF) through one crankshaft revolution. So, cycle ‘5’ represents the highest compression ratio at 90° and cycle ‘8’ representing the lowest compression ratio at -60°, as shown in Figure 72. Dependant on what RPM is sited, it represents which compression ratio is required, therefore ultilising the most optimum cycle, shown below in Figure 60. In addition, cycle ‘7’ represents the maximum percentage of overexpansion occurring at 0° at top dead centre, proven by the graph represented in Figure 73. Therefore, referring to the numbers applied to each cycle in the graph, Figure 60, can be represented in Figure 74, showing how much displacement is acting against the eccentric angle according to its compression ratio. 
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[bookmark: _Ref38540778][bookmark: _Toc38895100]Figure 60: Displacement of the initial position of the eccentric against the crankshaft angle for each cycle (Gomecsys, 2020)


Furthermore, results were conducted by (Corfield & Harrison, 2006), in which believes the Gomecsys four-cylinder prototype will outcome 100kW from a 1.1 litre engine; this variable compression ratio method contains the balance between full and part loads, in which controls the difference between detonation and thermal or fuel conversion efficiency, represented in Figure 61. This graph, Figure 61, shows the conversion rate of efficiency against each compression ratio, in which states Gomecsys lowest compression ratio at a value of 6:1 represents an efficiency of 40%, whereas, the highest compression ratio, 15:1 equivalates to 60%. This shows a 20% conversion effiiciency difference, which is expected, as the lower the compression ratio the worse the fuel efficiency will be. Gomecsys variable compression ratio engine will expect an over-expanded cycle, meeting requirements of 30% fuel reduction over the European Union Drive cycle in comparision to a similar engine containing the same power and torque outputs.
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[bookmark: _Ref38535121][bookmark: _Toc38895101]Figure 61: Fuel conversion efficiency (Corfield & Harrison, 2006)


According to (Corfield & Harrison, 2006), the Gomecsys design concept has many advantages in the variable compression ratio industry, where the ability to change its compression ratio from 6:1 to 15:1, with the use of a worm gear connected to the sun gear, allowing the rotation of the eccentric changing the piston position height at top dead centre. In addition, an increase of 25% comes from over expansion extracting additional energy from each combustion cycle, and reducing the temperature from the exhaust, in which over-fuels for exhaust protection. Moreover, this design concept can optimise the original Atkinson 720° engine cycle, in which assembles suitable engine road conditions, represented in the graph below, Figure 62. In addition, with the use of variable compression ratio during the expansion process, the piston friction decreases due to the angle of the lower connecting rod end. Moreover, at top dead centre the low gas exchanges allow internal exhaust gas recirculation at low loads, while at a high compression ratio maintaining the ratio 15:1; low gas exchange at top dead centre has an optimised combustion chamber design allowing no valve cut-outs. As previously stated, this design is compatible with any existing engine and vehicle integration (Corfield & Harrison, 2006).
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[bookmark: _Ref38539114][bookmark: _Toc38895102]Figure 62: The effect of the Gomecsys worm wheel angle against piston position (Corfield & Harrison, 2006)




[bookmark: _Toc38895027]Ilmor’s Design Concept
[bookmark: _Toc38895028]Literature Review
Another design concept used to help the efficiency of an internal combustion engine is the Ilmor’s five-stroke engine design. Ilmor’s objective with the five-stroke engine was to develop a petrol engine comparable to a standard diesel engine with fuel consumption and emission levels without the critical issues of soot particles and NOx emissions associated with diesel engines (Ilmor Engineering Ltd, 2018).
In order to achieve a more efficient internal combustion engine, an introduction of a new cycle was released, called the fifth stroke, also known as the recyclable stroke. Alongside greater expansion ratios, the use of extracting thermal energy is converted into mechanical energy, however, alongside lower compression ratios, contains an enormous range of load pressures. Due to this creative and innovative concept, these dual expansion cycles has enabled to develop an engine with greater efficiency and wide power range extension, outputting lower heat emissions and harmful gases. The output produced from the engine contains five strokes, such as: injection, compression, power, extended expansion and exhaust. Ilmor’s five-stroke engine contains two high pressure and one low pressure cylinders; this is because the cylinder volume in the low pressure is almost double the two high pressure cylinders. These high pressure cylinders allow the maintenance of the lower compression ratios and control like a four-stroke cycle, in which the low pressure cylinders are extracting more work, gaining additional expansion through the stroke with the burn fuel mixture from the high pressure cylinders, resulting in a high expansion ratio and lower exhaust temperatures and no emissions (Rajeshkumar, et al., 2017). This source can be backed up by (Ilmor Engineering Ltd, 2018), stating, Ilmor’s five-stroke engine design concept operates two fired cylinders, where the high pressure applied in the four-stroke cycle which exhausts into the low-pressure central expansion cylinder where the burnt gases do additional work. The low-pressure cylinder disengages the compression and expansion processes which allows optimal expansion ratio to be independently chosen of the compression ratio.


Ilmor’s five-stroke engine concept can produce notably favourable fuel consumption performances within a wide functional range; this is due to the fact that at the start of knock a higher percentage of work can be produced in the low-pressure cylinder resulting in a degree of self-compensation (Ilmor Engineering Ltd, 2018).
Figure 63 shows how Ilmor’s five stroke engine works with this design concept, in which has two high pressure cylinders working in a four-stroke cycle. In addition, a low-pressure cylinder developing a power output in an alternate cycle. This design concept is more compact yet more efficient because of a reduction in components, in which only 3 cylinders are acting on a single shaft. 	
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[bookmark: _Ref38619989][bookmark: _Toc38895103]Figure 63: Five Stroke Engine Concept: HP; LP-low pressure cylinder; 1, 2- intake channel; 3, 4-inlet valves for the two HP cylinders; 5, 6-exhaust valves into LP cylinder; 7-exhaust valve; 8-exhaust channel (Rajeshkumar, et al., 2017)


[bookmark: _Toc38895029]Results and Analysis
Using Ilmor’s five-stroke engine concept, provides an effective power output of 40kW as the upmost limit between 3500-4000rpm made possible by the high expansion ratio. Referring to the technical data represented in Table 3, maximum peak torque can be achieved at 160Nm at 5000rpm and peak power of 97kW at 7000rpm, moreover, a brake power output of 32.5kW 4000rpm with a low brake specific fuel consumption (BSFC) of 226g/kW-hr, totalling to an overall efficiency of 36.1% from a 700cc three-cylinder five stroke engine (Rajeshkumar, et al., 2017).
[bookmark: _Ref38627325][bookmark: _Toc38895117]Table 3: Technical data of the five-stroke engine developed by Ilmor (Noga , 2018)
	Parameter
	Value

	No. of cylinder, configuration
	3, (2 High Pressure, 1 Low Pressure)

	Bore x Stroke
	High pressure – 78 x 73mm
Low Pressure – 106.09 x 88mm

	Engine Capacity (High Pressure Cylinder)
	698cc

	Low Pressure Cylinder Capacity
	778cc

	Compression Ratio
	High Pressure – 7:1
Low Pressure – 25:1

	Overall Expansion Ratio
	1:14

	Maximum Torque
	166Nm at 5000rpm

	Maximum Power
	97kW at 7000rpm

	Lowest BSFC
	226g/kWh


Ilmor’s engine design concept can deliver a high power density, including the same power output with a volume of 750cc, compared to an original four stroke internal combustion engine at 1200cc; compared to the two engines, Ilmor’s engine weight can be considered 20% lighter than the four-stroke engine (Rajeshkumar, et al., 2017). 


[bookmark: _Toc38895030]Evaluation 
[bookmark: _Toc38895031]Advantages of variable compression ratio engines
This study represents the many benefits in which come from a variable compression ratio engine; this method of variable compression expresses the most optimal combustion efficiency in which is given from max loads and engine speed ranges. Whereas, of any kind of load outcome, if the volumetric ratio is under control within a variable compression ratio engine, this will constantly function under the knock limit. In addition, by reducing the engine capacity and down-sizing, the same power output can be achieved compared to a standard internal combustion engine, with low CO2 emissions, and a more efficient engine enforcing low fuel consumption and exhaust emissions to produce an environmentally, eco-friendly engine. This allows an improvement on the low-end torque produced in a petrol engine, without the risk of detonation. Furthermore, variable compression ratio engines provide constant frictional losses owing to, just about, peak pressures, with efficient combustion from the rate of heat release acting on both low and high compression ratios. With the use of variable compression ratio, it can provide a very smooth idle and performance at low ambient temperatures, also allowing full load accelerations to be achieved. Moreover, vibrations levels can be low, with the use of idle speed reduction, reducing misfiring and cyclic irregularities. This technology could potentially become the future for high-boosting super lean burn engines (Dabhade , et al., 2014-2015). 

[bookmark: _Toc38895032]Limitations of variable compression ratio engines
With the use of variable compression ratio engines being introduced into today’s market, the hybrid audience would be a good implementation to gather interest as these developments and prototypes have been tested and have gained efficient data to prove it optimises the use of efficiency and low fuel consumption by changing its compression ratio. However, with the difference between the conventional production engine structure or design to the variable compression ratio engine method, a commercial barrier is implemented in the market. These commercial barriers include, major changes to the base model of the engine, while introducing multiple elements within the combustion chamber, in which geometry and designs of valves and ports will be compromised. Moreover, hydrocarbon emissions to be increased when engine-out emissions performance to be reduced by additional crevice volume, which is the space between the cylinder wall and piston, which obstruct complete burning. Within this variable compression ratio system, there can be a significant increase in reciprocating mass in the case of the FEV connecting rod, which weighs up to three times more than the conventional connecting rod. Furthermore, some methods of approach, such as Gomecsys, may lead to an increase in vibrations due to intermediate members acting on the connecting rod. Some cases, such as, the Infiniti concept, reworking of the engine design is necessary in order to conduct the variable compression method with slight modifications to the block. In addition, this case consists of multilink rod-crank mechanisms; this may represent a sinewave motion adverse to the cylinder rising at low engine speeds and fine-scale turbulence (Dabhade , et al., 2014-2015).


[bookmark: _Toc38895033]Conclusion 
To conclude, variable compression ratio engines are one of the best methods in order to achieve the most fuel-efficient engine and reduce the amount of harmful emissions given out, when compared to the conventional internal combustion engines. This study represents the different design concepts in which variable compression ratio is achieved, in which different methods are used to vary the compression ratio.  Initially, the Atkinson cycle concept was first considered, in which this was the beginning for applying a more efficient engine, where this method retards the intake valve closure timing relative to the Otto cycle. 
Variable compression ratio can be acknowledged as the next logical development step from the Atkinson cycle, where different design concepts provide different outcomes within the change in compression ratio. Where, firstly the study of the FEV connecting rod was carried out, stating the compression ratio is adjusted based on the position of the gudgeon pin based in the rotating eccentric sleeve, controlled by both left and right cylinders. This changes the length of the connecting rod according to the moment which acts upon the eccentric from the gas and inertia forces applied to the hydraulic pistons.
Furthermore, the second study was conducted on the Infiniti multi-link system, in which showed the compression ratio varied by a multi-link mechanism adjusting the change in piston height. With the implementation of loading conditions, the ECU transfers the data resulting in the adjustment of compression ratio. This method showed in the motion simulation where the angular change of the upper link, making the piston displacement lower as it moves up and down, as it remains in a vertical manner moving down to bottom dead centre, creating less friction against the cylinder walls improving the efficiency of the engine.
Moreover, this study was conducted on the Gomecsys variable compression ratio engine, in which allows the intermediate gears to maintain the direction of rotation of the crank member and the crankshaft the same and the auxiliary shaft is concentric to the rotation axis of the crankshaft.
Lastly, the final study was conducted on Ilmor’s five-stroke engine design, which tries to develop a petrol engine comparable to a standard diesel engine with fuel consumption and emission levels without the critical issues of soot particles and NOx emissions associated with diesel engines, in which has two high pressure cylinders working in a four-stroke cycle; in addition, a low-pressure cylinder developing a power output in an alternate cycle. This design concept is more compact yet more efficient, because of a reduction in components, in which only three cylinders are acting on a single shaft. 



[bookmark: _Toc38895034]Future Recommendation
Considering the project was redone, more of an understanding earlier to the project would have of benefitted in order to design more concepts and utilise motion simulations on the Gomecsys variable compression ratio engine, where the use of a worm gear would of benefited the motion simulation. In addition, a flow dynamic simulation could have been presented acting on the FEV connecting rod, to understand and calculate the gas and inertia forces acting on the hydraulic cylinders. Through that data, results could be analysed in order to calculate the efficiency and power output for each of the designs. 

[bookmark: _Toc38895035]Pandemic Impact
Due to the COVID 19 Worldwide Pandemic, the University of Wales Trinity was shut down, by the Government, alongside all other learning institutions. This resulted in me having to work from home which made it very challenging for me to concentrate, this led to a lack of self-motivation and periods of anxiety. Furthermore, I found myself in a situation where I could not understand how to develop certain designs in Solidworks which was accentuated by the inability to organise, through no fault of his own, supervisory meetings with Andrew Harrison, to discuss any design concept issues and lack of understanding.
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[bookmark: _Toc38895104]	Figure 64: LogP vs LogV at Compression ratio of 8:1	











[bookmark: _Ref36892769][bookmark: _Toc38895105]Figure 65: LogP vs LogV at Compression ratio of 10.1:1











[bookmark: _Toc38895106]Figure 66: LogP vs LogV at Compression ratio of 12:1
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[bookmark: _Toc38895107]Figure 67: Pressure (bar) vs Crank Angle (°) at Compression ratio of 8:1
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[bookmark: _Toc38895108]Figure 68: Pressure (bar) vs Crank Angle (°) at Compression ratio of 12:1
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[bookmark: _Ref38198042][bookmark: _Toc38895109]Figure 69: VC Turbo Specifications vs Infiniti Conventional Engine (Motortrend, 2019)
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[bookmark: _Ref37419883][bookmark: _Toc38895110]	Figure 70: Patent drawings of the Infiniti variable compression turbo engine (Moteki, et al., 2003)
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[bookmark: _Toc38895111]Figure 71: Visual representation of the Infiniti VC Turbo control link (Car and Driver, 2017)
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[bookmark: _Ref38542305][bookmark: _Toc38895112]Figure 72: Displacement at the lowest top dead centre (mm) against Eccentric angle (°)

[image: ]





[bookmark: _Ref38546069][bookmark: _Toc38895113]Figure 73: Overexpansion (%) against Eccentric Angle (°)
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[bookmark: _Ref38546441][bookmark: _Toc38895114]Figure 74: Piston stroke (mm) against Eccentric angle (°)
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1.946108230436906	1.9574636157299312	1.9687163774667857	1.979821430030225	1.9908270505674788	2.0017337128090005	2.0124997775383089	2.0231701211213968	2.0336649632031771	2.0440691504689146	2.0543065658483997	2.0644579892269186	2.0744507189545911	2.08429022853693	2.0940516555099644	2.103632705209741	2.1131073665204956	2.1224452562819556	2.1316186643491255	2.1406965525464146	2.1496193415331537	2.1584228065848827	2.1671104785966575	2.1756277643671811	2.1840380786268887	2.1923443950461241	2.2004948217386469	2.2085219729314334	2.2164298308762511	2.22419626966024	2.2318517237434161	2.2393745667820784	2.2467939187751549	2.2540886469190742	2.2612628687924934	2.2683205012185379	2.2752652731070078	2.2821007372858477	2.2888079474834786	2.2954131455196585	2.301897717195208	2.3082868886291048	2.3145413291298809	2.3207069743095903	2.3267863101983952	2.3327413504185741	2.3385760077498081	2.3443333156812773	2.3499764994244727	2.355528142300658	2.3609907985789214	2.3663482334677184	2.3716034697297532	2.3767593954048798	2.3818367999983434	2.3868198859919674	2.3917112001213718	2.3965131814935217	2.4012109264063106	2.4058413410689687	2.4103722653019544	2.4148229892404158	2.419195480907105	2.4234752519459368	2.4276808163314625	2.4317978416383057	2.4358443659844413	2.4398062113933303	2.4437009735746704	2.4475146267992627	2.4512489897961376	2.454905809342959	2.4584867637982066	2.4620084557839901	2.4654423397687499	2.4688197748230705	2.4721125730215072	2.4753515229280216	2.4785087782063036	2.4816145922669368	2.4846414448824135	2.4876049559561242	2.4905062724693479	2.4933465003667186	2.4961128494252738	2.4988341488373909	2.5014837590729448	2.5040628826786917	2.5065997280419636	2.5090680450171616	2.5114822886260013	2.5138299762895482	2.5161253438987212	2.5183691509177524	2.5205490322480277	2.5226789238562102	1.7862141354243799	1.7747042680505971	1.7632182835341446	1.7516921546114839	1.7402179005341085	1.728610765013705	1.7170793938576261	1.7055045014038346	1.6938675883296375	1.6820126309743124	1.6703108067929482	1.6584597769983114	1.6468348655844047	1.6351518673100027	1.6237625574371157	1.6124023574675301	1.6009148407480656	1.5895065215392765	1.578180609627778	1.5672067943126951	1.5562220684155612	1.5454102130792229	1.5343603756673874	1.5233995862165233	1.5127510825101014	1.5021857782266781	1.4917631139099663	1.4814091831950069	1.4709834873815266	1.4607876271737963	1.4507724103773854	1.4408881011486745	1.4311224224012327	1.4219656882251124	1.4130369839447601	1.4041549575644234	1.3953555198244609	1.3867604741692912	1.3783857865676881	1.3702354372831771	1.3621241848476042	1.354121250005115	1.3464051388230398	1.3387618532944781	1.3308938024819039	1.3233827471087019	1.3160123042494631	1.3088630883653007	1.3016881766337034	1.2947453782257434	1.2879136470760337	1.2812909873747003	1.2747196045390643	1.2682814771926056	1.2620712126172933	1.2559716387287241	1.2497933205081742	1.2438314619819215	1.2379121959414543	1.2320384221713707	1.2264108536085379	1.2208400158341772	1.215135045480261	1.2098455244638742	1.2044455814330675	1.1993254225912351	1.1943200453034222	1.1893031177990971	1.184322265577157	1.1794368832449769	1.1745637196223973	1.1697331979425178	1.1650364799945654	1.1605785664595609	1.1559935614088335	1.151900772663097	1.1474495870423305	1.1434207851299367	1.1390916075238227	1.1356308231924022	1.1317469451008788	1.1275690939405691	1.1234923014226517	1.1193988705073628	1.1157214284114378	1.1122921253440936	1.1086777542933386	1.104873889041412	1.1011855182846595	1.0977546177839734	1.0942381380341772	1.0911978303754493	1.0875211416133004	1.0838011245378081	1.0807947855024445	1.077537471138073	n2	
2.2554654819924638	2.2479732663618068	2.2403495267422193	2.2325895627547863	2.2247143045303974	2.2166935991697545	2.2085488417706105	2.2003031829815849	2.1918979344754224	2.1833552702605123	2.1746992883707756	2.1658969099925072	2.1569729418962971	2.1479235389806064	2.1387131098760119	2.1293675957229854	2.1199154102579909	2.1102866084035656	2.1005428500124648	2.0906812044573906	2.0806625563941825	2.0705180970198693	2.0602444268982252	2.0498380006225836	2.039255443806486	2.0286119150662301	2.0177843530966784	2.0068509603242721	1.9958106316760429	1.9846173132367482	1.9733126204529017	1.9618954736678504	1.9503648543761232	1.9387698227831174	1.927062243493	1.9152414973061944	1.9033070799641738	1.8913701746961482	1.8793253007848074	1.8671727511786498	1.8550343166758843	1.8428587624452937	1.8306528137974245	1.8184238550920788	1.8061799739838871	1.7939998009844704	1.7818271529324279	1.7697464671794534	1.7576996250877388	1.7458551951737289	1.7339992865383869	1.7223870941771238	1.7109631189952756	1.6996643202023733	1.6886867242841235	1.6779717528107398	0.75610337158510554	0.76683404725907856	0.77636213736735193	0.78776737140095709	0.79832831479660493	0.80782806668401153	0.81738906001431533	0.82736927305382524	0.83788291796523484	0.84976736518777463	0.86238981102664536	0.87426916042259017	0.88581337466048893	0.89726044333121979	0.90857437069089853	0.9211139738366807	0.93495270781785811	0.94893432776426767	0.96167416100166103	0.97395868610670366	0.98714467931441296	1.0016904542321527	1.0164065008711178	1.0308559866717877	1.0449576526372146	1.0589824556438252	1.0734495054459572	1.0880297178427136	1.1034958441097655	1.1188046398865354	1.1328251424880051	1.1464174688658273	1.1617871187455233	1.1784109412172672	1.194181208793847	1.2089069342067156	1.2234613275502535	1.2387150204453312	1.2559716387287241	1.272460480145897	1.2884877015101099	1.3031456388824851	1.3182929492191946	1.3350699047924359	1.3514290878477013	1.3668710299837001	1.3819569700273069	1.396420217164501	1.4121860515502611	1.4282374136843587	1.4431273307600958	1.4570387189569414	1.4709590158128574	1.4861375442174289	1.5006709179690441	1.5138565817652145	LogV


LogP




P-V Diagram Otto vs Atkinson
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Pressure (Bar)




Range of motion from 8:1 - 14:1 Compression Ratio

8:1	-98.598964068568606	-96.509407307006597	-96.541114049582305	-98.514341464891999	-102.01914158945	-106.513126685789	-111.539081760199	-116.940159889699	-122.78651875664001	-128.98064089252199	-134.98755212411101	-139.96801127257001	-143.09356154865901	-143.788207402643	-141.84354891308999	-137.44095497513101	-131.10788469769099	-123.619219806956	-115.85768077861999	-108.667739796635	-102.74775440038501	-98.598964068570893	-96.509407307009397	-96.541114049570396	-98.514341464891004	-102.019141589447	-106.513126685784	-111.539081760199	-116.940159889702	-122.786518756642	-128.98064089246401	-134.98755212403401	-139.96801127236799	-143.09356154865699	-143.78820740256799	-141.84354891306501	-137.44095497491401	-131.10788469768499	-123.619219806953	-115.85768077863	-108.667739796859	-102.747754400454	-98.598964068580003	-96.419646876924702	-96.306959431251997	-98.187324820632995	-101.707256848605	21.5572137854479	13.4403622068549	3.3001476143827402	-8.2761486577782506	-20.537417647177001	-32.473045841539999	-42.777133969322499	-50.044330353106403	-53.214775589151799	-51.932526751872302	-46.525429487971799	-37.762781095399703	-26.650342158378599	-14.3103303131624	-1.8933591581539799	9.5101051119798896	18.9603208916824	25.747277340438199	29.4388697979448	29.883218189161699	27.167648137967699	21.5572137854403	13.440362206854999	3.3001476143873001	-8.2761486577755594	-20.537417647167601	-32.473045841542003	-42.777133969328801	-50.044330353102303	-53.214775589147301	-51.932526751825399	-46.525429487927703	-37.762781095261303	-26.6503421583853	-14.310330313108301	-1.8933591581374001	9.5101051120549691	18.960320891685601	25.747277340441499	29.438869797939699	29.883218189076398	27.167648137938698	21.557213785437	13.620012898991501	3.87589496927079	-7.1729962155265197	-18.760239753594401	14:1	-142.565707258549	-139.44602784040299	-133.787013307747	-126.217672962552	-117.641314790306	-109.074055695591	-101.451882650633	-95.488523111303493	-91.640629551266997	-90.116429830768197	-90.923370709481503	-93.887777824140002	-98.623046590716598	-104.570952532311	-111.13355112446	-117.8535270404	-124.474473201065	-130.76691246881001	-136.30261591117099	-140.440996486497	-142.51627151883901	-142.050777117282	-138.89413500844699	-133.27859608802899	-125.802338663296	-117.341311485804	-108.889383331453	-101.364293404869	-95.465600629774102	-91.640629551210495	-90.116429830732798	-90.923370710067999	-93.887777824215306	-98.623046590742007	-104.570952532302	-111.133551124432	-117.853527040416	-124.47447320107101	-130.76691246878599	-136.302615911169	-140.44099648650999	-142.516271518857	-142.05077711727901	-138.89413500843801	-133.278596088033	-125.802338663304	-117.34131148578901	-108.889383331468	-101.364293404878	-95.465600629727206	-91.640629551299796	-5.8851603243696102	6.8831861561630099	18.531910606283901	28.121089888049202	34.958288123817198	38.651093010616201	39.106120842184801	36.472268822320501	31.059454172030101	23.301325391953402	13.7118013843352	2.8583449557139802	-8.5778650251711106	-19.733405715269701	-29.5150840031557	-36.692706845065402	-40.204034748465702	-39.511261581145398	-34.733475933444701	-26.519582115269301	-15.8434961740933	-3.8411863450938899	8.3084859704741802	19.486398339159599	28.730867297691901	35.324371656847603	38.8500879825786	39.194931231801398	36.4955749214107	31.059454172060398	23.301325391981202	13.7118013840263	2.8583449556739899	-8.5778650251867603	-19.7334057152658	-29.515084003142501	-36.692706845067903	-40.204034748467201	-39.5112615811327	-34.733475933452802	-26.5195821152744	-15.8434961740943	-3.8411863450944899	8.3084859704724696	19.486398339162601	28.730867297689301	35.324371656889802	38.850087982581698	39.194931231797	36.495574921421998	31.0594541720154	Range of motion on the Y Axis (mm)


Range of motion on the X Axis (mm)




Conventional vs VC Turbo rotation of connecting rod  vs Crank Angle 

Conventional	-360	-330	-300	-270	-240	-210	-180	-150	-120	-90	-60	-30	0	30	60	90	120	150	180	210	240	270	300	330	360	7.4423197186240054E-17	0.15245556550284162	0.26617084200598579	0.3086065833665293	0.26617084200598573	0.15245556550284151	-3.7211598593120027E-17	-0.15245556550284145	-0.26617084200598584	-0.30860658336652924	-0.26617084200598579	-0.15245556550284145	0	0.15245556550284145	0.26617084200598579	0.3086065833665293	0.26617084200598584	0.15245556550284145	3.7211598593120027E-17	-0.15245556550284151	-0.26617084200598573	-0.30860658336652924	-0.26617084200598579	-0.15245556550284162	-7.4423197186240054E-17	VC Turbo	-360	-330	-300	-270	-240	-210	-180	-150	-120	-90	-60	-30	0	30	60	90	120	150	180	210	240	270	300	330	360	-2.4222993559295993E-2	-3.7974545829649396E-2	-0.1489765720717578	6.2689384608916113E-2	2.6303205363698241E-2	1.7379276981311257E-2	1.3818034221332227E-2	1.2384157873910182E-2	1.2228659693278935E-2	1.3162202887580791E-2	1.5374528154640512E-2	1.9636168671494987E-2	2.8425422389406523E-2	5.3017070260798362E-2	0.29764216317272801	-7.5875156008154226E-2	-3.6575658518554766E-2	-2.5424947482044283E-2	-2.0847816662761809E-2	-1.9265288124813668E-2	-2.0035533365159879E-2	-2.4222993559301922E-2	-3.7441298619747952E-2	-0.12797916840024975	7.1937801388017891E-2	Crank angle (°)


Rotation of the connecting rod (m)




LogP & LogV Diagram (8)
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1.9966088067841734	2.0068406469811788	2.0170026238480712	2.0270894797117021	2.0370964419341449	2.0470191910489253	2.0568538303348083	2.0665968568678714	2.0762451340689299	2.0857958657439615	2.0952465715994668	2.104595064202246	2.1138394273433141	2.1229779957583483	2.132009336151631	2.1409322294667623	2.149745654345053	2.158448771711301	2.1670409104263717	2.1755215539464521	2.1838903279298956	2.192146988734049	2.2002914127463269	2.2083235864958519	2.2162435974942785	2.2240516257567844	2.2317479359566703	2.2393328701694535	2.2468068411648296	2.2541703262072632	2.2614238613283377	2.2685680360362932	2.2756034884303671	2.2825309006896739	2.289350994908375	2.2960645292508026	2.3026722944020253	2.3091751102910485	2.3155738230654754	2.321869302297964	2.3280624384062567	2.3341541402698893	2.3401453330279578	2.3460369560434704	2.3518299610209339	2.3575253102648279	2.3631239750675803	2.3686269342165449	2.3740351726103022	2.3793496799753755	2.3845714496751738	2.3897014776036123	2.3947407611565033	2.3996902982743595	2.4045510865507844	2.4093241224011117	2.4140104002864136	2.4186109119883961	2.4231266459311134	2.4275585865457554	2.4319077136751237	2.4361750020146791	2.4403614205873536	2.4444679322495499	2.4484954932259999	2.452445052671361	2.4563175522566278	2.460113925778618	2.4638350987909527	2.4674819882550976	2.4710555022101772	2.474556539460381	2.4779859892789071	2.4813447311274848	2.4846336343905997	2.487853558123637	2.4910053508142291	2.4940898501561519	2.4971078828351834	2.5000602643263732	2.5029477987022428	2.5057712784514421	2.5085314843074551	2.5112291850869535	2.5138651375374446	2.5164400861938598	2.5189547632437708	2.5214098884009228	2.5238061687867925	2.5261442988198972	2.5284249601125728	2.530648821374974	2.5328165383260242	2.5349287536110792	2.5369860967260482	2.5389891839477343	1.7862141354243799	1.7747042680505971	1.7632182835341446	1.7516921546114839	1.7402179005341085	1.728610765013705	1.7170793938576261	1.7055045014038346	1.6938675883296375	1.6820126309743124	1.6703108067929482	1.6584597769983114	1.6468348655844047	1.6351518673100027	1.6237625574371157	1.6124023574675301	1.6009148407480656	1.5895065215392765	1.578180609627778	1.5672067943126951	1.5562220684155612	1.5454102130792229	1.5343603756673874	1.5233995862165233	1.5127510825101014	1.5021857782266781	1.4917631139099663	1.4814091831950069	1.4709834873815266	1.4607876271737963	1.4507724103773854	1.4408881011486745	1.4311224224012327	1.4219656882251124	1.4130369839447601	1.4041549575644234	1.3953555198244609	1.3867604741692912	1.3783857865676881	1.3702354372831771	1.3621241848476042	1.354121250005115	1.3464051388230398	1.3387618532944781	1.3308938024819039	1.3233827471087019	1.3160123042494631	1.3088630883653007	1.3016881766337034	1.2947453782257434	1.2879136470760337	1.2812909873747003	1.2747196045390643	1.2682814771926056	1.2620712126172933	1.2559716387287241	1.2497933205081742	1.2438314619819215	1.2379121959414543	1.2320384221713707	1.2264108536085379	1.2208400158341772	1.215135045480261	1.2098455244638742	1.2044455814330675	1.1993254225912351	1.1943200453034222	1.1893031177990971	1.184322265577157	1.1794368832449769	1.1745637196223973	1.1697331979425178	1.1650364799945654	1.1605785664595609	1.1559935614088335	1.151900772663097	1.1474495870423305	1.1434207851299367	1.1390916075238227	1.1356308231924022	1.1317469451008788	1.1275690939405691	1.1234923014226517	1.1193988705073628	1.1157214284114378	1.1122921253440936	1.1086777542933386	1.104873889041412	1.1011855182846595	1.0977546177839734	1.0942381380341772	1.0911978303754493	1.0875211416133004	1.0838011245378081	1.0807947855024445	1.077537471138073	n2	
2.2756034884303671	2.2685680360362932	2.2614238613283377	2.2541703262072632	2.2468068411648296	2.2393328701694535	2.2317479359566703	2.2240516257567844	2.2162435974942785	2.2083235864958519	2.2002914127463269	2.192146988734049	2.1838903279298956	2.1755215539464521	2.1670409104263717	2.158448771711301	2.149745654345053	2.1409322294667623	2.132009336151631	2.1229779957583483	2.1138394273433141	2.104595064202246	2.0952465715994668	2.0857958657439615	2.0762451340689299	2.0665968568678714	2.0568538303348083	2.0470191910489253	2.0370964419341449	2.0270894797117021	2.0170026238480712	2.0068406469811788	1.9966088067841734	1.9863128791974833	1.9759591929259261	1.9655546650575966	1.95510683761449	1.9446239147908344	1.9341148005732678	1.9235891363670317	1.9130573381739238	1.902530632780975	1.8920210923239578	1.8815416664877096	1.8711062114971251	1.8607295149405463	1.8504273153537318	1.8402163153814	1.8301141872289051	1.8201395690246898	1.8103120506414434	1.8006521474781347	1.7911812606950894	1.7819216224292935	1.7728962246070212	1.7641287301249797	0.75610337158510554	0.76683404725907856	0.77636213736735193	0.78776737140095709	0.79832831479660493	0.80782806668401153	0.81738906001431533	0.82736927305382524	0.83788291796523484	0.84976736518777463	0.86238981102664536	0.87426916042259017	0.88581337466048893	0.89726044333121979	0.90857437069089853	0.9211139738366807	0.93495270781785811	0.94893432776426767	0.96167416100166103	0.97395868610670366	0.98714467931441296	1.0016904542321527	1.0164065008711178	1.0308559866717877	1.0449576526372146	1.0589824556438252	1.0734495054459572	1.0880297178427136	1.1034958441097655	1.1188046398865354	1.1328251424880051	1.1464174688658273	1.1617871187455233	1.1784109412172672	1.194181208793847	1.2089069342067156	1.2234613275502535	1.2387150204453312	1.2559716387287241	1.272460480145897	1.2884877015101099	1.3031456388824851	1.3182929492191946	1.3350699047924359	1.3514290878477013	1.3668710299837001	1.3819569700273069	1.396420217164501	1.4121860515502611	1.4282374136843587	1.4431273307600958	1.4570387189569414	1.4709590158128574	1.4861375442174289	1.5006709179690441	1.5138565817652145	LogV


LogP




LogP & LogV Diagram (10)
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1.946108230436906	1.9574636157299312	1.9687163774667857	1.979821430030225	1.9908270505674788	2.0017337128090005	2.0124997775383089	2.0231701211213968	2.0336649632031771	2.0440691504689146	2.0543065658483997	2.0644579892269186	2.0744507189545911	2.08429022853693	2.0940516555099644	2.103632705209741	2.1131073665204956	2.1224452562819556	2.1316186643491255	2.1406965525464146	2.1496193415331537	2.1584228065848827	2.1671104785966575	2.1756277643671811	2.1840380786268887	2.1923443950461241	2.2004948217386469	2.2085219729314334	2.2164298308762511	2.22419626966024	2.2318517237434161	2.2393745667820784	2.2467939187751549	2.2540886469190742	2.2612628687924934	2.2683205012185379	2.2752652731070078	2.2821007372858477	2.2888079474834786	2.2954131455196585	2.301897717195208	2.3082868886291048	2.3145413291298809	2.3207069743095903	2.3267863101983952	2.3327413504185741	2.3385760077498081	2.3443333156812773	2.3499764994244727	2.355528142300658	2.3609907985789214	2.3663482334677184	2.3716034697297532	2.3767593954048798	2.3818367999983434	2.3868198859919674	2.3917112001213718	2.3965131814935217	2.4012109264063106	2.4058413410689687	2.4103722653019544	2.4148229892404158	2.419195480907105	2.4234752519459368	2.4276808163314625	2.4317978416383057	2.4358443659844413	2.4398062113933303	2.4437009735746704	2.4475146267992627	2.4512489897961376	2.454905809342959	2.4584867637982066	2.4620084557839901	2.4654423397687499	2.4688197748230705	2.4721125730215072	2.4753515229280216	2.4785087782063036	2.4816145922669368	2.4846414448824135	2.4876049559561242	2.4905062724693479	2.4933465003667186	2.4961128494252738	2.4988341488373909	2.5014837590729448	2.5040628826786917	2.5065997280419636	2.5090680450171616	2.5114822886260013	2.5138299762895482	2.5161253438987212	2.5183691509177524	2.5205490322480277	2.5226789238562102	1.7862141354243799	1.7747042680505971	1.7632182835341446	1.7516921546114839	1.7402179005341085	1.728610765013705	1.7170793938576261	1.7055045014038346	1.6938675883296375	1.6820126309743124	1.6703108067929482	1.6584597769983114	1.6468348655844047	1.6351518673100027	1.6237625574371157	1.6124023574675301	1.6009148407480656	1.5895065215392765	1.578180609627778	1.5672067943126951	1.5562220684155612	1.5454102130792229	1.5343603756673874	1.5233995862165233	1.5127510825101014	1.5021857782266781	1.4917631139099663	1.4814091831950069	1.4709834873815266	1.4607876271737963	1.4507724103773854	1.4408881011486745	1.4311224224012327	1.4219656882251124	1.4130369839447601	1.4041549575644234	1.3953555198244609	1.3867604741692912	1.3783857865676881	1.3702354372831771	1.3621241848476042	1.354121250005115	1.3464051388230398	1.3387618532944781	1.3308938024819039	1.3233827471087019	1.3160123042494631	1.3088630883653007	1.3016881766337034	1.2947453782257434	1.2879136470760337	1.2812909873747003	1.2747196045390643	1.2682814771926056	1.2620712126172933	1.2559716387287241	1.2497933205081742	1.2438314619819215	1.2379121959414543	1.2320384221713707	1.2264108536085379	1.2208400158341772	1.215135045480261	1.2098455244638742	1.2044455814330675	1.1993254225912351	1.1943200453034222	1.1893031177990971	1.184322265577157	1.1794368832449769	1.1745637196223973	1.1697331979425178	1.1650364799945654	1.1605785664595609	1.1559935614088335	1.151900772663097	1.1474495870423305	1.1434207851299367	1.1390916075238227	1.1356308231924022	1.1317469451008788	1.1275690939405691	1.1234923014226517	1.1193988705073628	1.1157214284114378	1.1122921253440936	1.1086777542933386	1.104873889041412	1.1011855182846595	1.0977546177839734	1.0942381380341772	1.0911978303754493	1.0875211416133004	1.0838011245378081	1.0807947855024445	1.077537471138073	n2	
2.2554654819924638	2.2479732663618068	2.2403495267422193	2.2325895627547863	2.2247143045303974	2.2166935991697545	2.2085488417706105	2.2003031829815849	2.1918979344754224	2.1833552702605123	2.1746992883707756	2.1658969099925072	2.1569729418962971	2.1479235389806064	2.1387131098760119	2.1293675957229854	2.1199154102579909	2.1102866084035656	2.1005428500124648	2.0906812044573906	2.0806625563941825	2.0705180970198693	2.0602444268982252	2.0498380006225836	2.039255443806486	2.0286119150662301	2.0177843530966784	2.0068509603242721	1.9958106316760429	1.9846173132367482	1.9733126204529017	1.9618954736678504	1.9503648543761232	1.9387698227831174	1.927062243493	1.9152414973061944	1.9033070799641738	1.8913701746961482	1.8793253007848074	1.8671727511786498	1.8550343166758843	1.8428587624452937	1.8306528137974245	1.8184238550920788	1.8061799739838871	1.7939998009844704	1.7818271529324279	1.7697464671794534	1.7576996250877388	1.7458551951737289	1.7339992865383869	1.7223870941771238	1.7109631189952756	1.6996643202023733	1.6886867242841235	1.6779717528107398	0.75610337158510554	0.76683404725907856	0.77636213736735193	0.78776737140095709	0.79832831479660493	0.80782806668401153	0.81738906001431533	0.82736927305382524	0.83788291796523484	0.84976736518777463	0.86238981102664536	0.87426916042259017	0.88581337466048893	0.89726044333121979	0.90857437069089853	0.9211139738366807	0.93495270781785811	0.94893432776426767	0.96167416100166103	0.97395868610670366	0.98714467931441296	1.0016904542321527	1.0164065008711178	1.0308559866717877	1.0449576526372146	1.0589824556438252	1.0734495054459572	1.0880297178427136	1.1034958441097655	1.1188046398865354	1.1328251424880051	1.1464174688658273	1.1617871187455233	1.1784109412172672	1.194181208793847	1.2089069342067156	1.2234613275502535	1.2387150204453312	1.2559716387287241	1.272460480145897	1.2884877015101099	1.3031456388824851	1.3182929492191946	1.3350699047924359	1.3514290878477013	1.3668710299837001	1.3819569700273069	1.396420217164501	1.4121860515502611	1.4282374136843587	1.4431273307600958	1.4570387189569414	1.4709590158128574	1.4861375442174289	1.5006709179690441	1.5138565817652145	LogV


LogP




LogP & LogV Diagram (12)
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VC-TURBO V6 3.5L /VQ35DE

= Cylinders 4 6

Compression ratio | 8:1-14:1 1031

Bore mm 84 955

90.1@C/R=
Stokemm | OO 814
. 1,997 @C/R=8:1

Displacement cc | 02 SRS 3498

RBO Intake Turbo Charged | Nat. Aspiration

Max. Power 200 kw / 268 e 201w /270 e

Max. Torque 390 Nm/ 288 b/ft | 341 Nm/ 215 Ib/ft

Weight kg 137 155
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