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1. [bookmark: _Toc36131848][bookmark: _Toc39446651]Abstract
This paper demonstrates variable compression ratio (VCR) systems with the specific focus on the Nissan designed system that operates on a new piston to Crank mechanism through the use of a multi-link system. This new mechanism allows for the repositioning of the piston at Top Dead Centre (TDC) which in turn alters the compression Ratio and combustion chamber volume to best suit the current demand on the engine. 
The Nissan design boasts many advantages to the design which were examined on a Reverse engineered Nissan’s VC-Turbo design which was applied to an existing motorcycle design to determine the validity of these claims through simulation, calculation of forces and finite element analysis.
2.1. [bookmark: _Toc36131849][bookmark: _Toc39446652]Overview of project
This project will demonstrate fundamental combustion principles during combustion as well as analysis and correlation to CAE principals and designs to accurately correlate Real-world data and calculated data to motion simulations. The study will also encompass the design process of reverse engineering the Infinity VC-Turbo and applying the design to a Triumph Daytona 675cc to determine the effects and design specifications required to design and produce a functional engine model in moth excel and Solidworks simulations
2.2. [bookmark: _Toc36131850][bookmark: _Toc39446653]Aims of the study
The aims of this study was to firstly be to reverse engineer Nissans Variable compression engine design to see if the design can be advantageous to the motorcycle industry with the aims of enabling a motorcycle to maintain a high performance when desired yet be able to run efficiently when performance isn’t required. This was conducted through the use of Computer aided Engineering (CAE) motion study’s and FEA to determine the feasibility of the design for motorcycle application.
 with the aim of improving determining the validity of using VRC technologies in the motorcycle industry without reducing performance or engine capacity to any serious degree, furthermore the author demonstrated the principles behind the kinematic theory’s behind Nissans multi-Link mechanism to determine the applicability to motorcycle design.
  
2.3. [bookmark: _Toc36131851][bookmark: _Toc39446654]Key findings/ Results

The key findings and results of this study include the validation of claims made by Nissan of the ability to improve the power and efficiency of conventional ICE engines through the use of A multi-Link system this study found that the claims made of up to 44% reduction in cylinder friction and vertical rod angles on the expansion stroke are attainable. The findings of the study also demonstrate the fundamental principles at application of variable compression technology when applied to a motorcycle platform. 
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3. [bookmark: _Toc36131852][bookmark: _Toc39446655]introduction
This thesis will study the application and design of variable compression technology with a focus on Nissans Variable compression engine design which is the first mass production VCR engine to be developed. The aim of this is to determine the engineering principles behind the design, its ability to be applied to the motorcycle industry as well as validate the claims such as reduced friction on expansion and greater thermal efficiency. 
The demand for more Economically efficient Engine design is increasing with growing concerns of environmental impact from current Internal combustion engines (ICE) which are a large contributor to Atmospheric pollution. With this need more innovative designs are being discovered to increase the efficiency of engines and to reduce harmful emotions this has led global companies to downsize engines, convert to EV vehicles or re-design engines for alternative fuels such as hydrogen and biofuels.
With variable compression ratio technology used in conjunction with other technologies such as variable valve timing  the ability to utilise varying cycles and timing continuously to provide the ideal cycle for the situation for example the ability to rotate a standard Otto Cycle to a Atkins cycle for a lower power requirement situation would give increased thermal efficiency for the same volume of charge, with the correct mapping based on continuous situational demand on the engine.

For the purpose of this study the author attempted to reverse engineer the design of Nissans VC-turbo with the aim of modelling & modifying a Triumph Daytona 675 to the same engine design as the VC-Turbo multi-Link design with the aim of comparing the VCR characteristics and advantages to the conventional ICE Design.  This will be achieved through CAE tools such as Solidworks which will be used to model, simulate, FEA & develop the Reverse engineered components of the Nissan VCR Engine for the Triumph 675 while using engine data for the Triumph as a bassline for validation of the model results as well as for the Calculation of the VCR design 
4. [bookmark: _Toc36131854][bookmark: _Toc39446656]Research
4.1. [bookmark: _Toc36131855][bookmark: _Toc39446657]Background Research 

The variable compression engine is not a new concept, the idea has been poised almost since the conception of compression ratios, normally the current accepted nature of typical ICE engines is that when an engine is designed it is made to operate at a single compression ratio which best suits a balance of power, torque and efficiency desired by the designer. The VCR concept allows for continuously variable ratios which in turn provide the best CR for the engine depending on the current load demand on the engine.
The earliest found patent for a variable compression design was found by the author to be in September 19th, 1950 but the application of the patent was put forward 4 years earlier in 1946 by a George R. Erikson in the united states, an earlier design as far back as 1914 by a Charles Salisbury has been also been claimed to have existed. The likely reason that VCR technology hasn’t been Widley used in automotive industry is that until recent years the benefits of the concept on its own didn’t outweigh that of existing ICE engine designs however with the development turbos, variable valve timing, fuel injection and different engine cycles used in  conjunction allow for a viably competitive design, particularly with the current environmental and economic direction the industry is pushing for.Figure 1 1946 VCR Patented Concept (Ericson G. R., 1946)

  (Ericson G. R., 1946) (Kingston, 2018) (Ericson G. R., 1946)
Currently the author has found several designs which have been conceived in recent years by different automotive company’s all of which designed for vehicles to increase either performance or efficiency however only Nissan have manufactured an engine for the market, other companies such as FEV’s power Train Company have developed prototype con-Rods to achieve Variable compression however to a limited degree and without the versatility of the Infiniti VC-Turbo.
A 3rd design was discovered which has a promising design in development by Gomecsys which promote a VCR crankshaft.

4.2. [bookmark: _Toc36131858][bookmark: _Toc39446658]FEV Hydraulically Concentric Piston Pin bore VCR Con-Rod

This design primarily found to be devolved by FEV Powertrain consultancy operates on a series of hydraulically operated pistons built into the Rod which allow for the Pin bore to rotate concentrically through the use of hydraulics. This design operates on the use pressurised oil channels through the crank, Big end bearing and Rod which actuate the inner pistons through pressurising one of the internal wells of the Rod while allowing flow out of the opposing well to rotate the concentric small end bore see Figure 3 FEV Crank to Rod oil channels for diagrams.[bookmark: _Ref36560107]Figure 2 FEV Crank to Rod oil channels
(Karsten Wittek, 2017)








A concentric VCR Rod has its advantages in the current market for example its ability to be readily interchangeable with several existing Rods in use for example FEV operate a Lotus Elise Mk1 demonstrator as a test bed for the concentric piston pin bore Rod which originally featured a 1.8L which was able to be downsized to a 1.0L capacity without considerable loss in performance which is what manufacturers are attempting to do to meet new emotions regulations however with this new road it increases the ability to downsize engines beyond current ability however FEV do specify the design has a minimum Bore size of 70mm with the 1.0 ford eco engine being marginally within tolerance with a bore of 71.9mm with a peak RPM of 6000rpm . (Uhlmann, 2019)Figure 3 Hydraulic switch valve assembly

FEV claim that the rod can alternate between 3 compression ratios, in the case of the lotus test bed the original CR of 10:1 as well as a lower compression ratio of 8.8:1 and a higher of 12:1 are able to be used during motion, FEV also claim that the change between lower and higher ratios takes as little as 0.2 – 0.6 seconds. (Uhlmann, 2019)
A study from SAE international demonstrated that typical dyno testing was conducted at a max RPM of 6000 so therefore a cycle at 6000 Rpm takes approximately 0.02 seconds to complete 720 degrees of crank rotation therefore takes approximately 10-60 cycles to adjust the compression ratio in the claimed time taken to alter the CR from minimum to maximum.




Time per cycle @ 6000 Rpm = 0.02seconds
Table 1 Specifications of modified Ford eco boost (Karsten Wittek, 2017)






The benefits of this design for example include:
· Easy integration into all existing ICE engine configurations from inline to boxer engines.
· FEV claim that 6% reduction in CO2 has been observed whereas studies found that conducted similar testing observed a 5% decrease. (Uhlmann, 2019) (Karsten Wittek, 2017)
· In diesel testing demonstrated the ability to use higher EGR rates without exceeding Regulation Particulate matter through adjustment of the Compressing ratios, this also aids in maintaining lower peak pressure with greater EGR reducing the risk of engine knock.
· Maintains engineering operation principals allowing for use of existing formulae to determine engine forces and geometries.

FEV claim the system is passive operating which is where no additional external force is needed to operate the Variable rod therefore due to the same lubrication wells for the crank and Rod bearings being used to feed the Hydraulic actuating chamber the author has concerns over pumping losses in the engine however with the additional mass in the rod increasing reciprocating and rotational forces, centrifugal forces needed to supply oil to the big end bearings on the crank journal are also increased which may reduce the pumping losses in the engine. (Meernik, 1986) 

The additional mass added to the original rod design for the 1L ford can be seen in Table 2 difference is mass between baseline 1L ford Eco Boost and VCR Rod Modified mass , this data was determined  in a paper found by (Karsten Wittek, 2017) which shows a 63% increase in total mass in the rod and a 45% increase in reciprocating mass which in a motorcycle engine at High RPM could be highly destructive to engine components such as the big end bearing due to increased inertial loads which would reduce fatigue life, this would potentially lead to the need to redesigning cranks if used for motorcycle application.Figure 4 Porsche FEV VCR Schematics
 (Magda, 2015) (Uhlmann, 2019)
[bookmark: _Ref37072824]Table 2 difference is mass between baseline 1L ford Eco Boost and VCR Rod Modified mass (Karsten Wittek, 2017)



Table 3 Change in Forces on A Triumph 675 with VCR connecting Rod shows the effects of additional mass in the system at a standard CR of 12.7 and its was found that with the application of FEV’s Variable Rod to an engine revving at 13000 Rpm which is approximately peak power for a standard 675, with a bore of 74mm it also falls into the minimum bore size. It can be seen than with a 54% increase in reciprocating mass the inertial forces have increased by 85% and a reduction of Net down force of 6%.
 These preliminary tests were to determine the validity of concern towards the application to High Revving engines without partial engine re-design. The initial study suggests that either engine design modification if required or accepting a reduction capacity with increased chance of knock in the engine unless other measures are taken. 
 [bookmark: _Ref37085517]Table 3 Change in Forces on A Triumph 675 with VCR connecting Rod








With the addition an extended rod of maximum 137mm would either require the re design of the head if the engine displacement is to be maintained or simply allow for the engine to be downsized, if the engine was to be altered to maintain displacement the effects on the engine would reduce the extra inertial force due to mass to 76% rather than 85% as well as this the downforce has also only been reduced by 1% compared to 6% (see Table 4 VCR FEV Rod with Max Length used in 1L ford Additional Rod length ) With the use of the 2-stage mechanism to adjust the compression ratios this loss can be reduced to further. [bookmark: _Ref37089784]Table 4 VCR FEV Rod with Max Length used in 1L ford Additional Rod length

In the authors opinion this method of enabling VCR use in the motorcycle engines could be extremely detrimental if directly used in a high revving engine as the additional mass would generate excessive inertial forces for the gain in engine performance and efficiency compared to other researched designs , however if developed to reduce inertia then the befits could be massive when considering packaging of the design compared to other larger VCR mechanism
(Schoeffmann Wolfgang, 2017)



4.3. [bookmark: _Toc36131859][bookmark: _Toc39446659]Gomecsys VCR concentric Crank

Gomecsys was founded 1997 with the purpose of developing more fuel-efficient engine technology, this developed into their current VCR technology which is their own adaptation of the Waulis kinematic system which is a custom VRC crank design which operated on a geared crank to piston configuration. The Waulis kinematics is in principle operates in much the same way as a conventional crank to piston configuration however in this case a concentric lobe  rests on the crank Pin assembled using dog bone retainers (see Figure 5 Concentric Crank journal, Dog bone joints and gearing Drive train) which allows for the adjustment of compression ratios from 13.5:1 to 8.5:1 and can be as used in engine configurations ranging from single cylinder to V8 engines with “Zero impact on existing engine architecture” (Gomecsys.Technology, 2020) . (Gomecsys, 2020) (Pohjalainen)
[bookmark: _Ref37329609]Figure 5 Concentric Crank pin, Dog bone joints and gearing Drive train (Gomecsys, 2020)
Driving Rod
Bearings 
Concentric Drive Gear
Secondary driving rods

The fundamental design behind the Variable compression drive train is a Gear driven mechanism driven from one side of the crank shaft through each crank journal to each Crank pin (see Figure 5 ), the primary drive mechanism is driven using a actuating rod that sits through the bored outer crank journal through the centre of the crank which drives the initial Concentric drive Gear which in turn rotates the secondary drive gears and rods, this allows for synchronous and uniform alteration of the Compression ratio on demand.  Intermediate Gear 
Driving Rod
Driving Rod
Primary Drive Gears 
Motor
Secondary Drive Gears
[bookmark: _Ref37418214]Figure 6 Gomecsys VCR crank Drive Train (Gomecsys, 2020)
Torsion Spring & actuator 
Intermediate Gear 






[bookmark: _Ref37345020]Figure 7 Range of concentric motion (Gomecsys, 2020)

The Compression ratio is dictated by the Degree of offset the concentric lobe is set to at the start of each cycle as which is determined by the Electronic Control unit (ECU) depending on engine load and speed to provide the most fuel efficient and energy efficient ratio. The Range of concentricity is between max compression ratio at 90° or TDC at the crank pin (see Figure 7) and minimum CR at -70°, this mechanism is precisely timed so that when the piston is @ TDC firing the concentric lobe sits at the desired degree of offset at the end of the compression stroke to ensure the ideal combustion dependant on load needed.
One of the claims made by Gomecsys is that with this VCR crank mechanism a true 4 stroke cycle can be maintained while still achieving over expansion to increase thermal and fuel efficiency without the need for variable valve timing. This is achieved through the operational speed of the concentric mechanism being at half engine speed through the gearing ratio between the concentric lobe and the intermediate gear which rotates around the crank drive gear with the concentric lobe (see Figure 6 ) (Gomecsys, 2020), this  means only 180° rotation of the concentric lobe to which the rod is attached occurs for every 360° of crank rotation therefore @TDC Firing the lobe sets the degree of position as seen in Figure 7 so the desired Compression ratio Is used before the  expansion stroke, the concentric lobe rotates 90° to the 0° position when set to maximum CR setting (see Figure7 & Figure 9 to Figure 8 ) which In turn enlarges the expansion ratio (ER).[bookmark: _Ref37348148]Figure 9 TDC firing (Gomecsys, 2020)
[bookmark: _Ref37348276]Figure 9 BDC Expansion (Gomecsys, 2020)
Approx. CR of 11:1
CR of 13.5:1

 A Larger expansion Ratio  is where the ratio of the expansion chamber is larger than the ratio of compression allowing for increased volume on expansion and thermal efficiency in which more useful energy is used from firing compared to a normal engine configurations where the ER and CR are equal.Figure 10 Aprox. TDC Exhaust (Gomecsys, 2020)

During the cycle demonstrated in Figure 8 to Figure 10 the concentric lobe continues to rotate 90° by the end of each stroke by orbiting the drive gear leading to a full 360° rotation  over a cycle of 720° for the crank allowing for the same CR setting @ TDC Firing at the first expansion stroke. [bookmark: _Ref37348165]Figure 11 BDC Induction (Gomecsys, 2020)

For continuous discreet steps in reducing the CR the driving mechanism engages the torsion spring activating the intermediate gears and increases the speed at which the eccentric lobe is rotating briefly to reposition the degree of offset needed to achieve the new CR before disengaging the intermediate gears for normal rotation.  (Gomecsys.Technology, 2020)


Main benefits of this design claimed by Gomecsys include:
· An 8% Reduction in CO2 Emissions in cars and 10-15% in 1-cylinder motorcycles when tested in accordance to the World-wide light duty vehicle test cycle (WLTC) regulations.
· No additional friction 
· No additional Gear noise
· Fully variable actuation over a full RPM Range
· Maintains a True 4 stroke cycle with over expansion without the need for VVT
Gomecsys Claim the ability to achieve over expansion with a true 4 stroke cycle without over expansion or the need for Variable valve timing this would save additional refit costs if applied to an existing engine as well as mass and packaging when considering motorcycle application. The effects and settings of this mechanism can be seen in Figure 12 Gomecsys Main VCR Crank Engine Cycle configurations where the 4 main cycle configurations.
4.3.1. [bookmark: _Toc39446660]Cycle 1 (Power Cycle) @ 90° TDC Firing
· Intake: The intake stroke is reduced due to max CR Setting being used therefore on induction the concentric lobe is at BDC.
· Compression: The peak CR allows for the compensation of a Reduced intake 
· Expansion: Equal ER to the CR however a larger expansion than induction stroke therefore greater thermal efficiency is still achieved.
· Exhaust: the exhaust stroke is at its minimum and therefore the greatest amount of burnt gas is retained in the cylinder for internal EGR Reducing Emissions.

cycle 1 is representative of a true 4 stroke cycle without over Expansion with the added benefit of internal EGR, this setting is optimised for maintaining high performance while improving on particulate emissions through effectively downsizing the engine. This setting would primarily be used for Average to high performance situations with Reduced Emissions. 
4.3.2. [bookmark: _Toc39446661]Cycle 2 (extra urban) @ 45° TDC Firing
· Intake: Minimum intake stroke occurs due to Concentric positioning lowering TDC induction position and raising BDC induction to give the minimum stroke on induction
· Compression: High CR to compensate for reduced intake stroke 
· Expansion: Maximum Expansion stroke @ -45° Concentric offset Providing the Greatest thermal efficiency Per cc of Volume
· Exhaust: Exhaust stroke lengthened increasing negative work and reducing internal EGR minimally.
Cycle 2 would primarily be used in extra urban environments such a city where power is not required whereas more torque is required when stopping and starting and at low RPM ranges. City’s currently have more stringent regulations of Emissions that in outer urban and rural areas therefore this cycle is best suited due to high EGR, minimum Fuel consumption per cycle and Maximum expansion/ thermal efficiency.
[bookmark: _Ref37682513]Figure 12 Gomecsys Main VCR Crank Engine Cycle configurations (Gomecsys.Technology, 2020)
1
2
3
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4.3.3. [bookmark: _Toc39446662]Cycle 3 (Urban/ motorway) 0° TDC firing

· Induction: mid-range charge induction 
· Compression: mid-range compression as charge increases CR reduces 
· Expansion: over expansion used to increase efficiency however reduced over expansion due to decreased CR.
· Exhaust: Increased exhaust stroke due to increased induction reducing EGR. 
Cycle 3 would mainly be used for Mid-range loading on the engine used for motorways and urban commuting where high cruse speed are common and regular deceleration and acceleration takes place. 
4.3.4. [bookmark: _Toc39446663]Cycle 4 (High Torque) -60° TDC Firing

· Induction: Induction on cycle 4 is at its maximum due to the concentric position of the lobe is at closest position to TDC as possible without reducing the compression ration further than design parameters 
· Compression: When induction stroke is at its peak the compression ratio is at its lowest due to the 180° relationship the concentric gearing has with crank rotation, this would be to aid stop excessive cylinder pressures and knock with increased volume.

· Expansion: slight over expansion to account for minimum internal EGR however this cycle would be used the maximise toque or to manage combustion with high boost/ Forced induction.
· Exhaust: increased exhaust stroke to expel additional exhaust gases with ERG reduces to allow additional fresh charge in next cycle.
cycle 4 would largely be used as the configuration for high torque and with high boost pressures where CR would need to be reduced to avoid Damaging the engine with increased pressures causing knock, the increased volume with the addition of boots the output of engine would be competitive with current ICE engines and Gomecsys even claim better performance for the 1.6 Peugeot 208 Test vehicle with fully variable actuation in approximately 0.2 seconds from max to minimum compression ratio across the RPM range. 
With this design the ECU would control ignition timing based on ideal ignition timings at each compression ratio without VVT the ignition timing would be crucial to the smooth operation and to reduce Knock and pre ignition in the engine.  
Table 5 Peugeot 208 engine Specifications with New Emissions Due to VCR crank (Gomecsys, 2020)  (2014 Peugeot 208 GTI Specifications, 2014)

The application of this technology to existing motorcycles would be a great step in reaching new emissions legislations, Gomecsys claim that Leading single cylinder engines are approaching 100mpg in current single cylinder engines and that their claimed 10% – 15% improvement with the VCR crankshaft could further the reduction of fuel consumption to aid the motorcycle industry to meet new emissions legislations due by 2025.  
Gomecsys have tested for motorsport application where an optimised CR with up to 8% longer expansion stroke compared to intake stroke can give a 4% power and efficiency increase.
4.4. [bookmark: _Toc36131856][bookmark: _Toc39446664]Infiniti VC-Turbo Multi-link system

The Infiniti inline-4 VC-Turbo is Part of Nissans Luxury SUV range and most cutting-edge attempt at meeting current and future emissions regulations without turning to Electric vehicle and hybrid systems, this design accumulates some of the best aspects of technology’s designed for combustion and mechanical efficiency from the last decade. The multi-link was designed back in  1998 however with less stringent legislations on emissions manufacturers decided to continue with deployment of larger more powerful engines range such as V6, with new advancements in Engine technology such as VCR, VVT, direct injection, turbo charges and several other advantageous technologies have allowed for the multi-link system to develop in to a degree to which has exceptional fuel efficiency while competing with current V6 engines even though the engine has two less cylinders.
[bookmark: _Ref37935726]Figure 13 Multi-Link system (Girgis)




Multi-Link


Lower rod



[image: ]Nissan developed the VC-Turbo with a bore of 84mm which matches the MR20 allowing for the use of recourses and experience of the MR20 model and rebranded as the KR20DDET for the QX50. the conventional piston to crank system has been replaced with the multi-link system, similarly with conventional mechanism the multi-link connects the piston to the crank however the upper rod works in tandem with a second rod connected to the multi-link via two links known as the upper link (U-Link) and the lower link (L-Link) (see Figure 13 Multi-Link system) to restrict the oscillation of the linkage to rotation of the crank pin. The lower rod is restrained by an actuating rod housed in the engine block and responsible for the variation of compression ratio.
This effect of varying the CR with this unique system in turn effects the stroke at each CR for example see Table 6 VC-Turbo Variable Specifications & Figure 14 which demonstrates that at a maximum CR of 14:1 the stroke length peaks at 90.1mm at minimum CR of 8:1 the minimum stroke of 88.9. this is due to the concentric effect of the actuating arm positioning the U-Link higher as the CR increases thereby giving a larger range of motion for the piston to travel.
[bookmark: _Ref37936305]Table 6 VC-Turbo Variable Specifications




[bookmark: _Ref37944300]Figure 14 Piston motion characteristics (Shuji Kojima S. K., 2018)






The actuating arm operates using concentric lobes that the lower rod sits on which as the rod rotates the rod will lift or lower the L-Link in turn doing the same to the U-link which have a direct relationship to the piston position. Compared to other designs the concentric lobe’s position is opposite for example if the maximum offset hight is at TDC (see Figure 14 ) then the CR will be at its lowest due to the U-link and L-Link being in tandem. The concentric Rod is operated to difference degrees of rotation via the harmonic drive which consists of a motor controlled by the ECU which in turn alters the lobe height and ideal piston position dependant on engine load.[bookmark: _Ref37939066]Figure 15 VC-Turbo Harmonic drive L-Link and concentric actuating arm (Infiniti, 2020)
CR of 14:1
CR of 8:1
Harmonic Drive
Concentric lobe on actuating arm
TDC




With this control rod restraining the lower rod and in turn the crank the noise Vibration & harshness in the engine can be significantly reduced as a result this is due to the U-Link operates to resemble simple harmonic motion in conventional piton to crank systems. Consequently, the vertical oscillation forces can be reduced by a 10th according to a study by Nissan motor co. Ltd this allows for the removal of two balance shafts from the original MR20 due to second order inertial forces and thereby reducing overall mass of the engine and allowing space for concentric actuating Rod. see Figure 16 Conventional MR20 & Multi-Link VC-Turbo.
“(Vertical inertial force is reduced to approximately one-tenth of that of a conventional Nissan piston-crank system having an identical piston stroke length.)” (Shuji Kojima S. K., 2018)

[bookmark: _Ref37945807]Figure 16 Conventional MR20 & Multi-Link VC-Turbo
U-Link
L-Link
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Figure 16 demonstrates the firing frictional force against the cylinder bore in the conventional engine image, this is a typical representation of standard piston to crank mechanisms where due to the angle of the rod as it undergoes expansion leads to increased friction on the power stoke. With the multi-link mechanism, the rod can be set to be near vertical on the power stroke reducing friction, the cylinder bore undergoes plasma treatment and honing to reduce friction further before a mirror coat is added to polish any remaining blemishes on the surface. overall, with additional it has been claimed that the friction in the cylinder has been reduced by 44% on the power stroke and with the additional moving parts friction it still produces less than the V6 the designs Infiniti aim to replace.
A mirror bore coating is achieved through spraying the cylinder bore with molten iron before honing for an even coat crating a Dimond like coating with ultra-low Friction rather than the conventional method of inserting a cast iron liner due to engine blocks being milled from aluminium which isn’t exceptional when resisting friction at the level produced. A further advantage of coating the cylinder bore is than the coating is only 0.2mm thick compared to average thickness of liners which are 2mm thick realizing a lighter engine in the process of reducing friction and also improving thermal dissociation through the liner reducing knock at high CR and boost in turn reducing the combustion temperature therefore reducing NOx dissociation this technology was used in Nissans GTR Sports edition and until recently was to high cost to implement in commercial vehicles despite the befits however in recent years it has become cheaper and more cost effective therefor has been used for the VC-Turbo to give an additional returns during the cycle. (See Figure 17 VC-turbo Cylinder bore liner Vs Conventional liner insert) (Nissan Motor corperation, 2020)[bookmark: _Ref37949568]Figure 17 VC-turbo Cylinder bore liner Vs Conventional liner insert (Nissan Motor Corperation , n.d.) (Katsuya Moteki, 2003)


The fundamental principles of VCR engines found in previous designs are shared with the VC-turbo however the method of regulating over expansion is unique in this design due to the use of variable valve timing allowing for manipulation of engine cycles such as a conventional Otto cycle and a Atkinson cycle which used is hybrid vehicles to operate at maximum efficiency while charging the EV batteries, with the addition of increasing the stroke lengths with higher compression ratios further increasing the expansion and efficiency. This is one of the key features in the design apart from the multi-link itself this allows for exceptional fuel economy while used in conjunction with VVT allows for quick changes between Otto and Atkinson cycles to provide the ideal Cycle and CR for the engine output required, Figure 18 KR20DDET Engine Efficiency & performance compared to competitors (Shuji Kojima S. K., 2018)shows the engine with a range of compression ratios and the resultant effects in conjunction with added Technologies previously specified. 
“INFINITI's low-friction 'mirror bore coating' contributes to a 44% reduction in cylinder friction, the coating is applied to the cylinder walls by a plasma jet, then hardened and honed to create ultra-smooth cylinder walls.” (Nissan Motor corperation, 2017)
4.4.1. [bookmark: _Toc39446665]Infinity Engine combustion Cycle

The Infiniti VC-Turbo uses a mixture of cycles such as the conventional 4 stroke Otto cycle seen in Figure 20 which is used as the standard cycle of current Conventional ICE engines however as previously stated  to achieve increased thermal efficiency and fuel economy Infiniti used variable valve timing (VVT) to incorporate the Atkinson Cycle. The Atkinson cycle was developed in 1882 by James Atkinson which offered an alternative engine cycle which would make use of a multi-link system to extend expansion and reduce compression by allowing reverse flow through the inlet during compression reducing the charge used on combustion. (Renhua Feng, 2016)Figure 19 Atkinson Cycle
[bookmark: _Ref38027322]Figure 19 Otto Cycle


The modern embodiment of this cycle such as that use in hybrids other high efficiency ice engines operate on VVT rather than the original Atkinson Multi-link system allowing for the same benefits without redesign of existing engine architecture and maintaining an Otto cycle when required. With Infiniti’s refined Multi-Link system for regulating CR with VVT and turbo charging the VC-Turbo can refine the cycle configurations to provide the maximum thermal efficiency with less trade off with power that usually force conventional engines to choose a standard Otto cycle configuration for performance.
Over all using the mixture of boost, VVT and the multi-link system the cycles can be refined for maximum Power density with over expansion providing a higher Break mean effective pressure (BMEP) meaning more energy is transpired from the combustion to the piston during expansion providing better thermal and fuel efficiency with the added benefit of significantly improving torque in the lower rev range, pumping losses are also reduced due to retardation of the inlet allowing for reverse flow reducing pumping loss on compression.
The compression ratio mapping for the VC-turbo is controlled by the ECU to operate at peak efficiency with VCR, VVT and Turbo charging being timed and adjusted together to provide the best combination for low or high engine loading for example  
· The compression ratio is set to a high compression at low engine speed and low loading the valve mapping retards the inlet representing an Atkinson cycle with low boost, to maximise thermal and fuel efficiency 
· The CR is set to low in high engine speed and load scenarios with boost to avoid knock and increase efficiency while valve timing remains retarded to increase expansion and Efficiency  
· With a mid to low range CR is used in mid load scenarios with boot benefiting max power and torque through returning the valve timing to an Otto cycle increasing the performance range with a reduced ER to CR.  As boost is increased to optimise power and torque the CR lowers to avoid knock and high pressures and temperatures which increase NOx dissociating.  [bookmark: _Ref37952101]Figure 20 KR20DDET Engine Efficiency & performance compared to competitors (Shuji Kojima S. K., 2018)






Table 8 VC-Turbo Predecessor Specifications MR20 & Nissan QX50 VC-Turbo

[bookmark: _Ref39430406]Table 7 Claimed % of performance enhancement of MR20 due to Multi-link systems

[bookmark: _Toc36131857](BioAge Group, 2018) (Katsuya Moteki, 2003) (Shuji Kojima S. K., 2018)
5. [bookmark: _Toc39446666]Study Test Bed (Triumph 675)

For the purpose of the study in proving some of the claims and benefits of VRC Technology as well as the feasibility of application to the motorcycle industry the Triumph Daytona 675 was used as a test bed for engine simulation in excel as well as CAD modelling for motion simulation to determine forces and stresses in the VRC systems in preparation of Finite element analysis (FEA).
The Triumph 675cc engine was chosen due considerable engine data and engine geometry being available due to contacts in triumph for Design specifications and rolling road tests which provided combustion data across a range of Rpm’s. 
5.1. [bookmark: _Toc39446667]675 Engine CAD (Solidworks)
The design specifications for the Triumph Daytona 675 were obtained from a source in Triumph who provided detailed schematics of the piston, crank and con-Rod ( see …………… in the Appendix)the author also acquired physical components for the piston and rod assembly from which the author was able to use to design a CAD model of the Triumph 675 engine in Solidworks for simulation and study correlation of Cad data and excel data.
the aim of modelling the 675 was to generate a Full Engine assembly to simulate the kinematics and forces throughout a cycle for bassline comparison of development models. quality control before simulation was important and was determined through accuracy of mass and design process in the key components.Figure 21 Author's Solidworks piston design schematic

The final design for the piston head was within 93% accuracy of the real mass specified from weighing real world components and schematics from triumph (see Table 8 Piston real mass, Design mass & % of accuracy)  the discrepancy between the masses are largely due to the fact the material was assumed to be an aluminium alloy 2618-T61 from in the Solidworks database (see Table 11, 675 Components material specification) through research of the company that manufactured the Piston (see Triumph schematics in Appendix) as well as common materials for piston manufacturing. [bookmark: _Ref38896812]Table 9 Piston real mass, Design mass & % of accuracy



the rod was designed using physical parts merriments with radius gauges and Vernier’s to validate dimensions against Triumphs Schematic diagrams, the design mass was found to be 90.5% accurate (see Table 9 ) to the real mass of the component this is just withing acceptable accuracy however this may be sue to the Rod being modelled on the triumph schematics which is of a newer design with a chamfered head which would reduce the mass compared to the Real rod sourced. 
The most suitable material was chosen from researching common types of steel used for rods and was found to be forged alloy steel which has a high UTS & Youngs modulus (see Table 11 ), most suitable material used to best suite real mass values and durability because of real material unknown, the same material was used for the conrod cap component.[bookmark: _Ref38896745]Table 10 Rod Real mass, design mass & % of accuracy

[bookmark: _Toc39446668]Crank Design

The crank was simply modelled simply due to the study being conducted as a single cylinder model as well as the lack of design specification for exact offsets of crank webs and offset, this was taken into consideration in the study however Solidworks allows for automatic balancing of the crank masses during simulation therefore the variance in results should be minimal due  to crank inaccuracy this was deemed an acceptable degree of inaccuracy for the study due to compensation by Solidworks Motion simulation.Figure 22 Author's Solidworks Rod design schematic

Due to the lack of a physical crank or complete schematics the author was unable to determine the exact mass of the crank for comparison therefor this was taken into considerations as a refinement point and point of inaccuracy for the study although Solidworks compensates for crank balancing to a degree it is still an area of inaccuracy that can be fixed with the obtainment of a genuine crank.Figure 23 Author's Solidworks Crank design schematic


the schematics given by Triumph lacked the specifications for the gaugeon pin the fore the author modelled the CAD design from the Real Pin obtained with the real-life piston & rod assembly. The accuracy of the components mass was determined to be within 93% of the Real component (see Table 10 Piston pin mass) this is again due to the specific material the Pin is made of being unknown so the author assumed the material to be a chromed – stainless steel as this was a common material found to be used in Piston pin design (see Table 11 ) [bookmark: _Ref38896675]Table 11 Piston pin mass
Figure 24 Author's Solidworks piston pin design schematic


The modelling process focused on geometry accuracy as well as maintaining a minimum of 90% mass accuracy for the purpose of the study, the main difficulty in this area was due to the lack of information on the materials used for manufacturing no being widely distributed  a further factor of this is that a considerable degree on surface treatments are conducted on the Rod, crank and pin which change the durability and strength (specified in Triumph design schematics) of the component after manufacturing further increasing the difficulty of determining the best material to be used. [bookmark: _Ref38896646]Table 12 675 Components material specification

5.2. [bookmark: _Ref39423617][bookmark: _Toc39446669]Initial Excel simulation 
The engine specifications and combustion data were provided by the university of wales Trinity Saint David (UWTSD) as well as online sources & technical diagrams of components from triumph (see Appendix) to validate engine specifications. (UWTSD) (MCS, 2009)
Figure 26 Dayton 675 Engine Specifications
[bookmark: _Ref39152588]Figure 26 Daytona 675 Combustion & fuelling data
(UWTSD) (MCS, 2009)












The combustion data recorded included cylinder pressures, % of change in volume and burn rates per crank degree giving the peak pressure values as well as the change in volume across the cycle at any given degree. 3 Rpm ranges were given with data from rolling road tests at each Rpm (10250Rpm , 13000Rpm & 14000Rpm) which allowed for interpolation of pressures data at 12600Rpm, (Peak Power) 14000 Rpm was discounted because peak power for the Triumph is found closest to 13000 rpm and 14000 rpm is at the peak of the Rev limit therefore results can be inconsistent.Table 14 Raw Triumph data configuration
Table 14 Triumph Max power & Torque specifications



The author decided to focus on the 12600rpm as this Rpm the author generated and engine model for real data to give a baseline comparison for predictive models later. To generate this data the author had to first normalise the raw data before using to simulate engine functions.

Normalisation of real data into useable format:
· Change in Cylinder pressure % (Bar) where Ambient air temp = 1bar) 


· Calculation of Volume over the cycle required the clearance volume, swept volume % of change in volume given from dyno data, calculated via:



With this initial data the author was able to calculate further forces and conditions throughout the cycle from first principles such as:
· Gas Force where D = Bore diameter: 

· Piston acceleration:

· inertial forces:

Where reciprocating mass is considered as (Piston mass + pin mass + 1/3 rod mass)
· Rod Angles

· Swept volume (Vs)  
The swept volume is the volume maximum volume of the cylinder minus the clearance volume calculated via:

Or:


· Clearance volume (Vc)
The clearance volume is the volume of the combustion chamber at the end of the compression stroke calculated via:

· Rod forces


· Time over cycle
The time taken to complete a cycle needed to be known for the motion simulation duration time.





With the time per degree the data can be readily be exported as CSV file for importation of gas force data into Solidworks motion simulation.

· Work Done
The work done by the system is defined as the energy used to move the cylinder determined via:



· side force
side force is the thrust force against the cylinder wall from the piston due to reactionary rod forces.


· Friction
The friction of the cylinder was determined through the use of side force calculated, the friction coefficient by the effective area travelled calculated Via:



The value for the friction coefficient withing the cylinder was assumed to be 0.55 as this was a common value found for conventional lubricated aluminium against the cylinder wall which is 0.05 larger than that of which Solidworks predicts for greasy steel surfaces.

· Power
The power that was output according to the engine model was calculated from Work done where friction losses were considered via:

· Torque
The torque output was determined through using the power output determined and the rotational velocity at which the crank is rotating expressed via:

Table 15 Power & torque accuracy of engine model

5.3. [bookmark: _Toc39446670]Triumph 675 motions situation Figure 27 Solidworks Triumph 675 CAD assembly


Gas force Data was imported into the Solidworks assembly for the baseline Triumph 675 to gather correlative data to determine the degree of accuracy achievable in Solidworks CAD models compared to the baseline Excel engine model. When the assembly was made the author ensured Zero redundant mates restricting the model and decreasing the change of inaccuracy.
Figure 29 demonstrates the comparison of net forces calculated from the raw data used in the excel engine simulation and the forces determined by Solidworks motion simulation plotted against each other with a 90% accuracy in downforce and a 98% accuracy in net up force, the deviance in the in results is due to the imperfections in the simulation such as peak pressure is situated at TDC firing whereas the real net forces on the rod are based on peak pressure occurring approximately 20 degrees after TDC firing  and due to rod angles being offset at a larger degree less reaction force rod however positioning the crank to this exact position in excel was unachievable therefore a compromise was made to allow the inaccuracy knowing how and why the discrepancy occurs .Table 16 Peak Forces comparison CAD simulation Vs Excel model

[bookmark: _Ref38994685][bookmark: _Ref38997193]Figure 28 Net force representation from Excel Engine model correlated to Solidworks simulation 









The author determined that with this degree of accuracy and knowing the method of refinement that the development of the VCR Triumph can be correlated against the standard 675cc Daytona CAD and excel engine model results as a bassline for comparative improvements.

5.4. [bookmark: _Toc39446671]Excel Predictive Triumph 675 Engine model
With the initial model validated to an acceptable degree the author continued to calculate the pressures in the cylinder across the cycle from first principles so that the combustion simulation is driven by the compression ratio in an attempt to simulate the effects of variable compression on the engine while maintaining the same cylinder stroke, displacement without over expansion or VVT establishing a baseline model for the VCR Triumph engine model this model was developed over the 360 degree revolution that consists of a compression and expansion stroke as when using excel for complex engine simulation the results of a calculating pressure over a full cycle. The highlighted area in Figure 30  demonstrates the issue at the end of expansion that is the simulation cannot account for the reduction of pressure on exhaust stroke as can be seen in the deviation of pressure at approximately 180° crank angle  which is why the author had to conduct all predictive study’s over 180 degrees crank rotation.
· Mass fraction of fuel burnt (MFB) 
the MFB was calculated to determine the Percentage rate at which the fuel is burnt during expansion which dictates when combustion occurs in the cycle and how energy is released into the system. 

Where a & m are considered constant wieba exponents for compression and expansion 
 Θ = specific crank angle being considered 
Θo = start of combustion crank angle
ΔΘ = represents the total degrees of burn duration 

· Thermal energy from combustion (dQr)
Using burn rate (MFB 2- MFB1) the thermal energy output from combustion was determined in order to simulate the pressure under different compression ratios



The values for the combustion characteristics such as fuel Calorific Value (LHV), mass and combustion efficiency can be found in Figure 26 Daytona 675 Combustion & fuelling data which are reasonable for the determination of energy released according to thermodynamic principles.
· Pressure 
To determine the effects of altering CR the pressure needed to be driven by the change in volume due to the changing combustion chamber volume with altering CR, therefore was calculated as shown:



 Figure 30 Calculated Pressure Vs Real Pressure the correlation of the author calculated data plotted against Real pressure data in which the author was able to obtain almost 100% similarity between real peak pressure data from triumph with a minimum of 98.4% similarity in output produced by the predictive model compared to Real Peak power and Torque allowing for the author to confidently proceed with confidence the predictive results  will be accurately simulated.(see Table 16 Predictive model output similarity Vs Real data)[bookmark: _Ref39147531]Figure 29 Calculated Pressure Vs Real Pressure
Pressure deviation on exhaust
Pressure deviation due to ignition


The discrepancy in figure 30 on compression is due to the method of calculation neglecting the drop in pressure due to ignition.
[bookmark: _Ref39153279]Table 17 Predictive model output similarity Vs Real data



using weibe a and m values to correlate the predicted pressure to the real pressure to ensure the accuracy of calculated pressure, research on combustion characteristics and given variables the weibe a values can be assumed to be approximately 5 and weibe m values to be approximately 2 according to John Haywood these values can vary around these values therefore the author assumed values which combined with approximated N values of expansion and compression determined via analysis of N values as seen in Figure 30  (Heywood, 2018) (Taylor, 1985)[bookmark: _Ref39242401]Figure 30 Polytropic index
Nexp Values Between 0.8 & 1.3
Ncomb Values Between 1.2 & 1.8

6. [bookmark: _Toc36131861][bookmark: _Ref39231080][bookmark: _Toc39446672]CV Turbo Design Analysis/ Reverse Engineering [bookmark: _Ref38993421]Figure 31 scaling of infinity design (Infiniti, 2020)

The author decided to focus the design study on the infinity VC-turbo engine design due to it being the only Researched engine model that has been replaced and has the greatest potential for benefit to the automotive industry. The design study will aim to determine the kinematic and design principles behind Nissans Multi-link system engine design. using the engine design specification, the author attempted to reverse engineer Multi-link system with the aim of maintaining as close to 675 combustion characteristics to simulate the effects of the deign when applied to a high revving motorcycle engine with over expansion.
Due to the recent release the author was unable to gather the specifications of the multi-link system therefor the author attempted to scale the design using known Triumph 675 geometry such as the piston to crank connecting rod to approximate the geometry of the Multi-link component in relation to Triumph components for initial design basis. (see Figure 30 scaling of infinity design ) (Infiniti, 2020)[bookmark: _Ref39231088]Figure 32 Initial Design from basic components and reversed engineered dimension for multi-link

The author used the scaled geometry as a basis for approximate sizing the analysis was primarily used to determine the relationship between linkages and the crank pin, the relationship found was that there Is no offset between the centre of the linkages and crank pin however the L-Link is set further away from the crank pin than the U-link the author terrorised this was due to Infiniti’s attempt to keep all reciprocating forces as close to crank rotation as possible as well as reducing the additional stroke length due to larger range of motion when the U-Link revolves with the crank , the mechanism was also found to increase the stroke where the conventional crank radius to stroke relationship no longer applies due to the U-link effectively replacing the Crank operation that effects the rod and allows or alteration of the Stroke while altering the CR.[bookmark: _Ref39058320]Figure 33 Double Small end Connecting Rod Design

6.1. [bookmark: _Toc39446673]Double Small end Rod 

Due to the unconventional piston to crank mechanism the author had to design a new connecting rod to be situated between the piston and U-link of the multi-link component had to be designed, Figure 31 Double Small end Connecting Rod Design shows the dimensions of the final design where the length of the rod compared to the Triumph 675 rod was extended by 3.4mm from the original 104.6mm rod length to 107mm due to operational clearance needing to be enlarged due to the operation of the design.
To maintain the ability to use the original 675 Piston head the author maintained the same parameters as the original rod for gaugeon pin bore. 
The author used the same materials as used for the 675-rod due to the material having excellent probity’s as well as increasing the similarity between engine masses’ and durability, refinement of the material may be required during FEA analysis of the component once Triumph VC.
6.2. [bookmark: _Toc39446674]Multi-Link component

The multi-link component was developed over several iterations and was continuously redesigned as the author determined the cylinder correct offset of the design so that the rod at TDC firing is almost perfectly vertical, Figure 32 Multi link Components design demonstrates the shelled areas around the upper and lower linkages  which were shelled according to the operational range of both rods when oscillating to ensure operational clearances.
The material chosen for the multi-link by the author was a carbon steel alloy where the material for the multi-link component was specified in an article found by Nissan (Nissan Motor corperation, 2017) [bookmark: _Ref39063309]Figure 34 Multi link Components design
U-Link
L-Link
L-Link
U-Link





Figure 35 Actuating Rod Design schematic
Lobe BDC & max CR

6.3. [bookmark: _Ref39247036][bookmark: _Toc39446675]Actuating Rod

The author had to determined that the actuating rod operated on a concentric lobe connected to the lower rod and in turn the L-Link of the multi-Link this mechanism is the key to adjusting the CR through the simple relationship between the concentric height of the actuating rod altering the height of the L-Link and U-link in turn.
Unlike other researched designs the concentric offset wasn’t able to be found therefore the author determined the maximum offset height of the lobe 2.747mm, this was calculated from using the known range of CR and the altering volume due to this. As the concentric lobe lifts the L-Link it lowers the piston height decreasing the compression ratio unlike other researched VCR concentric designs the maximum CR is found with the concentric lobe at its lowest position rather than its lowest due to the pivoting motion around the crank pin. 
The author determined the maximum concentric offset through calculating the change in clearance height from the change in clearance volume via:

This allowed the author to determine the maximum lift height the U-link and lower rod had to be risen by to achieve the correct Compression ratio (see Table 17 ) these calculations required validating in the motion study analysis of the VCR multi-Link Triumph. See Figure 39 
Figure 36 Basic securing rod design Vs Infiniti design (Infiniti, 2020)







[bookmark: _Ref39254955]Figure 37 Degree of concentric lobe rotation Vs Clearance volume
Max CR of 14:1 @ 0° BDC
Min CR of 8.1:1 @ 164° from BDC
[bookmark: _Ref39176424]Table 18 calculation of concentric lobe height for 8.1 to 14 CR range








Due to the final volume calculations the author had to alter the concentric lobe height to 4.1mm offset to as shown in table 18 which demonstrates the new clearance volumes due to increased cylinder capacity as specified in section 3.5 table 20. The author used the Solidworks model to determine the change in in clearance height per degree of concentric lobe rotation, these values were then used with the reversed calculation for the initial calculation of clearance height from clearance volume and the resultant clearance volumes across the range of clearance heights correlated matched the Vc at specific CR validating the author method of calculating the relationship between clearance volume, CR and concentric lobe offset from BDC max CR.Table 19 final concentric lobe offset


6.4. [bookmark: _Toc39446676]VCR multi-link Triumph Assembly 
[bookmark: _Ref39236132]Figure 38 Final VCR multi-link Triumph Design

Figure 33  shows the author initial assembly based of rev engineered measurements and simply designed components to determine how the effects of varying lengths of the multi-link upper and lower links from the centre of the crank, the design development process entailed managing the offset of the concentric actuating rod and crank offset to achieve a minimum rod angle @ TDC firing to as this was crucial in determining accurate representation of forces in the system according to infinity’s design claims. 
Figure 36 Final VCR multi-link Triumph Design demonstrates the final design used for simulation for results where the modelled Triumph components and author designed parts were assembled with the refined multi-link component which was refined though analysis of reaction force graphs in key areas, stroke length and positioning due to constraints to allow for operational tolerances.
The final motion studies were conducted using pressure data from one compression ratio and a lobe offset from TDC lobe height to simplify the study for the understanding of the kinematics of the multi-Link system, It was determined that gas forces at a CR of 14 was to be used for final simulation at which the concentric lobe was rotated 68° this degree of rotation was determined through the design specifications of the concentric rod  specified in Table 17 . [bookmark: _Ref39254289]Figure 39 Multi-Link Analysis
Net Force
Alpha 

Figure 39 highlights the range of rotation required for specific CR clearance volumes. 
6.5. [bookmark: _Toc39446677]Kinematics Theory of infinity multi-link component

The engineering and mathematic principles of the multi-link mechanism had to be determined so that a excel engine model can be modelled to predict the forces in the multi-link mechanism form combustion to validate against the CAD model. Due to the lack of a physical VC-turbo engine the author had to use the reverse engineered VC-turbo CAD model to determine the trigonometry of the design and the resultant force formulas though logical analysis of the design.  
Figure 38 Multi-Link Analysis demonstrates the analysis of the multi-link to determine a formula with the aid of Malcolm McDonald that determined the forces (F1) acting on the second securing rod labelled as this was the key force in determining the useable energy from the system and mechanical output.


This formula determined with the aid of Malcolm McDonald was then transposed to determine the forces of the secondary rod (F1) as this force along with the new piston to U-link rod determine the force applied to the Crank across the cycle.
 
The formula for output torque at the shaft was determined from the predicted force applied to the crank from the multi-link system which is expressed for the Pin force (Fpin)

From this the torque could be formulated via near conventional methods once the force on the pin is known and this was expressed as where beta is the offset of the crank angle:
                                               
 Figure 37 shows the offsets of crank by 8.9mm as well as the concentric actuating rod offset from the crank centre all of which had a drastic effect on the positioning of the U-link and rod angles these were the main difficulty’s in reverse engineering the design as to maintain vertical rod position on firing the author had to allow in an increase in stoke length as the multi-link upper linkage is situated above the crank radius at TDC, the stroke was reduces to a minimum that the mechanism would allow while maintaining operational tolerances. With reducing CR the stroke also decreases as the U-link is lowered and has a smaller range of motion. the stroke at a CR of 14:1 has altered from the standard 675 stroke by 49.5mm in turn increasing the volume to just above 900cc total engine capacity from the original 675cc. (see tables Table 19 & Table 20 )Table 20 Multi link L1 & L2 specifications
L1 (mm)
L2 (mm)
Figure 40 Multi link L1 & L2 specifications

Table 20 demonstrates the new volumes (expansion volume) due to additional stoke whereas the old values are the original volume of the Triumph 675cc engine.
[bookmark: _Ref39316825]Table 21 volume change due to increased stroke
[bookmark: _Ref39316824]Table 22 stroke lengths


The alteration of stroke and volume is due to the U-link for all intents and purposes when considering piston to crank kinematics replaces the Crank function therefore the change in U-link height will effectively be increasing or reducing the crank radius and stork length. This change in capacity was unavoidable during the design process of the VCR Triumph however also provided the advantage of allowing for the simulation of over expansion wile maintaining the same induction volume as a traditional Triumph Daytona 675cc engine through the manipulation of pressure data by ensuring ambient pressure through the compression stroke until the original 225cc swept volume position.

The final required variables for the excel validation simulation i.e rod angles and angle of multilink offset were determined through the CAD model as the angular displacement can be plotted and the data exported to be used in excel to determine the validity of the kinematic formula determined.
Figure 41 Solidworks exported data


The highlighted areas in figure 40 represent areas of discounted data due to this being a force applied due to sudden acceleration of the crank at the beginning of the study, this was accounted for by the author as the cycle time was set to 0.0069 seconds as this represented the induction, compression and Expansion stoke where data was taken form only the compression and expansion strokes to correlate to simulated data.
From the exported data on piston acceleration and net forces the author was able to determine the peak acceleration and inertia force from this the author determined the reciprocating mass of the multi-link assembly using the transposed formula for calculating inertial force.




Due to the mechanism the author couldn’t precisely determine what defines the reciprocating mass with the multilink system, conventional mass calculations aforementioned produced a mass of 0.255 however the results yielded from this were widely inaccurate where as the 0.209Kg reciprocating mass produced the most consistent end expected results there for was used in the excel engine model. The reduced reciprocating mass was assumed as 0.209 as logical analysis of the kinematics and research specifying the secondary rod would reduce the secondary inertial forces and therefore inertia however the only was to define that to the authors knowledge was to use the 0.209Kg value as the effective reciprocating mass.
[bookmark: _GoBack]
7. [bookmark: _Toc39446678]VCR Triumph Simulation Results & Analysis
The final results of the study demonstrate the effects of the multi-link Triumph design compared to the original engine characteristics of the Triumph Daytona 675, figure 41 demonstrates the change in volume retained during compression to achieve over expansion the pressure was regulated in the simulation so that on compression the pressure remained at ambient of 1.02bar as per the ambient pressure recorded form real data until the cylinder volume was at 225cc which is the maximum swept volume of the original volume and allowing for the combustion of the same mass of air and fuel to be combusted allowing for true over expansion for the same quantity of fuel being approximately 65.8% of the engine capacity.Figure 42 Example of over expansion vs piston position

This allows for a calculated expansion ratio of 9.7 where:
Figure 43 Volume retained after reverse flow Vs full capacity with Otto cycle valve timing

Calculated ER


This expansion ratio is due to the ratio between the swept volume on expansion by clearance volume where the compression swept volume by clearance volume has a CR of 14 see table 19 for volumes 

Figure 43 demonstrates the pressure in the cylinder with an increased CR of 14:1 increased clearance volume decreases the pressure below that of the desired combustion pressure.Table 23 Peak Pressure comparison
Figure 44 final pressure data for the VCR Triumph Vs original data

With the increased compression ratio the accuracy of pressure to the desired pressure was determined to be within 98% of the original pressure this is due to the fact that the same combustion  behaviour needs to be undertaken to fairly represent the accuracy of the kinematic theory behind the multi-link system. Therefore, for final forces in the system this combustion data was imported into Solidworks motion simulation for final force comparison.Figure 45 original 675 piston Rod angle Vs Triumph Multi-Link Piston Rod angles against pressure











Figure 44 demonstrates the difference of piston rod angles of the VCR multi-link triumph simulations against the original Triumph 675 rod angles as can be seen the rod angles of the VCR Triumph piston rod do not exceed 3.19° rod angle over the expansion stroke until the last quarter of the expansion stroke compared the original triumph rod having a maximum of 13.46° significantly reducing the side force and friction over the expansion stroke. Figure 45 demonstrates the change in friction due to the rescued rod angles of expansion, it can be seen at the through compression the friction increases 
beyond that of the original 675 engine configuration due to increased rod angles at the end of expansion and through compression. 
7.1. [bookmark: _Toc39446679]Rod forces
The author determined the main piston Rod forces using conventional methods used in normal Crank to piston mechanisms due to the U-link of the multi-link that the rod is fixed to effectively replaces the crank operation therefore the half the new stroke value was used as the crank radius for piston acceleration. The Rod angles were imported from Solidworks as seen in figure 45, the author was only able to achieve a maximum of 87% correlation of the CAD and Calculated results using the conventional rod forces formula, this leads the author to believe that there are additional variables not being considered in the manual calculation of the multi-link primary rod such as the reduced forces in the main rod due to the secondary securing rod. The trend of behaviour in the primary Rod as seen in figure 47 seem to behave similarly until and as expected in a conventional engine until the highlighted area where the CAD results predict a significantly higher drop in compressive forces and this is where the errors occur due to the lack of consideration of the secondary rod forces adding an opposing force to that of the main rod through moments around the crank whereas the excel engine model hasn’t predicted this therefore compressive forces remain much higher due lack of opposing forces which are to be expected, it can also be seen that the CAD compressive force peaks 3000N higher again likely due to the reduced inertial forces due to the retaining rod leading to less negative force on combustion to overcome.Figure 46 Primary piston Rod Forces
Table 24 Rod force calculated vs CAD rod forces
Figure 47 F1 forces correlation
Table 25 F1 rod forces




Figure 46 shows the force data calculated using the kinematic formula for F1against the Solidworks values, as can be seen the determination of forces between CAD and calculated forces are significantly different and failed to correlate between the simulation methods to any meaningful degree with forces only reaching a maximum of 60% similarity for compressive forces on compression however showing considerably more force absorbed by the rod when reciprocating masses are generating high inertial forces and as low as 4% accuracy for tensile forces on expansion which seems to suggest on expansion the secondary rod absorbs very little force which would suggest a high efficiency in transferring force to the crank. due to the rods being linked in tandem over a centre pivot around the crank F1 forces should oppose the primary upper rod forces as the multi-link pulls up on the lower link as the upper link is pushed down on expansion creating opposing forces in the rod . Figure 48 Excel kinematics rod forces
Table 26 Calculated max and min force in both rods
Figure 49 Calculated Rod forces from kinematic theory
Solidworks export forces on Rods

figure 48 represents the predicted results from the excel engine model rod forces in the upper rod and the lower rod, the primary rod forces seem to behave in a relatively normal manor that would be expected in conventional engines compared to the Calculated rod forces in figure 47 where compressive forces remain high through the compression stroke where compressive force remain as high as twice that of the conventional 675 Triumph engine, in figure 48  compressive forces on expansion reduce to 9% lower even though inertial force and peak compressive force are higher than the conventional engine, this contradicts the conventional engine kinematic behaviour leading the author to conclude that the Solidworks data has a more real representation of the forces applied to the system from combustion and the authors kinematic formulas lack needed variable however show an initial breakthrough of the kinematics, this can also be seen in 
figure 50 shows the calculated forces from the formulated kinematic theory, it can be seen in the highlighted area that the effect of the primary rod forces are effecting the F1 forces but the F1 forces aren’t effecting the Primary piston rod which leads to the compression force remaining incredibly high ant the end of the expansion stroke approximately 10,000N. 
7.2. [bookmark: _Toc39446680]Friction

figure 52 demonstrates the author study of the frictional forces calculated by Solidworks and the authors calculated friction due to side forces, the spikes in friction seen in the Solidworks data are due to the collision forces as forces and velocity’s change in the model therefore the peak friction forces were discounted for comparison as the excel engine simulation was unable to calculate to this accuracy however the sum of frictional energy between the models was gathered and compared across the entire engine cycle (see table ) to an accuracy of 93% total frictional force which is an acceptable degree of accuracy for the effect on the system as the trend seen in both data sets follow the same behaviour.
Another reasoning for the discrepancy is due to the peak forces simulated in Solidworks occurring slightly to early as specified this could account for the discrepancy as the rod angle would be reduced therefore creating less side force at peak pressure.Figure 50  Solidworks friction correlation with conventional Triumph

Table 27 Friction for conventional Triumph model





figure 51 shows the frictional force against the cylinder for the conventional Triumph engine and the Multi-link triumph, As specified by Nissan the author has taken into consideration the mirror bore coating of the cylinder in Infiniti’s Vc-turbo which research has found the DLC coatings are found to have coefficients of friction lower than 0.2, the author determined a coefficient of 0.1 was better suited to the specifications described by Nissan. (Nissan Motor Corperation , n.d.) (Grill, 1993)
Figure 51 Comparative friction results


between the effects of Reduced rod angles on expansion where the highest friction occurs in conventional engines due to friction as well as the simulated DLC mirror-bore coating the friction losses have been reduced by 69%  across the cycle even though peak conrod angle on compression has been increased by 14° and a 47% reduction on the expansion stroke largely due to the rod angle not exceeding 3° across the stroke. See Table 26 & Table 27 for values.[bookmark: _Ref39414510]Table 28Comparison of friction reduction on expansion due to multi-link design
[bookmark: _Ref39414477]Table 29 Comparison of total friction reduction due to multi-link design

Nissan claimed that they had managed to reduce friction by 44% due the reduction of the rod angles and the addition of A DLC mirror-bore coating to the cylinder wall, with the study conducted by the author it can be said that with a 3.5% deviance in the reduction of friction where the author calculated 47.5% reduction of friction which validates one of the main claims made about the design the author set out to validate. (See Table 7 Claimed % of performance enhancement of MR20 due to Multi-link systems)


7.3. [bookmark: _Toc39446681]Work doneFigure 52 Work done by Multi-link Triumph with over expansion Vs standard conventional engine

The work done was calculated with frictional losses taken into consideration using the formula specified in section 5.2 Initial Excel simulation where it is considered pressure multiplied by change in volume which is fundamentally true for the for conventional and multi-link designs. Table 29 demonstrates the difference in joules of work done over the cycle done by the conventional triumph vs the multi-link Triumph in which with over expansion with a ratio of 9.7 with an additional 110cc of additional expansion volume generating 69.6 joules more positive energy into the system for the same mass of fuel and air as a the conventional Triumph 675 combustion presses increasing the work done by 7%.Table 30 difference in work done between conventional Triumph 675cc & Triumph Multi-link 907cc


7.4. [bookmark: _Toc39446682]dQr thermal efficiency
Figure 53 dQr Thermal Efficiency of combustion

[image: ]The efficiency of the combustion process using the same volume of charge as the conventional engine with over expansion conditions aforementioned, it can be seen in figure 54 that the thermal energy released from combustion peaks lower with over expansion and is released more gradually across the cycle providing 43.3 additional Jules of energy on across the cycle which increases the combustion/thermal efficiency by 5.5%. with the application of a turbo this could be greatly increased with increased volumetric efficiency further increasing the gain potential for efficiency. 


7.5. [bookmark: _Toc39446683]Performance Results

Table 31 Max Power and torque comparison data


Table 29 represent the final calculated performance values for power and Torque form combustion using conventional methods of determining power from work done by the system with frictional losses taken into consideration, the results shown indicate a increase in power of 21.2% from 94Kw to 114.8Kw and a 17% increase in the output of Torque. (see table 20)
Table 32 calculated % increase in performance from conventional methods





Due to the nature of the calculations the torque and power values don’t consider the kinematics of the multi-link the author couldn’t be certain of the validity of the power & torque transferred to the crank as the relationship of the power and torque applied to the u-Link wouldn’t be equal to the power transferred to the crank. Due to this the author used the kinematic theory for determining the force on the pin and in turn the torque applied to the crank through the multi-link as shown in table 32, from the forces applied to the crank the resultant torque peaks at 120.4Nm of torque & power peaks at 163 Kw which is approximately a 73% increase in power and 67% increase in torque.
Table 33 Power and Torque results from kinematic theory

both methods of formulating the performance are flawed as moth neglect to take a variable into account causing the initial conventional calculations under predicting whereas the authors theoretical calculations of the torque output with the multi-Link over predicted the final determination that a power increase of 21% to 73% power increase occurs due to the use of a multi-link system under the specified conditions and a 17% to 67% increase in torque, unfortunately the author did not get enough conclusive evidence and therefore cannot speculate further on the benefits to power and torque . With an average taken of the two calculated values of power and torque the % increase in power deviates from Nissans claimed 46% improvement by 3% and torque by 8% average theoretical results.  See table 34 & 34Table 34 Average theoretical Power and Torque % of improvement

Table 35 Theoretical Power and torque values for both methods of calculation




7.6. [bookmark: _Toc36131867][bookmark: _Toc39446684]FEA Development – Prototype double small end con rod & multilink 

initial FEA studies were conducted on the multi-Link component and the authors double small end rod design to determine if the authors designed parts were of a good enough quality to withstand the forces applied to them considering these components are to be considered prototypes, the FEA study’s were conducted with the use of Solidworks. Figure 54 Meshing of multi-Link component

Motion loads were exported from the Solidworks motion simulation for the VCR multi-link Triumph before meshing of the component was conducted and set to the highest mesh quality to endure accurate results from FEA as seen in figure 54, the multi-link simulation was conducted at peak forces for each linkage. It can be seen in figures 55 & 56 that the upper multi-link was able to pass FEA analysis where no failure was detected due to the motion loads calculated in Solidworks where the peak stress reached 9.43x10^6 N/m of the allowable 2.8x10^8 N/m yield stress with 0.003mm deflection. Unlike the upper link the L-Link had complete failure under firing where the link was put under intolerable tensile forces where the maximum stress reached 3.28x10^9 N/m of the allowable yield of 2.32x10^3.Figure 55 FE Analysis of Multi-Link lower Linkage
Figure 56 FE Analysis of Multi-Link upper Linkage

The concentrated areas of stress can be seen in the linkages with both study’s being operated at the same degree in the cycle this demonstrates the tandem effect of multi-link showing that as the upper link undergoes maximum stress at BDC of the expansion stroke where the piston is rapidly decelerating and without the rigidity and resisting force of the crank the multi-link undergo peak stress’s effecting the opposing lower linkage with a larger opposing forces.   Figure 57 Author design double ended Rod FEA

Double ended rod 
Figure 57 demonstrates the author designed rod at BDC of the expansion stroke which is also the situation of peak forces on the Rod as the rod angle rotates to the exhaust stroke the rod buckles at 2.8x10^8 N/m. both FEA studies shown demonstrate failure of components as these designs tested were initial designs for modelling purposes as refinement to withstand forces would come with FEA. 
These FEA study’s consist of initial test done on the author designed parts which have had no design development this is due to unforeseen circumstances outlined in section 10 Determent due to Covid-19 which unfortunately stopped the design development stage as well as leading the unobtainability of initial design development through FEA refinement


Rapid prototype 3D print
Figure 58 Prototype VCR multilink triumph

Figure 58 demonstrate the authors to scale 3D printed prototype using the university’s facility’s equipped with ultimate 3D printers, the prototype was manufactured to demonstrate practically how the mechanism works as well as to check the quality of tolerances and design accuracy as point of determining the accuracy of the replicated conventional Triumph Dayton rod the author assembled the rod and cap using the Real world rod bolts sourced with the physical rod. The piston pin bore was also used in the assembly as it added mass to the rotation showing the direction of travel when let loose at TDC in which the piton for filled a stroke in the correct direction of rotation, this pin was also use due to it fitting better in the 3D printed piston than the 3D printed piston pin.



8. [bookmark: _Toc36131871][bookmark: _Toc39446685]Conclusions 
In conclusion the authors study of the application and effects of VCR technology when reverse engineered for motorcycle application was considered a partial success due to the lack of accuracy in the authors theoretical kinematic calculations compared to Solidworks results when considering the forces on the securing rod (F1) and therefore was unable to formulate the a precise value for power and torque with certainty due to the combined forces data at the U-link & L-Link  being to unpredictable and without validation however the theoretical average power calculated deviated from Nissans claimed 46% power and torque improvement of their baseline engine with the use of a multilink system by 3% for power and 8%for torque. This being said the rest of the study has shown that the authors fundamental simulations of the conventional 675 in excel and Solidworks were accurate and comparable results for the bassline of the study with any deviations in data being due to a known assumption or cause of error, the study was also considered a partial success due to the CAE study simulated in Solidworks for FEA and validation of the method of designing the concentric actuating rod through first principal volume fundamentals as well as validating infinity’s reduction in friction claims with only 3.5% deviance between the 44% claimed reduction and the 47% calculated reduction in the Mu;ti-Link Triumph. 
In the authors opinion the predictive engine model which simulated the effects of the Multi-link design of the combustion characteristics and engine geometry with over expansion was simulated accurately enough for the author to be confident in the results found from combustion and over expansion. the author also has confidence in the results of the Solidworks model as the effect the multi-link system had on the forces of both rods seemed to be acting according to expectations. Even though with the kinematic formulas for F1 forces are in question the author believes that the Multi-Link design has merit for motorcycle application with the main concerns being weather components can be made strong enough and light enough for motorcycle application as well as packaging and as the design would be significantly larger than a conventional Triumph 675 engine this design would more likely be used to replace larger capacity engines such as 1000cc which require second order balancing reducing the additional mass by no longer requiring balance shafts for example. In the authors opinion study of the Gomecsys design would likely be the best design to be applied to smaller engines particularly seen as the company has already developed initial designs for single cylinder motorcycle application.


9. [bookmark: _Toc36131872][bookmark: _Toc39446686]Recommended further work
If the study was to continue the author would recommend transferring the excel simulation over to MATLAB solver to calculate the effects of varying compression ratios with different over expansion configurations to give a true representation of the performance abilities of the design as well as calculating full cycle pressures for more accurate and full motion simulation and FEA. The author would also wish to study the kinematic systems to refine the formulas theorised to more accurately represent the true effects of the tandem multi-link design  


10. [bookmark: _Ref39442490][bookmark: _Toc39446687]Determent due to Covid-19

Due to the unforeseen circumstances that is Covid-19 the author was no longer able to conduct further FEA studies or motion simulations of the multi-link triumph due to the complexity and number of components in the study, the only recoverable data was the motion simulation data forces data from previous runs that was saved and results and figures put into the daft dissertation for initial FEA. This was due to the author not having a device sophisticated enough to run the simulations and FEA studies without the program crashing, even attempts to run FEA’s from saved exported motion loads would fail to load the mesh without Solidworks crashing.
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[image: ]Figure 59 Waulis Concentric crank design
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Figure 14. Hydraulic layout.

In Figure 15, the oil supply path is shown. Additional holes were
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Bore spacing 78 mm
CR 10,0
Max. BMEP 21,4 bar @ 1500 rpm
Max. power 92 kW @ 6000 rpm
Max. boost pressure 2,2 bar absolute

Figure 13, the design of the modular VCR conrod is shown. The
nciple of supporting the moment at the eccentric by 2 support
linders and a linkage connection is carried over from the previous
signs. The lever, the support rods and the support pistons can be
sily removed for inspection or to mount support pistons with
rious seal rings. The entire hydraulic circuitry is integrated into a
itch valve assembly. By changing this switch valve block, all
ssible circuitries can be tested at the same VCR base conrod.

Support rod GKS*

Eccentric

Lever

Support rod MKS*

Q% O% W

consists of a housing carrying a slider valve body and the two check
valves. Furthermore, a ball and spring mechanism holds the slider
valve body in a defined position. The orifices are integrated in the
housing.

—
% )l( \ >
Support chambers
High pressure drill
holes & 3 mm

Check valves

Supply channel
Orifice

Switch valve (3-port/2-way)
Slider valve body

Figure 14. Hydraulic layout.

In Figure 15, the oil supply path is shown. Additional holes were
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= Enhanced engine response to load changes

= Lower mechanical stresses (for Diesel application) and thermodynamic
improvements

= Improved NOx particulate trade-off in Diesel applications

Benefits
s foes Cost effective and modular implementation

mass forces

Thanks to its modular and compact design, the FEV VCR con-rod perfectly
matches the current trends towards multipurpose engine platforms. VCR
connecting rods can be utilized for all engine concepts including diesel,
commercial, flex-fuel and the whole range of S| engine configurations —
from inline to Boxer-type and with bores down to 70 mm.

No external energy needed

FEV's passive VCR system relies on forces and moments related to the
piston movement to adjust the eccentric for the change of compression
ratio. With its unique design, including two hydraulic pistons within a
corresponding chamber, the FEV system achieves CR transition within 0.2
to 0.6 seconds.
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= Enhanced engine response to load changes

= Lower mechanical stresses (for Diesel application) and thermodynamic
improvements

= Improved NOx particulate trade-off in Diesel applications

Benefits
s foes Cost effective and modular implementation

mass forces

Thanks to its modular and compact design, the FEV VCR con-rod perfectly
matches the current trends towards multipurpose engine platforms. VCR
connecting rods can be utilized for all engine concepts including diesel,
commercial, flex-fuel and the whole range of S| engine configurations —
from inline to Boxer-type and with bores down to 70 mm.

No external energy needed

FEV's passive VCR system relies on forces and moments related to the
piston movement to adjust the eccentric for the change of compression
ratio. With its unique design, including two hydraulic pistons within a
corresponding chamber, the FEV system achieves CR transition within 0.2
to 0.6 seconds.
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