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[bookmark: _Hlk70049042][bookmark: _Toc70049995]1. Introduction 
The project will focus on the valvetrain configuration of the Mazda 2.0L Duratec and Mazda 2.0L Skyactiv-G engines, the project will specifically investigate the design principles, safety factors, and design theory used by the manufactures through a series of experiments reverse-engineering the valvetrain systems. This is to allow for a proposal of improvements of friction reduction, engine overall weight, volumetric efficiency, and down speeding. The project keeps a keen link to motorsport reviewing how a manufactures valvetrain can be developed for use in the motorsport industry. 
The project aims to investigate the differences between the two selected engines to allow for redevelopment of the design to improve operating efficiencies.

· Objectives – 
· Calculate a mathematical model to calculate float speed and spring stiffness.
· Create a dynamic model to investigate frictions of the valvetrains.
· Optimisation of improvement of valvetrain design and friction losses.
[bookmark: _Toc70049996]2. Industrial Relevance 
[bookmark: _Toc70049997]2.1. Motorsport Industry 
The project will investigate the valve-train design and efficiencies of the Skyactiv-G and Duratec Engine, improving engine efficiency will help increase fuel consumption, reduce CO2. Reducing the valvetrain's friction can have a large impact on the motorsport industry, extracting more power from an engine is the key for most race cars this will be achieved by reducing friction in the engine as there are fewer mechanical losses. (Calabretta, et al., 2010)
The reduction in mechanical losses will help improve fuel consumption this benefit is key to racing in motorsport as an engine that can produce the same amount of power whilst using less fuel can benefit a car’s performance. Lower fuel consumption can lead to less fuel being carried in the car during the race meaning less weight is carried, in endurance racing, it can allow the race car to stay out on track longer allowing for fewer refueling pit stops needed during a 24-hr race. 
[bookmark: _Toc70049998]2.2. Automotive Industry 
The methods used to reduce the friction losses also have their benefits towards the automotive industry, the reduction in mechanical losses will help improve fuel consumption and the amount of C02 produced which is positive for automotive manufacture. The automotive industry is under more pressure to reduce the fuel economy and emission production of their vehicles, reducing engine mechanical losses presents a way in which they can achieve this. (Danielsson, 2012) 
[bookmark: _Toc70049999]2.3. Current Industry Research 
The automotive industry has been involved greatly in the development of valvetrain design to improve the efficiency of their engine, many research projects have explored the benefits of tribological processes. The motorsport industry has also been developing valve-train designs and processes to improve the mechanical losses due to friction of the valvetrain. However, research has not been greatly invested in research of valvetrain development of a manufacture’s engine for improvement in a motorsport application which is where this project aims to investigate. 
[bookmark: _Toc70050000]3. Literature Review
[bookmark: _Toc70050001]3.1. Valve Train
[image: Camshaft and crankshaft system]An engine's valve train is an integral part of the engine's function, the valve train is a mechanically operated system that operations the intake and exhaust valves in time with the engine’s rpm to provide a combustion process. The valvetrain system consists of a camshaft or pair of camshafts controlled by the crank rotation via a drive system, the cam lobs then accurately the valve via a tappet bucket or rocker arm. The valve is held shut via a valve spring, the movement of the cam lobe overcomes this spring force to open the valve to allow air and fuel mixes through the intake valve and exhaust gasses out through the exhaust valve. (Dietsche, 2014) 



[bookmark: _Toc70047162]Figure 1 Valvetrain Assembly (Lacivita, 2020)

The valve train system operates the valve train system throughout the 4-stroke cycle. The valvetrain system's timing is dependent on the crankshafts rotations, for a single-cylinder, the following process is operated. On the intake stroke, the camshaft will open the intake valve allowing the air/fuel mixture to enter the cylinder as the piston travels towards BDC. Secondly, this is followed by the compression stroke, the intake valve will be closing as this stroke begins closing both valves as the piston travels towards TDC allowing the air and fuel mixture to be combusted. The next stroke is the expansion stroke where both valves remain closed as the expansion of the combustion forces the piston back towards BDC. The final stroke is the exhaust stroke the exhaust valve is opened to allow the exhaust gasses to be forces out the cylinder as the piston travels towards TDC. (Heywood, 2018) (Heisler, 1995)

[bookmark: _Toc70050002]3.1.1. Valve Timing 
[image: ]The valve timing is the particular point at which the intake and exhaust valves are opened and closed. The valve timing can be depicted through a diagram that shows the opening and closing range of the valves as seen in figure 2. To achieve maximum extraction of exhaust gasses from the cylinder the exhaust cam opens the valve before BDC on the combustion stroke. Opening the valve before BDC allows for the majority of the gasses to be extracted to the atmosphere through their kinetic energy caused by the pressure still in the cylinder, the rest of the gasses are then extracted by the movement of the piston forces them out as it moves towards TDC. The reason the exhaust valve is left open briefly past TDC is to create a partial vacuum in the combustion chamber, this helps draw air/fuel mixture into the combustion chamber as the inlet valve is open. (Heisler, 1995) [bookmark: _Toc70047163]Figure 2 Valve Timing Diagram (Heisler, 1995)


[image: ]Inlet valve timing is key for making sure maximum amount of air/fuel mixture can enter the combustion chamber, the inlet valve begins to open at the end of the exhaust stroke just before TDC. This is done as the exhaust gasses velocity will draw in the air/fuel mixture into the combustion chamber with the exhaust valve being closed before any of this fresh mixture being drawn down out the exhaust valve. The inlet valve remains open for the whole of the inlet stroke as the piston travels down to BDC. The inlet valve remains open past BDC and into the compression stroke, to allows for the inertia of the air/fuel mixture’s moving through the inlet valve to continue for as long as possible. The valve staying open past BDC at low rpm can cause some of the air/fuel mixture to be pushed back through the inlet valve, this will decrease the volumetric efficiency however, at high rpm less mixture is pushed back allowing for increase volumetric efficiency as seen in figure 3. This is where the application of variable valve timing helps increase the volumetric efficiency of the engine across the whole rev range.  (Heywood, 2018)[bookmark: _Toc70047164]Figure 3 Effect of Inlet Valve Closing After BDC (Heisler, 1995)

[bookmark: _Toc70050003]3.1.2. Valve Train Design and Configurations
[image: ]Overhead Valve (OHV) utilises a push rod and rocker to control the valve with the camshaft located in the engine block. This system allows for a single cam to be located remotely from the valves which keep the centre of gravity of the engine lower. However, push rods historically have suffered at high rpm with flexing caused by the fast change in force acting on them, this can lead to the inaccurate opening of the valves. (Dietsche, 2014)[bookmark: _Toc70047165]Figure 4 Overhead Valve Assembly (How A Car Works, 2021)


[image: ][bookmark: _Toc70047166]Figure 5 Single Overhead Cam Assembly (How A Car Works, 2021)


Single Overhead Cam (OHC/SOHC) uses a single camshaft located on top of the cylinder to open the exhaust and inlet valves directly from the cam lobs or via a rocker arm. This system removes the need for pushrods which allow the engine to reach a higher rpm whilst retaining accurate valve control. (Dietsche, 2014) 

[image: ]Dual Overhead Cam (DOHC) has two camshaft one to control the inlet valves and one to control the exhaust valves, this system is the most predominantly used on modern engines due to its reliability and accurate control of both the inlet and exhaust cam separately. These camshafts are located directly above each set of valves, the camshaft acts directly onto a cam bucket which acts on the valve to open and close it. The increased control of inlet and exhaust valves independently allows for more precise timing allowing for greater performance and higher rpm capability. (Dietsche, 2014) [bookmark: _Toc70047167]Figure 6 Dual Overhead Cam Assembly (Fernie, 2016)

[bookmark: _Toc70050004]3.1.3. Variable Valve Timing 
Variable valve timing (VVT) allows the adjustment of the camshafts timing in relation to the engine crank rotation, the system allows for the timing of the opening of the valves to be varied depending on rpm and load. The system allows for improvement in performance, fuel economy, and emissions as the opening and closing of the valves can be altered for increased accuracy to the volumetric efficiency. Without VVT the timing, duration, and lift of the valve remain the same throughout the whole operating range of the engine meaning a compromise is needed to create a smooth operating range. VVT allows for this range to be tailored to change timing, duration, and lift of the inlet and exhaust valve operation at each rpm of the engine to increase valve operating accuracy. (Wu, 2007)
[bookmark: _Toc70050005][image: ]3.2. Camshaft Design and Function 
The design of the camshaft is crucial to the control of the inlet and exhaust valves, the lobe dictates the duration, left, and timing of which the valve is operated in relation to the crank’s rotation. 

[bookmark: _Toc70047168]Figure 7 Cam Shaft Lobe (ASE Certification Pratise Tests, 2021)
[bookmark: _Toc70050006]3.2.1 Cam Duration 
The camshafts duration is the measurement of how long the valve is open for, the cam duration must be carefully calculated to dictate the amount of overlap and period that the valve is open before TDC and after BDC. The cam's duration is measured in degrees of crank rotation. This key to providing the best possible volumetric efficiency for the engine across its operating range. (Jegs, 2021) (Dietsche, 2014)
[bookmark: _Toc70050007]3.2.2. Cam Lift
The camshafts lift is the distance which the cam lobe rises away from the basis diameter of the camshaft, the valve lift is the distance which the valve travels from fully closed to fully open dictated by the cam lift. The cam lift must be calculated carefully and take into account the valve clearance to piston and effect on cam ramp and duration. (Summit Racing Equipment, 2016)
[bookmark: _Toc70050008]3.3. Mazda 2.0L Duratec LF-DE[bookmark: _Toc70047172]Table 1 Duratec Valve Timing


	Duratec Valve Timing

	Inlet
	Open
	BTDC (°)
	0 - 30

	
	Close
	ABDC (°)
	32 - 62

	Exhaust
	Open
	BBDC (°)
	42

	
	Close
	ATDC (°)
	5


 The Mazda 2.0L Duratec LF-DE is found in the Mazda MX-5 NC 2005-2015, the engine is a 16 Valve DOHC inline four-cylinder configuration with a compression ratio of 10:1. The engine utilises Vanos variable valve timing control on the inlet cam. The valve timing for the engine can be seen in table 1. (Mazda Motor Corporation , 2007)
[bookmark: _Toc70050009]3.4. Mazda 2.0L Skyactiv-G 
	Skyactiv Valve Timing 

	Inlet
	Open
	 (°)
	BTDC 42 - ATDC 32

	
	Close
	 (°)
	ABDC 36 - 110

	Exhaust
	Open
	 (°)
	BBDC 56 - 11

	
	Close
	 (°)
	ATDC 5 - 50


The Mazda 2.0L Skyactiv-G is found in the Mazda MX-5 ND 2015-Present, the engine is a 16 Valve DOHC direct-injection inline four-cylinder configuration. The engine was developed by Mazda to be a more fuel-efficient and reduced emission version of the 2.0L Duratec. The engine uses the Miller Cycle, which is their method of obtaining an Atkinson cycle, this gives the engine the capability to use valve timing to achieve a varied compression ratio, with a compression ratio up to 14:1. The valve timing of the engine can be seen in table 2.(Ellies, et al., 2016) (Al-Sadoon, 2015) (Witzenburg, 2012) (Mazda Motor Corpation , 2015)[bookmark: _Toc70047173]Table 2 Skyactiv-G Valve Timing


[bookmark: _Toc70050010]3.5. Tribology Processes 
Tribology is the engineering processes and properties of an interface between surfaces in motion, the study consists of principles of friction, lubrication, and wear. The valvetrain system contributes largely to the overall mechanical losses of the engine, this due to the fiction of the components when in motion. The valve train design can directly affect the amount of friction in the system, contributing factors can be valve spring stiffness, contact design of cam lobe and tappet, operating temperature, and lubrication. (Zahid, et al., 2018) 
[bookmark: _Toc70050011]4. Proposed Methodology 
[bookmark: _Toc70050012]4.1. Facilities for Project
The project consists of many practical aspects and testing, for this many components have been sourced to ensure the completion of the task. A Mazda 2.0L Duratec and a Mazda 2.0L Skyactiv-G engine have been lent to the entirety of the project, these engines will be stripped used for the completion of experiments. An external comprehensive workshop with accurate measuring equipment is has been made available for the project so the engine experiments can be completed with upmost accuracy. 
Access to a workshop containing three-phase power, current draw measurer, and current inverter for controlling motor speed has been confirmed, this will allow operation of the direct-acting valve train rig if testing is needed. Access to calibrated scales for the measurement of engine components masses and to calculate valve spring stiffness. 

[bookmark: _Toc70050013]4.2. Engine Strip and Removal of Components 
Both engine valve strains will be striped to measure the mass of each component, the cylinder heads will be removed from both engines to allow for the dissemble of the valve train. Each component will be documented and weighed to record its mass. This will be done through the use of calibrated scales to ensure accuracy.  Measuring the masses is key for calculating the moving mass of the valve train. The moving mass will be calculated using equation 1. 

[bookmark: _Toc70047181]Equation 1 Moving Mass.
During this experiment, the dimensions of components will also be recorded to allow for comparison of the two engine’s valve train system. 


[bookmark: _Toc70050014]4.3. Measuring Cam Lift
Measuring cam lift requires the lobe of the cam to be measure through a complete rotation. This experiment will be conducted by two repeated methods to ensure the accuracy of the results. The camshaft must rotate true to make sure the reading of the DTI gauge is representative of the cam lift, to ensure this the first experiment will be conducted with the cam rotating inside a stripped cylinder head so the cam has a free rotation whilst staying true. A flat steel plate will be bolted to the aluminum cylinder head to mount the DTI gauge, the DTI will be used to check the gauge is reading true first by rotating the cam whilst the gauge reads the base diameter to make it is consistent through a full rotation. Once the camshaft is shown to be true multiple readings of cam lift from the DTI will be recorded to ensure accuracy and repeatability.  
The second method to measure the cam lift improve the accuracy of the result or as an alternative method consists of placing the camshaft in a lath, the same process is used to make sure the cam rotates true with the use of a DTI gauge. Once true the camshaft will then be rotated per degree and DTI reading recorded, this will be repeated for multiple rotations of the camshaft to ensure accuracy and repeatability. 
[bookmark: _Toc70050015]4.4. Measuring Valve Lift
To measure the valve, lift the valvetrain must be reassembled in the cylinder head, this experiment requires measuring the movement of the valve as the cam rotates per degree of rotation. The cylinder head will be clamped into a flat bench upside down, a DTI will be set up on the bottom of the valve, and a degree wheel attached to the camshaft. The cam will be rotated by degree on the degree wheel with a DTI measurement taken at each increment, to ensure repeatability and accuracy the measurements will be taken multiple times. 
[bookmark: _Toc70050016]4.5. Measuring Valve Springs 
The project is investigating friction in the valvetrain system, the valve spring stiffness has a large variable on this. Therefore, the valve spring stiffness should be measured to gauge the manufactures standard, this helps considerations later in the investigation when calculating ideal valve spring stiffness. The process of calculating the valve spring stiffness will be calculated using one of to methods, the first method is using a spring poundage tester which applies a force on the spring until it is fully compressed. The second method is to use a hydraulic press to compress the spring whilst situated on a scale, the reading on the scale will prove the force needed to compress the spring. 

[bookmark: _Toc70050017]4.6. Calculating Float Speed
Valve float is the point in which the valve does not follow the control of the camshaft at high engine speeds, an engine valve train is designed to minimize or eradicate valve float. Knowing when valve float will occur is key to setting the maximum rpm of the engine. Calculating valve float of the engines will allow us to see the theoretical maximum rpm of the engine, this data will then be compared against data recorded from the engines used in a race test environment to see the actual maximum rpm. The comparison of these results allows for an understanding of the safety factor used by the manufactures. 

[bookmark: _Toc70050018]4.7. Friction Losses
To gain an understanding of the mechanical losses of the standard valvetrain of both engines the friction losses of the engines will be calculated, this will allow an overall power loss for each valve train. This benchmark will allow for design improvement and alternative configurations to be evaluated and analysed against the standard valvetrain system. 

[bookmark: _Toc70050019]4.8. Direct Acting Valve Train Test Rig
A direct-acting valve train test rig allows the operation of the valvetrain at maximum engine rpm to be analysed in a physical real situation whilst retaining the safety of not damaging the engine. The rig consists of a large motor that runs the drive on the camshaft to simulate the crank rotation, this allows two things to be measured. Firstly, the motor current draw can be measure at a specific rpm, this allows a comparison of friction losses as the less current draw the lower the friction losses. The second is valve float which can be seen with the use of a strobe to analyse its movement at the simulated maximum rpm. 
[bookmark: _Toc70050020]4.8.1. Design of Experiment 
A design of the experiment will first be conducted to analyse the feasibility of the experiment, consider all the items required in the design and manufacturing of the test rig. The design of the experiment will layout timescales possible issues and limitations of such a design.
The first part of the design will consist of designing a test rig with a full specification, this allows for the rig to be manufactured externally to help keep the project to its strict timescale. The rig’s design needs to be considered for feasibility as for simulations of friction losses, any lubrication system must be integrated to allow for the running of the valve train without cause damage to the components. However, a simpler design with the use of a lubrication system can be achieved with the use of coating the components in graphite grease, this neglects recording friction losses as the grease creates an unmeasurable variable and the rig will not be able to run for long durations. However, this variant does allow for the simulation and analysis of valve float. (Ofune, et al., 2016) (Calabretta, et al., 2010)
[image: ]
[bookmark: _Toc70047169]Figure 8 Example Direct Acting Valve Train Rig (Ofune, et al., 2016)

[bookmark: _Toc70050021]4.9. CAD/FEA
Computer-Aided Design (CAD) and Finite Element Analysis (FEA) can be used to easily simulate, design, and analyse the valvetrain without creating physical parts. A design of the experiment will be concluded to create a plan for the experiment to demonstrate the limitation, feasibility of the experiment’s results in demonstrating friction losses of the valvetrain system. The experiment would require modeling the valvetrain system accuracy in CAD, this would create a model of one of the engine's valvetrain which can be validated against data recorded earlier in the project. FEA will help show the stress on new designs and help create new designs in which they can be designed to produce a component that aids reduce the friction losses of the valve train system. This experiment is dependent on the timescale and success of the direct-acting valvetrain rig. This experiment will be used as an alternative if the direct-acting test rig does not provide the results which are expected, if the timescale allows this experiment can be used as an extra level of validation alongside the direct-acting test rig. 
[bookmark: _Toc70050022]5. Results Collection & Analysis
[bookmark: _Toc70050023]5.1. Data Collection from Experiments 
The project involves many experiments which need to be recorded with the best proficiency and accuracy. The majority of the data recorded will be primary data from the experiments therefore, the data will be recorded in an excel document so all the data recorded can be navigated easily where it is stored in a professional format. Data that will require additional processing will be achieved through equations in excel. When recording data human error can make a mistake therefore, multiple runs of the experiment will be conduction to show any anomalies in data. 
[bookmark: _Toc70050024]6. Project Contingency Planning
[bookmark: _Toc70050025]6.1. Contingency Methods
Experiments have been designed so that the need for a contingency is reduced however if such a contingency is needed another engine may be used for the comparison of the valvetrain. Access to more than one 2.0L Duratec engine means damage during an experiment is not detrimental to the project. Experiments have been selected to allow more than a process of investigating an issue using different methods in case one method is not feasible.
[bookmark: _Toc70050026]6.2. Possible Impact on Facilities Access
The facilities and equipment being used for the project are in remote workshops which have 24/7 access, if the possibility that these workshops become unavailable suitable backup facilities are available for us without any restriction.  
[bookmark: _Toc70050027]7. Evaluation
The report has given an overall outline of the project and its objectives, considerations, and limitations. The experiments proposed for the project allow for a comprehensive analysis and comparison of two similar engines. The project focus on the real-world application with the development utilising a method of which would be beneficial to a wide variety of valve train applications for improvement and testing of new or experimental designs with a factory of safety for the components. 
The project has limitations proposed by the scope of the experiments however, the limitations are discussed, and these limitations will be carefully considered throughout the whole project. As long as the limitations are constantly reviewed and discussed then it will allow for a more accurate representation of results.  
The report has given good background knowledge of both the proposed experiments and the theory be hide it. The project has been discussed in brief in section, is partly due to the large scope of the project, the project has the possibility to explore many different ideas and experiments focused on the comparison of the two engine’s valvetrain. However, the project will focus on a specific area in as much detail as possible to try and achieve the most comprehensive outcome. Overall, the report has outlined the proposed outline of the project and how it is planned to achieve the objectives.
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