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[bookmark: _Toc118059361]Abstract
This report will cover the master project proposal to answer the research question,
“Investigating the tuning potential of the Mini A-Series Engine, based on theories proposed by David Vizard in his book, Tuning BL’s A-Series Engine (Vizard, 1990).”
It will explore the different technologies currently utilised in the design of the performance 5-port A-series engine, as well as investigating other technologies utilised in other applications. The project will look into two different engine specifications, one for ultimate performance and one which conforms to Mini7Racing Clubs Mini Miglia regulations.
To be able to design a system that produces more power, existing papers, projects and literature, where similar techniques have been employed, such as pulse tuning, will be analysed extensively, to identify where the past projects have succeeded or failed to help guide this project. The performance upgrades that will be analysed will focus on a myriad of aspects such as:
·  Increasing the compression ratio, 
· Increasing the capacity of the engine 
· Investigating the effects of pulse tuning on the A series engine.
· Investigating performance coatings (to ascertain the effect they can have on heat management within motorsport engine bays to lower charge temperatures).
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[bookmark: _Toc118059368]Project Introduction/Relevancy
[bookmark: _Toc118059369]Mini
The BMC (British Motor Corporation) Mini was first introduced in 1959, which can be seen in Figure 1. The vehicle featured an 848cc A-series engine with a power output of 34hp and was developed and produced until 2000, when BMW unveiled the new shape modern Mini (MINI, 2022). The Mini was designed by Sir Alec Issigonis to have a spacious interior for four passengers whilst having the minimum dimensions externally, with impeccable driving characteristics and superior fuel economy compared to the existing cars of the time (MINI, 2022).  
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[bookmark: _Ref97306449][bookmark: _Toc118059426]Figure 1 – Sir Alec Issigonis with the Mini MkI (MINI, 2022)
This small unassuming family car would be thrust into the motorsport world when John Cooper, of Cooper Cars Ltd, who had recently won the Formula 1 World Championship (Motorsport Magazine, 2022) decided to investigate increasing the performance of the car so that it could be used in racing. He had previous experience of tuning the A-series engine from as early as 1957 where he developed the engine for use in the formula Junior race series and so, using this knowledge resulted in the creation of a car synonymous with the history of Mini - the Mini Cooper. This car was released in 1961 as seen in Figure 2, featuring a 997cc engine with a power output of 55hp which was a substantial increase of 62% more power over the standard vehicle. (Mini Mania Inc., 2022)
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[bookmark: _Ref97307766][bookmark: _Toc118059427]Figure 2 – Launch of Mini Cooper 1961, Goodwood (Jardine Motors Group, 2022)
The Mini Cooper was then updated further with the release of the Mini Cooper ‘S’ in 1963, a car which would be extensively used in motorsport developed by Stuart Turner who ran the BMC’s competition department. The car featured a new ‘big bore’ 1071cc engine which developed 70hp which was a 28% power increase over the Cooper (Mini Sport, 2022). In 1964 the model received a series of new engine configurations, with the 970cc homologation-special engine so the vehicle could be utilised in international touring car racing winning titles in the sub 1000cc class by drivers such as John Rhodes, as seen in Figure 3. The Cooper ‘S’ was also upgraded with the release of the 1275cc engine which increased power further to 76hp, this was utilised in the rally cars which dominated the Monte Carlo rally driven by Rauno Aaltonen and Paddy Hopkirk as seen in Figure 3.
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[bookmark: _Ref97330216][bookmark: _Ref117783072][bookmark: _Toc118059428]Figure 3 – John Rhodes Mini Cooper Touring Car/ Paddy Hopkirk Mini Cooper Rally Car (BMW Group, 2021)
The success of the Mini Cooper as a race car, offering brilliant performance for the money, led to the creation of the Mini 7 Racing club in 1966, which has been the go-to Mini racing championship ever since. Running a myriad of different classes, from the Mini Se7en S-class, where the cars output around 90hp up to the Miglia class where power outputs exceed 130+hp out of the 1293cc engine (Mini 7 Racing Club, 2022).
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[bookmark: _Toc118059429]Figure 4 – Mini Se7en S-class/Mini Miglia (Mini 7 Racing Club, 2022)
[bookmark: _Toc118059370]Project Outline
This project is inspired by Endaf Owens from Owens Fabrications who manufactures Minis for a variety of race championships, as well as having previously won the Mini Miglia championship in 2011 (Mini 7 Racing Club, 2022), as Endaf competes in both the Mini Miglia championship and competes in the worlds fastest mini race. The Mini Miglia championship features a strict ruleset which must be followed when building a car for competition, whereas the world’s fastest mini race event features a very loose set of technical guidelines allowing for the most performance to be extracted from the vehicle.
 The project will be to investigate designing a new intake/exhaust manifold for the 1293cc 5-port A-series engine used in the Mini 7 Racing Club Mini Miglia championship. Due to it being part of a championship, the design will have to conform to a set of technical regulations which can be seen in the appendices (8.1). The unrestricted A-series engine for the world’s fastest mini race will then be configured and tested based on principles outlined in the ‘Tuning BL’s A-Series Engine by David Vizzard (Vizard, 1990), considered to be the ‘bible’ of A-series tuning. Secondary to the initial design of the intake/exhaust manifold will be to explore the thermal management within the engine bay, as the A-Series is a very poor design in terms of its thermal management due to the Siamese port design it incorporates, as seen in Figure 5. Siamese ports refer to the joining of one port to multiple cylinders, in the case of the A-series engine this results in cylinders 1-2 and 3-4 sharing inlet ports and cylinders 2-3 sharing exhaust ports. 
[image: A close-up of a machine

Description automatically generated with medium confidence]
[bookmark: _Ref97375843][bookmark: _Toc118059430]Figure 5 – View of Siamese ports on 5-Port A-Series Engine (Kent Auto Developments, 2011)

[bookmark: _Toc118059371]Industrial Relevancy
This project is relevant to the authors background, having studied Motorsport Engineering at undergraduate level, gaining a 1:1 classification, as well as having grown up surrounded by Minis and attending Mini shows/races. 
Moreover, in recent years Internal Combustion Engines (ICE) have experienced a period of intense investigation with a particular focus on optimizing the performance output and fuel efficiency. In high performance racing engines, the intake and exhaust systems must be tuned in order to reach the maximum power output the engine has the potential for. The project could positively impact the industry, by optimising the pulse tuning aimed at the front running cars in Mini Miglia, there could potentially be even more performance extracted from the 1293cc A-series, resulting in even faster cars despite the 63-year-old design. 
Also, the practice of designing exhausts using pulse tuning and the various other techniques that will be employed during this project, will be relevant for other ICE vehicles. This technology will still be utilised when eco-friendly fuels such as hydrogen potentially replace the fuels we use today in combustion engines. Additionally, by investigating the heat management technologies that can be utilised within the engine bay the vehicle will become more efficient as there will be less power loss due to heat. 
Currently the major name within exhaust design/manufacture for Mini A-Series engines is Maniflow (Swiftune, 2022). The company was founded in 1971 by Dave Dorrington who had previously worked for Mini tuning specialists Downton (Maniflow, 2022) with their large bore stage III Long-Centre-Branch (LCB) exhaust manifold, as seen in Figure 6, being the manifold of choice for Mini Miglia race cars currently. This design will be the basis of the research carried out.
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[bookmark: _Ref97379322][bookmark: _Toc118059431]Figure 6 – Maniflow Large Bore Stage III LCB Exhaust Manifold (Maniflow, 2022)


[bookmark: _Toc118059372]Project Aims and Timeline
[bookmark: _Toc118059373]Specific Aims/Objectives
· Develop an in-depth knowledge of the concepts and principles associated with designing an exhaust/inlet manifold 
· Interpret the published regulations or the Mini Miglia championship to understand what can and cannot be utilised
· Investigate the designs of existing companies to determine which designs produce the best performance
· Research the data required to perform pulse tuning calculations
· Perform analytical pulse tuning calculations to determine the ideal geometries
· Validate these calculations by simulating the engine model in Ricardo Wave
· Extensively test different configurations of tuned pipe lengths to identify the optimum design
· Further the authors knowledge of thermodynamics by investigating different thermal management technologies utilised within the engine bay
· Investigate the effects of utilising thermal management technologies within the engine bay and the effects reduced charge temperature has on performance.
[bookmark: _Toc118059374]Proposed Project Timeline
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[bookmark: _Toc118059432]Figure 7 – Project Gantt Chart

[bookmark: _Toc118059375]Literature Review
[bookmark: _Toc118059376]Mini Miglia Regulations
The Mini Miglia regulations are published by Mini 7 Racing Club. The 2022 regulations can be seen in appendix (9.1).
Below are the specific regulations relating to this project:
· Mandatory Camshaft: Piper Cams MM930 Camshaft
· Cam-Timing is Free
· Maximum Valve Lift: 10.8mm
· Inlet Valve Maximum Diameter: 37.5mm
· Permitted Carburettors: Single Weber 40DCOE/45DCOE, Dellorto 45 DHLA, Solex 45ADDHE, or Twin SU’s 
· Maximum Throttle Butterfly Diameter: 45mm
· Inlet and Exhaust Manifolds are Free
· Mandatory Exhaust Silencers (single or twin): STR1069, RC40, CLRH06
The systems used predominantly within Mini Miglia racing are twin silenced systems as seen in Figure 8. 
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[bookmark: _Ref97415262][bookmark: _Toc118059433]Figure 8 – Twin Silencer System on 2021 Mini Miglia Champion Andrew Jordans Car (Mini 7 Racing Club, 2022)


[bookmark: _Toc118059377]Fastest Mini in the World
There are 4-classes in the worlds fastest mini race, these are as follows:
Class A – No engine restrictions. Aerodynamic additions permitted.
Class B – Any engine <1600cc. Aerodynamic additions permitted.
Class C – A-Series engines >1300cc. No aerodynamic additions permitted.
Class D – A-Series engines <1300cc. No aerodynamic additions permitted.
* Wheels and tyres are free for all four classes.
** Turbo cars can be classified by engine capacity x 1.4.  For example 1380cc x 1.4 = 1932cc [Class A]
Regulations retrieved from: (The Fastest Mini in the World Race, 2022)
It is apparent that the A-Series engine is eligible for every class however, it is best suited to classes B, C, and D. This is due to the current champion in class A having a 2.8 Litre V8, seen in Figure 9, which the A-series even in its most tuned form would be unable to compete with.
[image: Harvey Death, winner 2019 Fastest mini in the World]
[bookmark: _Ref117796828][bookmark: _Toc118059434]Figure 9 – Harvey Death’s Spaceframe Mini Cooper S V8 (Fastest Mini in the World, 2022)


[bookmark: _Toc118059378]Pulse Tuning
[bookmark: _Toc118059379]Exhaust Pulse Tuning
Exhaust pulse tuning as described by John Heywood, 1988,
“The pulsating flow from each cylinder's exhaust process sets up pressure waves in the exhaust system. These pressure waves propagate at the local sound speed relative to the moving exhaust gas. The pressure waves interact with the pipe junctions and ends in the exhaust manifold and pipe. These interactions cause pressure waves to be reflected back toward the engine cylinder. In multi-cylinder engines, the pressure waves set up by each cylinder, transmitted through the exhaust and reflected from the end, can interact with each other. These pressure waves may aid or inhibit the gas exchange processes. When they aid the process by reducing the pressure in the exhaust port toward the end of the exhaust process, the exhaust system is said to be tuned.” (Heywood, 1988)
This process can be seen in the diagram below (Figure 9). As can be seen in the picture on the left, the initial positive rarefraction pressure wave (coloured orange) occurs at Exhaust Valve Opening (EVO) which then travels at the speed of sound down the exhaust pipe much faster than the gas itself, before reaching the end of the pipe, where it is then reflected back as a negative pressure wave. This, if timed correctly, will reach the cylinder just before Exhaust Valve Closing (EVC) creating a negative pressure that scavenges the cylinder of exhaust gas (49cc Scoot, 2021).
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[bookmark: _Ref97482644][bookmark: _Toc118059435]Figure 10 – Diagram showing the initial positive pressure wave which is then reflected as a negative pressure wave 
Exhaust pulse tuning, as explained above, is the process of tuning an exhaust system to operate at an ideal rpm point within the engine rpm curve. In motorsport applications, this would generally be the peak power point. This is the finding in a paper by Blair et al (2001), where a diffuser style exhaust outperformed a straight pipe exhaust, due to the increased torque output. It also outlines how an exhaust system could be considered perfectly tuned for 7000rpm. However, at different rpm ranges such as 6000 or 8000rpm the system would be compromised (Gordon P. Blair, 2001). This finding is supported by Gilbert et al (2001), who stated that,
“Tuning also comes with disadvantages, where the wave action can produce negative contribution to engine performance. Therefore, tuning poses a challenge where the final design is the best compromise that would produce the best overall results.” (Sammut Gilbert, 2007)
This is a factor that will be very important when taking into consideration the different types of tracks the Mini Miglia cars compete on, certain tracks perhaps suiting different engine characteristics better. This is because the change in manifold length would offer different power characteristics depending on the length of the manifold between the port and collector. Short length would benefit high flowing high rpm scenarios, whereas a longer length would benefit lower rpm scenarios. This is seen a lot in NASCAR where different exhaust designs are used depending on the type of track the vehicles are racing on (Kane, 2015). 
This theory was taken to a more advanced level by Boretti et al (1996), by investigating a variable length exhaust design for use on a 3-Litre V12 race engine. They found that by including a resonance chamber that increased exhaust pipe volume you could improve performance below 10000rpm. However, once the rpm had increased past that point, using a valve to blank off the resonance chamber provided additional top end power. This system provided an increase in the Brake Mean Effective Power (BMEP) from 13.7 BAR for the standard system up to 15.8 BAR in the variable geometry design (A. Boretti, 1996). This is supported by the findings of Sawant et al (2018), who found that by optimising the exhaust diameter, making the system variable over fixed they could generate an increase of 4.23% more engine torque (Pauras Sawant, 2018). 
[bookmark: _Toc118059380]Intake Pulse Tuning
Intake pulse tuning uses much of the same principles as exhaust pulse tuning, John Heywood, 1988, describes it as,
“The time-varying inlet flow to the cylinder causes expansion waves to be propagated back into the inlet manifold. These expansion waves can be reflected at the open end of the manifold (at the plenum) causing positive pressure waves to be propagated toward the cylinder. If the timing of these waves is approximately arranged, the positive pressure wave will cause the pressure at the inlet valve at the end of the intake process to be raised above the nominal inlet pressure. This will increase the inducted air mass. Such an intake system is described as tuned.” (Heywood, 1988)
There have been lots of studies into optimising intake pulse tuning in intake manifold designs, with a notable paper by Fioccio et al (2016), investigating the optimisation of the fluid dynamics within the intake manifold of a Mahindra Moto3 bike. By designing a new airbox based off intake pulse tuning and Helmholtz resonance theory, they were able to increase the driveability of the bike, by producing a flatter smoother torque curve, this resulted in slightly less peak torque, albeit with a higher peak power (Marco Fiocco, 2016). 
Hall et al (2001), discovered that a compromise must be struck between the optimum intake length based off pulse tuning and what is viable in terms of space. This occurred when designing the intake length for their formula student car whereby the optimum intake length was 1.3m which is unachievable in the tight confines of the race car. Therefore, they had to settle with a compromise opting for the 4th harmonic pulse with a length of 0.324m, this can be seen in Table 1. As stated in their report,  it is beneficial to choose the earlier harmonics as these are more powerful waves so they will have a greater effect on the system (Bevan Hall, 2021).
[bookmark: _Ref97499870][bookmark: _Toc97587526][bookmark: _Toc118059509]Table 1 – Formula Student Runner Lengths and Corresponding Harmonics (Bevan Hall, 2021)
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Overall, it can be said that a short inlet manifold will increase the volumetric efficiency at high rpm, and by increasing the length the optimal operating point transfers to lower engine speeds (Potul, 2014). This effect can also be replicated by changing the diameter of the inlet as opposed to the length, a larger diameter increases volumetric efficiency at high rpm (I. Matsumoto, 1986) and that by reducing the diameter the optimal engine speed is reduced (G.Q Zhang, 2003). 
Sammut et al (2007), investigated the combination of tuning both intake and exhaust using pulse tuning to understand the effects on the engine. Their findings were that tuning the intake manifold had a greater effect on the volumetric efficiency of the engine, +12%, compared to exhaust pulse tuning which resulted in an increase of 5% (Sammut Gilbert, 2007). This large increase in volumetric efficiency is supported by Harrison and Dunkley, who working in conjunction with Ilmor Racing Engines, investigated the RAM effect of Formula 1 V10 airboxes, resulting in a volumetric efficiency of over 100% (M.F Harrison, 2003).
Similar to the study into variable exhaust geometries to increase power across the whole rpm range, there have been multiple studies into variable intake geometry designs. Silva et al (2019), found that by utilising a variable length inlet manifold as opposed to a fixed geometry manifold, a standard road car could be made to run more efficiently, with an increase of 8.4% volumetric efficiency on average. In their research they concluded that a variable geometry inlet was the best option, as in a road car you are exposed to very low rpm scenarios, such as within traffic, and high rpm scenarios such as on the motorway (E.A.A. Silvaa, 2019). These views were also shared by Ghodke and Bari, who gained 8.5% volumetric efficiency, a very similar result (Shashank Ghodke, 2018). This is supported by the findings of Talati et al (2022), who discovered a 6.33% increase in volumetric efficiency over a fixed geometry inlet (Hamidreza Talati, 2022). Boretti et al (1996), also investigated the effects of variable intake resulting in an increased BMEP of 15.3 BAR compared to the standard systems 13.7 BAR. 
With the evident benefits of having variable geometry inlet systems, it is no surprise to find that the technology has been employed in the majority of the top racing formulas. An example of a variable geometry intake can be seen in Figure 10. This engine powered Mazda to a Le Mans 24 Hour win in 1991.
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[bookmark: _Ref97560713][bookmark: _Toc118059436]Figure 11 – 1991 Mazda 787B Rotary Engine with Variable Length Intake Manifold (Road and Track, 2021)
[bookmark: _Ref97566713][bookmark: _Toc118059381]Pulse Tuning Calculations
From conducting the literature review, the three main equations/principles used for calculating pulse tuning are:
· Ram Theory:

IVCT = Intake Valve Closed Time
[bookmark: _Toc118059549]Equation 1 – Ram Theory Equation
· Acoustic Theory:

= Midway between Before Top Dead Centre and Valve Closing
[bookmark: _Toc118059550]Equation 2 – Acoustic Pipe Theory
· Helmholtz Resonator Theory:
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[bookmark: _Toc118059551]Equation 3 – Helmholtz Resonator Theory
These calculations can produce similar lengths when calculating tuned lengths for intake/exhaust manifolds, as seen in a paper by Venugopal et al (Thangavel Venugopal, 2019), whereby the tuned lengths based off the Ram Theory and Acoustic Theory were very close to each other for lower harmonics. This can be seen in Table 2.
[bookmark: _Ref97565203][bookmark: _Toc97587527][bookmark: _Toc118059510]Table 2 – Comparison between tuned lengths for Acoustic Theory and Ram Theory (Thangavel Venugopal, 2019)
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Due to previous studies identifying that each equation gives similar tuned lengths, this study will be undertaken based on acoustic theory.
Calculation References: (Heywood, 1988), (Colin R. Ferguson, 2001), (DE Winterborne, 2000), (Philip H. Smith, 1962), (Watson, 1994)
[bookmark: _Toc118059382]Thermal Management
The importance of reducing temperatures within an engine bay are paramount in a motorsport setting, where keeping the charge air as cool as possible is required to increase performance. Therefore, reducing the heat soak off the exhaust into the induction system is crucial from a performance viewpoint. The effect of the charge air temperature on performance can be seen in the report, “Effects of intake air temperature on combustion, performance and emission characteristics of a HCCI .engine… (Can Cinara, 2014)”  where a decrease in charge temperature of 50⁰C resulted in a power increase of 7.8% (Can Cinara, 2014). Heat soak from the exhaust pipe into the charge air is a massive issue on the A-series engine as previously mentioned, due to the Siamese port design philosophy Sir Alec Issigonis employed. 
Fortunately, due to the advent of space travel, numerous heat management technologies/materials have been developed, with the surface of numerous NASA orbiters covered in rigid silica/alumina tiles, capable of withstanding temperatures of 1648⁰C (NASA, 2022). These original tiles were developed in the 1960’s by Lockheed Martin Corporation, before being updated to a more modern design in the 1990’s (Schmidt, 1995). The reason the update was made possible was due to the discovery of partially stabilised zirconia, which meant that instead of a brittle material, ceramic coatings could have hard-wearing properties as well as having the ability for more complex shapes to be produced (The American Ceramic Society, 2022). 
The motorsport industry often utilises technology/materials developed by NASA, such as with carbon fibre (Collantine, 2011). 	Hence, it was not surprising that companies were formed which specialised in applying zirconia ceramic coatings for motorsport use. In the UK, the leading company for this process is Zircotec, with almost every team on the F1 grid utilising their processes and technologies (Zircotec, 2022). The technology was first employed in motorsport by the Subaru WRC Team in 1994 coating the exhaust to reduce engine bay temperatures, an example of the type of exhaust and car can be seen in Figure 2.
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[bookmark: _Ref92921776][bookmark: _Toc118059437]Figure 12 – Subaru Impreza 555 Group A Rally car exhaust and external picture (Esko Reiners Motorsport, 2022) (Pinterest, 2022)
Zircotec has since been used in a myriad of applications, in F1 as previously mentioned, as well as working with OEMs (Original Equipment Manufacturers) such as Koenigsegg, Lamborghini and Ariel (Zircotec, 2022). The company was also an official partner of the Bloodhound project using multiple types of their ceramic coatings including their composite coatings for the bodywork (Bloodhound, 2010). 
[bookmark: _Toc118059383]Ceramic Coatings
The performance of the Zircotec coating at reducing surface temperature is phenomenal, offering a 33% reduction in surface temperature. This is achieved due to the coating’s low thermal conductivity of 1.4W/m⁰K. This is a significant reduction in conductivity compared to an example of a substrate material such as Inconel which has a thermal conductivity of 6.5W/m⁰K. (Material-Properties, 2022).
This is demonstrated by an uncoated exhaust manifold having a surface temperature of over 700⁰C whilst a coated exhaust had a temperature of 400⁰C, this can be seen in Figure 12.
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[bookmark: _Ref97566105][bookmark: _Toc118059438] Figure 13  – Comparison of Coated and Uncoated Exhaust Pipes (Zircotec, 2012)
The effects of this result are that this reduction in surface temperature can reduce engine bay temperatures by up to 50⁰C (Zircotec, 2022). As previously mentioned, a reduction in engine bay temperatures of that magnitude can have a drastic effect on performance, increasing it by up to 8%. The findings of reduced surface temperature with the ceramic coated exhaust pipe are further supported by the report, “Experimental Analysis of Exhaust Manifold with Ceramic Coating for Reduction of Heat Dissipation” (J. Saravanan, 2017), the results of the paper can be seen below in Figure 12.
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[bookmark: _Ref93225413][bookmark: _Toc118059439]Figure 14 – Effects of Ceramic Coating an Exhaust Manifold (J. Saravanan, 2017)

[bookmark: _Toc118059384]Heat Wrap
Exhaust wrapping is one of the most popular budget modifications when customising a car. There is a massive range of exhaust wrap available with costs varying substantially from as little as £7 up to £65 per roll (Demon Tweeks, 2022) (Merlin Motorsport, 2022). The wrap produced by heatshield products, seen in Figure 15,  is made from basalt and fibreglass, with a maximum continuous temperature of 650⁰C with peaks of 1093⁰C. 
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[bookmark: _Ref97583236][bookmark: _Toc118059440]Figure 15 - Heatshield Products Lava Exhaust Wrap (Heatshield Products, 2022)
The wraps claim to reduce engine bay temperatures by up to 50% which is a significant temperature reduction, resulting in a higher power gain than the Zircotec coating. The downside of the exhaust wrap method is that unless they are sealed after wrapping by spraying them in a VHT paint, they can accelerate corrosion due to moisture getting trapped in the fabric (Motorbike Secure, 2022). Another negative is that there is the potential for the exhaust pipe to suffer from chloride stress corrosion cracking because the materials used in manufacturing exhaust wraps can contain chlorides. The chlorides get released when the exhaust gets hot and then rapidly attack the material severely weakening it (CorrosionPedia, 2020).  
The reason heat wrapping is still so popular as opposed to ceramic coating is that there is such a disparity in the cost of the technologies, with an exhaust manifold costing as much as £1,100 to coat with Zircotec ceramic coating (Merlin Motorsport, 2022) whilst a heat wrapped manifold could cost £90 (Demon Tweeks, 2022) and offer similar performance gains due to the reduced charge temperature.


[bookmark: _Toc118059385]Methodology
[bookmark: _Toc118059386]Base Spec Engine Data (Mini Miglia)
Having read the 2022 Mini7 Racing Club’s (M7RC) Mini Miglia regulations the base engine specification is as follows:
Standard A-Series 1275cc block and head – over bored to 1st oversize (1293cc)
Bore: 71.12mm
Stroke: 81.3mm
The camshaft used for the race series is a spec component supplied by M7RC with the component code MM930, due to it being a spec component the camshaft information is not available, so research was required to find a similar/like for like camshaft. Having researched the series sponsors and other manufacturers of performance camshafts it is highly likely that the camshaft is a Kent cams STR930 camshaft (Kent Cams, 2022) the specification of this camshaft is as follows but the full detailed specification can be seen in the appendices:
Engine Size: 850cc – 1300cc
Cam Lift: 8.3mm Inlet/Outlet
Valve Lift: 10.22mm Inlet/Outlet
Duration: 290⁰ Inlet/Exhaust
Intake Timing: 
· Open Before Top Dead Centre (BTDC) - 39⁰ 
· Close After Bottom Dead Centre (ABDC) - 64⁰ 
Exhaust Timing: 
· Open Before Bottom Dead Centre (BBDC) - 68⁰ 
· Close After Top Dead Centre (ATDC) - 44⁰
The compression ratio (CR) of the Miglia engine is dictated in the technical guidelines by stating a minimum unswept volume of 32cc, to calculate the CR the following equation retrieved from (Heywood, 1988) can be utilised:

[bookmark: _Toc118059552]Equation 4 – Compression Ratio Equation (Heywood, 1988)
The equation for calculating the volume is simply the volume of a cylinder equation:

[bookmark: _Toc118059553]Equation 5 – Volume of a Cylinder (BBC, 2022)
These equations give a swept volume of 322.971cc which when calculated with the unswept volume of 32cc result in a compression ratio of 11.093 to 1.
The acoustic theory calculations will use a variety of temperatures to account for the variable temperatures present throughout the rpm range and the differing ambient temperature throughout the year.
The maximum rpm for the engine will be 9000rpm this is an estimate based on the rpm achieved by other competition A-series engines as mentioned in David Vizard’s book (Vizard, 1990).
The base-spec exhaust used for the modelling initially will be the Maniflow big bore LCB competition exhaust manifold as utilised by Endaf Owens on his Miglia car this exhaust manifold can be seen in Figure 15.
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[bookmark: _Ref117872165][bookmark: _Toc118059441]Figure 16 – Maniflow Stage III Big Bore Long Centre Branch Exhaust Manifold (Maniflow, 2022)
The Carburettor utilised on the base spec engine will be the Weber 45 DCOE, an example can be seen in Figure 17,  on a 7-inch inlet manifold as this has been shown to display the best flow characteristics compared to other carburettor/manifold combinations (Heywood, 1988). However, an investigation into both the carburettor diameter/size and the length of the inlet will be undertaken for the WFM engine.
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[bookmark: _Ref117899043][bookmark: _Toc118059442]Figure 17 – Weber 45 DCOE Carburettor (MED-Engineering, 2022)



[bookmark: _Toc118059387]First Principles Calculations (Acoustic Theory)
Using the acoustic theory calculation as previously mentioned in the section - Pulse Tuning Calculations the optimum tuned length can be calculated for the intake and exhaust manifold.
The first principles acoustic theory equation is as follows:

= Midway between Before Top Dead Centre and Valve Closing
[bookmark: _Toc118059554]Equation 6 – Acoustic Pipe Theory
To calculate the return angle a series of equations must be calculated:
(1)			
(2)					
(3)				
(4)		
(5)    
[bookmark: _Toc118059555]Equation 7 – Return Angle Equation (Acoustic Pipe Theory) (Philip H. Smith, 1962)
Applying these equations to the values of the STR930 camshaft used in the 1293cc Mini Miglia gives:





Using this return angle in a scenario where the speed of sound is 330ms and the rpm is 7500rpm would result in the following tuned length:

[bookmark: _Toc118059556]Equation 8 – Example Tuned Length Calculation
The difference between the intake and exhaust tuned length equations occurs in the speed of sound as this is temperature dependant.
The equations to calculate the speed of sound for the intake and exhaust equations can be seen below:
(1)		
[bookmark: _Toc118059557]Equation 9 – Intake Speed of Sound
(2)		
[bookmark: _Toc118059558]Equation 10 – Exhaust Speed of Sound
(3)		
[bookmark: _Toc118059559]Equation 11 – Actual Speed of Sound
Utilising these equations a series of tables were produced calculating the tuned manifold lengths from the 1st harmonic to the 5th harmonic, at different rpm and temperatures, These tables were calculated with differing ambient and exhaust temperatures from 1000 to 9000 rpm resulting in 28 tables of tuned exhaust manifold lengths. An example data table can be seen in Table 3, showing the tuned lengths for an exhaust system with a temperature of 1000⁰c and an ambient temperature of 10⁰C. 
The table has been formatted in two different ways. Firstly, the red cells show lengths under 1.1m which is a realistic maximum length for the length from exhaust port to collector. Secondly, the cells which are in bold are tuned critical lengths that are repeated. This means there is a correlation between multiple harmonics for different rpm ranges resulting in one tuned length offering power benefits at multiple rpm. An example of this is the tuned critical length for the 2nd harmonic for 9000rpm is 0.861m, this also happens to be the 3rd harmonic tuned length for 6000rpm and the 4th harmonic tuned length for 4500rpm. Obviously, the effect of the return pulse wave weakens with each harmonic however it would still offer some benefit at that rpm as opposed to being a completely untuned length.
[bookmark: _Ref117881111][bookmark: _Toc118059511]Table 3 – Exhaust Tuned Lengths with Exhaust Temps 1000⁰C and Ambient Temps. 10⁰C
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After creating the table the next step was to integrate the equations into an interactive selection, whereby the user can find the ideal tuned length for intake and exhaust manifold by inputting the following variables:
· Ambient Temperature (⁰C)
· Exhaust Gas Temperature (⁰C)
· Engine Speed (RPM)
· Intake Open – BTDC (⁰)
· Intake Close – ABDC (⁰)
· Exhaust Open – BBDC (⁰)
· Exhaust Close – ATDC (⁰)
The user can then see the tuned intake and exhaust lengths from the 1st to the 3rd harmonic. This can be seen in Figure 17 – Interactive Pulse Tuning Calculator.
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[bookmark: _Ref117887816][bookmark: _Toc118059443]Figure 18 – Interactive Pulse Tuning Calculator
The interactive calculator is much more beneficial for the next phase of the project in modelling the engine in Ricardo Wave as the exhaust gas temperatures specific to each rpm can be investigated to ensure that the pulse tuning is as accurate as possible. This means the user can tune the exhaust depending on the specific temperature at the desired rpm, this is important as there could be up to 100⁰C difference between the exhaust gas temperatures at different rpm.



[bookmark: _Toc118059388]Simulation
[bookmark: _Toc118059389]Modelling
Once the analytical calculations were completed the next step was to create a 1D Engine simulation model. It was apparent that there are two predominant software used by existing researchers, GT-Power (Gamma Technologies, 2022) and Ricardo Wave (Ricardo Plc., 2022). There are some other software packages that have been utilised in certain projects such as the GASDYN software developed by the Department of Energy of Politecnico di Milano (Politecnico Milano, 2022). However, for this project it was decided that the Ricardo Wave software would be used for simulation as it has been identified as a very capable software when it comes to intake and exhaust analysis/projects with researchers such as (DE Winterborne, 2000), (Pauras Sawant, 2018), (Murali, Bakar, & Razlan, 2022) all utilising it to investigate performance enhancement of ICEs.
 An example of a single cylinder Ricardo Wave engine model can be seen in Figure 14.
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[bookmark: _Ref97569798][bookmark: _Toc118059444]Figure 19 – Single Cylinder Ricardo Wave Model (Thangavel Venugopal, 2019)
There are also some more advanced 3D gas modelling/Computational Fluid Dynamics software such as OpenFoam (Open Foam, 2022) or Ansys Forte (Ansys, 2022). However due to the complex 3D modelling the computing times for each model is considerably longer. Therefore, due to the number of iterations that were required for this project the 1D Ricardo Wave software was chosen instead.
The simulation combustion models used within the software are the SI Wiebe Model and the Woschni heat transfer models, the equations for both can be seen below,
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[bookmark: _Toc118059560]Equation 4 – Wiebe Function
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[bookmark: _Toc118059561]Equation 5 – Woschni Function
The selection page within the Ricardo WAVE software can be seen in Figure 19, The Spark Ignition (SI) Wiebe model is being utilised because it is an SI petrol engine as opposed to a Compression Ignition (CI) diesel engine.
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[bookmark: _Ref117892400][bookmark: _Ref117892429][bookmark: _Toc118059445]Figure 20 – Ricardo Wave Combustion Models
[bookmark: _Toc118059390]Ricardo Wave Initial Conditions
[bookmark: _Toc118059512]Table 4 – Initial Conditions for Mini Miglia Model
	Number of Cylinders
	4

	Displacement
	1291.88cc

	Bore
	71.12mm

	Stroke
	81.3mm

	Compression Ratio
	11.093

	Clearance Height (Based off Compression Ratio and Unswept Volume)
	8.055mm

	Number of Valves per Cylinder
	2

	Intake Valve Diameter
	35.7mm

	Exhaust Valve Diameter
	31mm

	Intake/Exhaust Valve Lift
	10.22mm

	IVO
	39⁰ BTDC

	IVC
	64⁰ ABDC

	EVO
	68⁰ BBDC

	EVC
	44⁰ ATDC

	Intake Manifold Diameter
	45mm

	Exhaust Manifold Diameter
	2 Inches

	Fuel 
	Indolene

	Air-to-Fuel Ratio (AFR)
	14.7:1

	Combustion Model
	SI Wiebe

	Heat Transfer Model
	Woschini



[bookmark: _Toc118059391]Ricardo WAVE Initial Model
The completed initial model can be seen Figure 20, it features 2 ambient air intakes feeding into 2 cylinders each to represent the separate ram pipes found on a weber 45 carburettor, as well as a long centre branch exhaust, whereby cylinder 2 and 3 are quickly joined due to sharing the same exhaust port before travelling the furthest distance out of the 3 pipes to the 2-into-1 merge collector. Cylinders 1 and 4 travel out from the engine for around half the length of the LCB before collecting at the first collector and travelling down a secondary pipe to meet the LCB at the merge collector. The model is not to scale so whilst it appears cylinder 1 has the longest length exhaust the actual values are the same as cylinder 4.
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[bookmark: _Ref117896285][bookmark: _Toc118059446]Figure 21 – Initial Base Model Mini Miglia 1293cc Engine in Ricardo WAVE



[bookmark: _Toc118059392]A-Series Case Study
Before undertaking any investigation into pulse tuning the Miglia engine, a series of other investigations were conducted to identify any other tuning methods which could be applied to the Miglia model to improve its performance. Alongside this the investigations into developing the optimum A-series engine for the WFM were also carried out.
All investigations carried out featured the STR930 camshaft as this is suitable for all engine capacities, as well as the weber 45 and big bore Maniflow LCB. The following variables were investigated:
[bookmark: _Ref117986034][bookmark: _Toc118059393]Engine Capacity
Engine capacity was investigated to show the difference between the 848cc A-Series which powered the mini when first released through to a big bore 1460cc race engine.
The displacements/configurations can be seen in Table 5.
[bookmark: _Ref117951803][bookmark: _Toc118059513]Table 5 – Engine Capacities Tested
	Capacity (cc)
	Bore (mm)
	Stroke (mm)

	848
	62.916
	68.26

	948
	62.916
	76.2

	970
	70.612
	61.01

	997
	62.408
	81.3

	998
	64.592
	76.2

	1071
	70.612
	68.26

	1098
	64.592
	83.72

	1275
	70.612
	81.3

	1293
	71.12
	81.3

	1310
	71.628
	81.3

	1330
	72.136
	81.3

	1460
	73.5
	86



The capacities tested also have different valve sizes as dictated by (Vizard, 1990) these can be seen in Table 6.
[bookmark: _Ref118023399][bookmark: _Toc118059514]Table 6 – Engine Valve Sizes
	Engine Capacity (cc)
	Intake Valve Diameter (mm)
	Exhaust Valve Diameter (mm)

	1310,1330,1460
	37.7
	31

	970, 1071, 1275, 1293
	35.7
	31

	998, 1098
	34
	27

	848, 948, 997
	27
	25.4



[bookmark: _Ref117986035][bookmark: _Toc118059394]Carburettor Diameter
The next variable to be investigated was the carburettor diameter to determine the optimum size for the A-Series Engine, starting with the smallest diameter available as standard on the road car through to the 48mm and 50mm carburettors seen on high powered race cars. The importance of using the correct sized carburettor for the engine was highlighted by Motor Trend (Motor Trend Channel, 2019) when they highlighted that using the biggest, highest flowing carburettor didn’t provide the most power in a sweep test, the results of which can be seen in Table 6.
[bookmark: _Ref117961752][bookmark: _Toc118059515]Table 7 – Motor Trend Engine Masters Research into Carburettor Size (Performance Improvements, 2019)
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The carburettor diameters tested were as follows:
· 32mm
· 34mm
· 36mm
· 38mm
· 40mm
· 42mm
· 44mm
· 45mm
· 48mm
· 50mm
[bookmark: _Ref117986036][bookmark: _Toc118059395]Exhaust Diameter
The next variable to be tested was the exhaust diameter. This variable was important for both aspects of the project as the exhaust manifolds/pipe are free for the Miglia and WFM races meaning that any performance benefit here can be carried over to the pulse tuning section of the project. The Maniflow stage III big bore LCB manifold used as a basis for this engine model features a 2-inch diameter. The importance of exhaust diameter for vehicle performance was highlighted by a report by (Pauras Sawant, 2018) whereby identifying the optimum diameter for the engine a torque increase of 3.78% was achieved. 
The following diameters were tested:
· 1.125 Inches
· 1.25 Inches
· 1.375 Inches
· 1.5 Inches
· 1.875 Inches
· 2 Inches
· 2.25 Inches
· 2.5 Inches
· 2.75 Inches
· 3 Inches
[bookmark: _Ref117986037][bookmark: _Toc118059396]Ignition Timing 
The next parameter to be investigated was ignition timing. This can have a massive impact on the vehicle performance significantly increasing power produced, this is supported by the findings of (Hendry Y. Nanlohy, 2022) who found that by optimising the ignition timing by advancing it compared to standard they achieved a 6.4% power increase.
The ignition timings (BTDC) investigated were:
· 10⁰
· 12⁰
· 14⁰
· 16⁰
· 18⁰
· 20⁰
· 22⁰
· 24⁰
· 26⁰
· 28⁰
· 30⁰
[bookmark: _Ref117986038][bookmark: _Toc118059397]Compression Ratio
The compression ratio of the engine is another vital area of engine tuning, by decreasing the unswept volume or increasing the swept volume the compression ratio of the engine can be raised potentially increasing the power substantially. David Vizard found a 10hp gain by raising the compression ratio from 12.2:1 to 13.3:1 (Vizard, 1990) This is also supported by (E. Porpatham, 2011) who found that the optimum compression ratio was 13:1 to 15:1 to achieve maximum power. 
The following CR’s will be tested:
· 11.093 – Miglia CR
· 11.5
· 12
· 12.5
· 13
· 13.5
· 14
· 14.5
· 15
The maximum CR David Vizard built an A-series engine to was 14.4 CR however he states that in America A-series engines are run with over 15:1 CR.
[bookmark: _Ref117986039][bookmark: _Ref117986040][bookmark: _Toc118059398]Charge Temperature
The last investigation was to analyse the effect improving the heat management of the engine bay, via the use of ceramic coatings/heat wrap would have on vehicle performance by the reduction of charge temperature and the effect that had on engine performance. Therefore, a sweep of values was tested from 5⁰C to 90⁰C in increments of 5⁰C to highlight the effect the charge temperature has on the performance of the engine. Other studies into the effects of reducing charge temperature have shown the potential for up to an 8% increase in power (Can Cinara, 2014) this is supported by (Park, 2021) who achieved an 8.6% increase in power by reducing charge temperature.


[bookmark: _Toc118059399]A-Series Miglia Spec Intake/Exhaust Pulse Design Study
The Mini Miglia exhaust/intake studies are a way to gain an edge over other competitors as, due to the series being a one-make series, any advantage that can be gained could be the difference between winning and losing.
[bookmark: _Toc118059400]Exhaust Gas Temperature
Before any study could be run the first step was to run the model as it was to obtain the exhaust gas temperatures for the specific rpm, the data can be seen in Figure 22.
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[bookmark: _Ref117972107][bookmark: _Toc118059447]Figure 22 -  Exhaust Gas Temperature vs RPM
Using these temperatures, the pulse tuning equation will be optimum for each rpm as opposed to estimating the temperature and assuming only one value.
[bookmark: _Ref117986041][bookmark: _Ref117986042][bookmark: _Toc118059401]RPM LCB Sweep Study
The rpm sweep study involved calculating the optimum length for each rpm though the rpm range. It was decided that due to the camshaft specification the rpm range in Ricardo WAVE would consist of 25 cases from 3000 rpm to 9000 rpm in steps of 250 rpm. The tuned lengths would be calculated from 6000rpm to 9000rpm in intervals of 500rpm. This is due to the fact that optimum power on the base model appeared at 8000rpmwhich coincides with the camshaft data which stated that the power band would range from 3000-7500. Therefore, by tuning the lengths around the top end of that range the power band could potentially be increased giving more top-end power. There was also an additional rpm of 10,000 rpm tested to see if by over-tuning the exhaust it could potentially drag the peak power higher up the rpm range, for this case the exhaust gas temperature from 9,000 rpm was used as there was no data for 10,000.  
The tuned lengths for each rpm can be seen Table 8.
[bookmark: _Ref117975596][bookmark: _Toc118059516]Table 8 – RPM Tuned Critical Lengths (Pulse Tuning)
	RPM
	Gas Temperature (⁰K)
	Exhaust Tuned Length (m)
	Intake Tuned Length (m)

	6000
	1298
	(2nd) 1.247
	(1st) 0.535

	6500
	1310
	(2nd) 1.156
	(1st) 0.494

	7000
	1325
	(2nd) 1.08
	(1st) 0.459

	7500
	1330
	(2nd) 1.01
	(1st) 0.428

	8000
	1345
	(2nd) 0.952
	(1st) 0.401

	8500
	1355
	(2nd) 0.899
	(1st) 0.378

	9000
	1360
	(2nd) 0.851
	(1st) 0.357

	10000
	Used Same as 9K rpm
	(2nd) 0.766
	(1st) 0.321



It was then decided to experiment with tuning different cylinders for different rpm ranges due to the Siamese ports. It was thought that by tuning for a multitude of rpm ranges the power/torque curves could be smoothed out offering better driveability than a peaky power curve.
[bookmark: _Ref117986043][bookmark: _Toc118059402]Experimental LCB Study
The experiment studies were conducted to ascertain whether it was more beneficial tuning the system for 1 specific rpm or to tune for a range of rpm to improve the power over a wider range of the power curve. Ultimately aiming to “increase the area under the curve” the area under the curve is the most important factor, as stated by D-Sport Magazine,
“It’s entirely possible for one engine with lower peak horsepower to outperform another engine with higher peak horsepower if the area under the curve over the powerband is higher” -  (D-Sport Mag, 2015)
The rpm tested can be seen in Table 9.



[bookmark: _Ref118050916][bookmark: _Toc118059517]Table 9 – Alternative LCB RPM’s Combinations Tested
	Intake
	Exhaust
Cyl. 1
	Exhaust
Cyl. 2&3
	Exhaust
Cyl. 4

	9000
	7000
	9000
	8000

	9000
	7500
	9000
	7500

	9000
	8500
	 9000
	8500



[bookmark: _Ref117986109][bookmark: _Toc118059403]RPM 3-into-1 Sweep Study
It was decided that the next design that should be tested is the 3-into-1 type design whereby all 3 pipe lengths are the same length before they collect at a 3-into-1 collector. This design has been used on Minis for over 50 years with Richard Longman utilising the design as far back as the early-1970’s (Vizard, 1990) 
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[bookmark: _Toc118059448]Figure 23 – Maniflow Large Bore 3-into-1 Competition Manifold (Maniflow, 2022)
The tuned lengths were the same as for the LCB manifold ranging from 6,000-10,000 rpm.
[bookmark: _Ref117986150][bookmark: _Toc118059404]Experimental 3-into-1 Study
The Experimental study was also carried out with the 3-into-1 manifold configuration to investigate if the effects were the similar to the results in the LCB study.
The rpm tested can be seen in Table 10.
[bookmark: _Ref117983382][bookmark: _Toc118059518]Table 10 – Experimental 3-into-1 RPM’s Tested
	Intake
	Exhaust
Cyl. 1
	Exhaust
Cyl. 2&3
	Exhaust
Cyl. 4

	9000
	8000
	9000
	8500

	9000
	7500
	9000
	7500

	9000
	8500
	9000
	8500



[bookmark: _Ref117986311][bookmark: _Toc118059405]RPM 3-into-2 Sweep Study
It was decided to investigate whether a 3-into-2 style manifold could offer any performance benefit whereby the exhaust system would have 2 pipes running the length of the car with individual silencers. 
A sweep of rpm ranges from 6,000 to 10,000 rpm was tested to compare to the LCB and 3-into-1.
[bookmark: _Ref117986386][bookmark: _Toc118059406]Straight Pipe No Collector Individual Cylinders (Motorbike Style) Study
It was also decided to try out an experimental style exhaust whereby there is no collector the cylinders each have their own individual exhaust pipe, similar to how a race motorcycle exhaust system from the 1960’s was designed. An example of a race bike with individual exhausts for each cylinder is the 1966 – 250cc Honda RC166 as seen in Figure 24. The bike features 6-individual exhaust pipes for its 250cc 6-cylinder engine, achieving a power output of 65hp with a maximum rpm of 20,000. That equates to 260hp/litre out of a naturally aspirated engine, comparing that to the highest naturally aspirated hp/litre currently available which is the Gordon Murray Automotive T.50 with a hp/litre of 166hp/litre (Goodwood, 2021). Therefore, it is worth investigating if it can offer the same high-power capabilities as it offers the motorcycle engine. Another reason for pursuing this study is the fact that the tuned length for each cylinder can be to the 1st harmonic as opposed to being the 2nd or 3rd harmonic as in previous studies.
[image: A picture containing outdoor, transport, motorcycle, bicycle

Description automatically generated]
[bookmark: _Ref117986033][bookmark: _Toc118059449]Figure 24 – 1966 Honda RC166 (Petrolicious, 2013)
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[bookmark: _Toc118059450]Figure 25 – 1966 Honda RC166 with Bodywork (Petrolicious, 2013)

[bookmark: _Ref117986500][bookmark: _Toc118059407]World’s Fastest Mini Engine Specification
Once all the previous studies have been carried out then the ultimate A-series engine configuration can be investigated. By choosing the design options which offer the highest overall performance, the theoretical maximum performance of the A-Series can be tested to see how much power it would produce.











[bookmark: _Toc118059408]Results
[bookmark: _Toc118059409]Engine Capacity Results
These are the results for the Engine capacity study undertaken in the section:  Engine Capacity
The results shown in Table 10 are the power output vs rpm for each engine capacity. A heat map has then been applied to identify where the most and least power is produced. 
[bookmark: _Ref118019698][bookmark: _Toc118059519]Table 11 – Engine Capacity Power Results
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As can be seen the graphs shows what you would expect with the larger capacity engines producing more power than the smaller capacity engines. A significant thing to note are the differences in power between the 1460cc and 1330cc engine with the 1460cc having a lower peak power but offering increased power throughout the whole rpm range resulting in an average power increase of 4.2% over the 1330cc engine. The power curve comparison can be seen in Figure 26. 
What is apparent in Figure 26, is the increase in bottom end power and mid range performance offered by the 1460cc whilst the 1330cc engine does end up flowing better at the top-end resulting in it producing more power. Ultimately the 1460cc engine would therefore be the engine of choice as this is a great example of what was mentioned previously. Indeed, an engine may produce less peak performance but still out-perform another engine due to the area under the curve.
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[bookmark: _Ref118021091][bookmark: _Toc118059451]Figure 26 – 1330cc vs 1460cc Power Curve
The results for the torque produced can be seen in Table 11. 
What is apparent when observing the torque results is that they are very similar to the power results with the large capacity engines producing significantly more torque than the smaller capacity engines. Analysing the difference between the 1460cc engine and the 1330cc the increase in torque is 5.3% more torque throughout the rpm range with the 1330cc engine again performing better at the top end of the rpm range. This is due to the 1330cc flowing better than the 1460cc this engine characteristic can be measured in a metric called volumetric efficiency which measures how efficiently the cylinder volume is filled up, with an efficiency of 100% all the volume is being utilised by the charge mixture. Below 100% and the volume is not being fully utilised and over 100% in a naturally aspirated engine displays when pulse tuned waves are influencing the engine by increasing the pressure of the charge being forced into the cylinder. The volumetric efficiency results can be seen in Table 12.
[bookmark: _Ref118021493][bookmark: _Toc118059520]Table 12 – Engine Capacity Torque Results
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[bookmark: _Ref118022691][bookmark: _Toc118059521]Table 13 – Engine Capacity Volumetric Efficiency Results
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As can be seen in Table 12, the volumetric efficiency table co-relates to the phenomena described surrounding the power/torque outputs of the 1460cc and 1330cc engines, whereby the 1330cc produced more power at the top-end because it was apparent it was flowing better. This is confirmed when looking at the graph  where at the top-end of the rpm range at 9000 rpm the 1460cc has an efficiency of 79% whilst the 1330cc has an efficiency of 82%. 
The standout value on the table is the results produced by the 970cc. This engine offers the highest volumetric efficiency by far comparing the power/torque curves to the 998cc and 848cc engine highlights how much performance the 970cc has to offer, as seen in Figure 27. 
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[bookmark: _Ref118024338][bookmark: _Toc118059452]Figure 27 – 848cc vs 970cc vs 998cc Graph
As seen in the graph the 998cc produces slightly more power than the 970cc throughout the bottom end and mid-range of the rpm range. However, once past 7000 rpm the 970cc flows a lot better around 5% more volumetric efficiency at the top-end which results in a higher power and torque output. Comparing that to the 848cc engine and the volumetric efficiency is by far the lowest of all the capacities resulting in a significant decrease in power as well as dropping off sooner at the top-end due to a volumetric efficiency of 86% at 9000 rpm.
Overall the difference in performance between the lowest capacity engine the 848cc and the largest capacity engine can be seen in Table 14.
As can be seen, there is a significant difference in the average power and torque outputs even though they both offer around the same volumetric efficiency with the 848cc engine actually flowing better overall.
[bookmark: _Ref118025014][bookmark: _Toc118059522]Table 14 – 848cc vs 1460cc Comparison 
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[bookmark: _Toc118059410]Carburettor Diameter Results
These are the results for the carburettor diameter study undertaken in the section: Carburettor Diameter
The results for the power output vs carburettor diameter can be seen in Table 15. The results are formatted differently to the last section in that they are formatted per row to show which carburettor performs best at each rpm.
There is an element of pulse tuning when selecting intake diameter as the intake pulse tuning equations show that they are influence by diameter as well as length, as it relies solely on the volume of the area the gas is travelling into. So, the same result can be achieved by making a pipe long as it could making it thin, and vice versa increasing the diameter of the pipe offers similar results to shortening the pipe, this is supported by the findings of (I. Matsumoto, 1986) and (G.Q Zhang, 2003).
This phenomenon is clear to see in Table 15 where for the power band range of rpm the largest diameter carburettors perform the best. However, at the lower rpm the smaller diameter carburettors perform better. This is solely due to the volumetric efficiency of the carburettors at different rpm, the volumetric efficiencies can be seen in Table 16, and as can be seen in it this supports that assumption. 
Overall, the 45mm carburettor offers the best performance as it achieves the highest power due to producing the best average volumetric efficiency throughout the rpm range.
[bookmark: _Ref118025400][bookmark: _Toc118059523]Table 15 – Carburettor 
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[bookmark: _Ref118025908][bookmark: _Toc118059524]Table 16 – Carburettor Diameter Volumetric Efficiency Results   
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[bookmark: _Toc118059411]Exhaust Diameter Results
These are the results for the exhaust diameter study undertaken in the section: Exhaust Diameter
The results for the exhaust diameter power can be seen in Table 17. The results display the same phenomenon as in the previous results section for the intake diameter showing that the performance is highest when the diameter is interacting perfectly with the specific rpm.
One thing to note is the high-power outputs of the large diameter exhaust pipes at low rpm, this is unexpected as the theories from the last section should carry over. This is potentially a phenomenon highlighted in the books by (Philip H. Smith, 1962) and (Vizard, 1990) whereby the system is mismatched to the port meaning it is too big for the exhaust port which results in restricted flow reversal meaning gases can flow in the forward direction unimpeded but when returning and trying to back-flow into the port the path is restricted. This is the most likely explanation as to why the large bore pipes are offering the best performance at low-rpm.
[bookmark: _Ref118026454][bookmark: _Toc118059525]Table 17 – Exhaust Diameter Power Results
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The volumetric efficiencies for the systems can be seen in Table 18, which shows that in the mid-low rpm ranges, volumetric efficiencies of over 100% are achieved due to the pulse tuning occurring due to the different diameters. It also shows that the big bore exhaust are achieving very high efficiencies at low-rpm, with the 1.875-, 2- and 2.25-inch exhaust systems offering the highest VE. The best performing diameter according to the power and VE tables is the 2.25-inch system, offering slightly more performance than the 2-inch system which is currently utilised on the Mini Miglia. 


[bookmark: _Ref118027729][bookmark: _Toc118059526]Table 18 – Exhaust Diameter Volumetric Efficiency Results
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In Figure 28 the performance of 3 pipe diameters is compared to analyse where the different diameter offer performance. Starting with the bottom-end of the rpm range it is apparent that all three pipe diameters offer very similar performance from 3000-5000 rpm. However, by the mid-range rpm after 5000rpm the 1.5-diameter exhaust is producing significantly more power and torque than the other two exhausts although this only lasts for around 2000rpm before it drops off significantly. At 6000rpm the 2.25-Inch exhaust starts to increase power and torque so from 7000-8500rpm the 2.25-inch exhaust offers the best performance although at 8500rpm the power and torque production drop rapidly. So from 8500-9000rpm the 3-Inch pipe offers the best flowing capabilities therefore producing the most power and torque at maximum rpm.
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[bookmark: _Ref118028701][bookmark: _Toc118059453]Figure 28 – Exhaust Pipe Diameter Performance Comparison
[bookmark: _Toc118059412]Ignition Timing Results
These are the results for the ignition timing study undertaken in the section: Ignition Timing
In Table 19 the results for the ignition timing can be seen, this section does not require much in-depth analysis as it is clear to see that the best Ignition Timing angle is 26⁰ BTDC with It offering the most performance throughout most of the rpm range only being beaten minorly at very low-rpm which is not relevant for the engine as the power is produced from 5000rpm+ so a producing slightly less power from 3000-3500 is irrelevant.
[bookmark: _Ref118030090][bookmark: _Ref118030094][bookmark: _Toc118059527]Table 19 – Ignition Timing Power Results
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[bookmark: _Toc118059413]Compression Ratio Results
These are the results for the compression ratio study undertaken in the section: Compression Ratio
The results for the compression ratio study can be seen in Table 20, Table 21, and Table 22.   
The results are as expected with an increase in CR resulting in an increase of power and torque. 
The performance increase appears to be lower the more the CR increases, this could potentially be due to the volumetric efficiency decreasing with each CR increase therefore lowering the potential power gains. The analysis of this can be seen in Table 23, where it was found that an increase of 0.5:1 generally led to around a 0.94HP gain however the power increase had dropped off the higher the CR was increased. The same occurred with the torque offering a 1.07NM increase per 0.5:1CR increase. The interesting area was the VE whereby an increase in CR actually led to a decrease in VE overall, however this is misleading as at the top of the power range the VE had actually increased it was just in the low-rpm where it suffered a decrease in VE.                                
[bookmark: _Ref118032528][bookmark: _Toc118059528]Table 20 – Compression Ratio Power Results
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[bookmark: _Ref118032533][bookmark: _Toc118059529]Table 21 – Compression Ratio Torque Results
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[bookmark: _Ref118032535][bookmark: _Toc118059530]Table 22 – Compression Ratio Volumetric Efficiency Results
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[bookmark: _Ref118033024][bookmark: _Toc118059531]Table 23 – Effects of Increasing CR on Power, Torque and VE
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[bookmark: _Toc118059414]Charge Temperature Results
These are the results for the charge temperature study undertaken in the section: Charge Temperature
The effects of charge temperature on power output can be seen in Table 24. Overall it was expected that the charge temperature would have a greater effect on power as found by (Can Cinara, 2014) where they found a decrease in charge temperature of 50⁰C resulted in an 8% power increase. Comparing that to the results in the table, if it is assumed that the ambient temperature is 15⁰C then the engine bay temperature would be 65⁰C with average power outputs of 106.22HP and 104.81HP respectively, that results in only a 1.5% power increase by decreasing charge temperature by 50⁰C.
[bookmark: _Ref118033625][bookmark: _Toc118059532]Table 24 – Charge Temperature Power Results
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[bookmark: _Toc118059415]RPM LCB Sweep Study Results
These are the results for the rpm LCB sweep study undertaken in the section: RPM LCB Sweep Study
The LCB Ricardo WAVE model can be seen in Figure 29. 
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[bookmark: _Ref118035185][bookmark: _Toc118059454]Figure 29 – LCB Ricardo WAVE Model
The LCB rpm Tuned length results for power, torque and volumetric efficiency can be seen in Table 25, Table 26, and Table 27 respectively.
[bookmark: _Ref118035825][bookmark: _Toc118059533]Table 25 – RPM LCB Power Results
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[bookmark: _Ref118035827][bookmark: _Toc118059534]Table 26 – RPM LCB Torque Results
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[bookmark: _Ref118035828][bookmark: _Toc118059535]Table 27 – RPM LCB VE Results
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One thing that is immediately apparent when observing the results is that there appears to be a pattern throughout the tables sweeping through the table diagonally with high and low values. This is almost certainly representative of the pressure waves and how the exhaust pipe can be in tune for some rpm values but also be out of tune for other values as found by (Gordon P. Blair, 2001) who found that a system could be perfectly tuned for 7000rpm but would be massively out of tune for 6000, or 8000 rpm.
The best performing tuned length appears to be for the 10,000 rpm tune due to its increased power at the top end of the rpm range, Figure 30 shows the difference in power vs rpm for a variety of the tuned lengths. It shows that the pulse tuning calculations were correct with the lower rpm tuned pipes offering much higher performance at the bottom-end of the rpm range which correlates to the VE where values of over 105% efficiency are achieved, however these lengths then drop off quite considerably with a rather flat mid-range before peaking in the top-end of the rpm range. For example, whilst 7000rpm has one of the lower average power outputs it actually offers the best torque average overall as well as producing the highest peak power at 9000rpm. 
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[bookmark: _Ref118036366][bookmark: _Toc118059455]Figure 30 - Comparison of LCB Tuned Lengths

[bookmark: _Toc118059416]Experimental LCB Study Results
These are the results for the experimental LCB study undertaken in the section: Experimental LCB Study
The results shown in Figure 31 show the different power and torque curves produced by the 3 experimental LCB tuned lengths. 
The configuration with the highest performance was the 7, 8, 9k tuned length this exhaust offered the highest torque values in the bottom-end of the rpm range which when compared to the sweep test actually produced a higher average torque value of 132.2NM as opposed to 132.02NM. The same cant be said for average power though due to its flat curve in the mid-range between 6500-8500. This appears to show despite tuning for that specific range the power value is actually less than just tuning all exhausts for one rpm. This highlights the findings mentioned before, that a pipe may be tuned perfectly for one rpm but be massively out of tune for another rpm so by tuning the one cylinder for 7000rpm it then becomes out of tune for 8000 and 9000 rpm which is massively detrimental to performance.
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[bookmark: _Ref118038493][bookmark: _Toc118059456]Figure 31 – Comparison of Experimental LCB Tuned Lengths

[bookmark: _Toc118059417]RPM 3-into-1 Sweep Study Results
These are the results for the rpm 3-into-1 study undertaken in the section: RPM 3-into-1 Sweep Study
The 3-into-1 Ricardo WAVE Model can be seen in Figure 32. 
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[bookmark: _Ref118041590][bookmark: _Toc118059457]Figure 32 – 3-into-1 Ricardo WAVE Model
The power, torque and VE results can be seen in Table 25, Table 26, and Table 27.
[bookmark: _Toc118059536]Table 28 – 3-into-1 Power Results
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[bookmark: _Toc118059537]Table 29 – 3-into-1 Torque Results
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[bookmark: _Toc118059538]Table 30 – 3-into-1 Volumetric Results
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The results for the 3-into-1 were instantly a massive improvement over the LCB design as can be seen in Figure 33, with the peak power increasing astronomically over the LCB design raising from a peak power of 137.28HP to *154.15HP an increase of 12.3%.
*(When re-checking the models, it was made apparent that the author had made a mistake testing the 3-into1 manifold at a CR of 15:1 as opposed to the 11.093:1 the other exhausts were tested at. However, if the compression ratio study is applied, whereby an increase in CR of 0.5:1 equated to around a 1HP gain then that would equate to 8HP less. If this is applied, then the 3-into-1 manifold design still outperforms the LCB manifold producing a peak of around 145HP as opposed to 137HP.)
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[bookmark: _Ref118042761][bookmark: _Toc118059458]Figure 33 – Comparison of 3-into-1 Tuned Length Power
The 3-into-1 design offers a power curve which is very similar to the curve produced by the LCB the only difference being the 3-ino-1 has a smoother curve in the mid-range rpm.
[bookmark: _Toc118059418] Experimental 3-into-1 Study Results
These are the results for the experimental 3-into-1 study undertaken in the section: Experimental 3-into-1 Study
*(These values for the 3-into-1 study have been calculated using the correct CR of 11.093:1 so are directly comparable to the LCB values)
The power and torque results for the experimental 3-into-1 tuned length can be seen in Figure 34. As can be seen there is no discernible difference between the different configurations. Therefore, the results were compared back-to-back with the LCB experimental lengths which can be seen in Table 31. 
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[bookmark: _Ref118046471][bookmark: _Toc118059459]Figure 34 – Comparison of 3-into-1 Experimental Tuned Lengths
[bookmark: _Ref118047247][bookmark: _Toc118059539]Table 31 – Comparison between LCB and 3-into-1 Manifold Tuned Lengths
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As can be seen in the table the 3-into-1 results out-perform the LCB in every configuration making it the design of choice in comparison to the LCB. 
[bookmark: _Toc118059419]RPM 3-into-2 Sweep Study Results
These are the results for the rpm 3-into-2 sweep study undertaken in the section: RPM 3-into-2 Sweep Study
The 3-into-2 Ricardo WAVE Model can be seen in Figure 35.
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[bookmark: _Ref118049571][bookmark: _Ref118049575][bookmark: _Toc118059460]Figure 35 – 3-into-2 Ricardo WAVE Model
This study was carried out to see if the results of the 3-into-1 study could be improved upon. The results of the study can be seen in Table 32, Table 33, and Table 34. 
As can be seen, the performance of the system has not increased further compared to the 3-into-1 manifold with the performance being slightly less than what was achieved using the 3-into-1 design. The maximum power average for the 3-into-2 design was 110.24HP whilst the power average achieved by the 3-into-1 design was 111.84HP a 1.6HP difference. Despite the lower average performance the 3-into-2 system does offer increased power at the top end producing a maximum power of 141.63HP at 9000rpm whilst the 3-into-1 peaks at 139.57HP this is a significant power difference at the top end of the rpm range. However, the benefit of the top-end power would have to be compared to the added weight the system would bring. If the car could already be built under minimum weight, then there would be no issue opting for this design as the exhaust pipes would be adding weight in the most beneficial place as low down as possible to reduce the Centre of Gravity (CoG) and along the length of the car, so the mass is distributed evenly front to rear. 






[bookmark: _Ref118048401][bookmark: _Toc118059540]Table 32 – 3-into-2 Power Results
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[bookmark: _Ref118048402][bookmark: _Toc118059541]Table 33 – 3-into-2 Torque Results
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[bookmark: _Ref118048403][bookmark: _Toc118059542]Table 34 – 3-into-2 Volumetric Efficiency Results
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[bookmark: _Ref117986367][bookmark: _Toc118059420]Straight Pipe No Collector Individual Cylinders (Motorbike Style) Study Results
These are the results for the experimental motorcycle style exhaust study undertaken in the section: Straight Pipe No Collector Individual Cylinders (Motorbike Style) Study
The final study undertaken was to see if the motorcycle style exhaust with individual exhaust pipes per cylinder would offer a performance benefit to the A-Series engine. The results can be seen in Table 35, Table 36, and Table 37.
*(These results were also carried out using 15:1CR so will therefore be compared to the 3-into-1 sweep to see if a performance gain is achieved)
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[bookmark: _Toc118059461]Figure 36 – Individual Exhaust per Cylinder No Collector
[bookmark: _Ref118052051][bookmark: _Toc118059543]Table 35 – Motorcycle Style Exhaust Power
[bookmark: _Ref118052052][bookmark: _Toc118059544][image: ]Table 36[image: ] – Motorcycle Style Exhaust Torque

[bookmark: _Ref118052053][bookmark: _Toc118059545]Table 37 – Motorcycle Style Exhaust Volumetric Efficiency
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This design suffers from the lowest volumetric efficiency of any of the designs with the pulse tuning equations seemingly not working on this design style as the 10,000rpm tuned length offer the best breathability at the bottom-end of the rpm range whilst the 6,000rpm tuned length offers the best breathing at the top-end of the rpm range. This can be seen in Figure 37, where it is clear to see the power curve is a lot more peaky and less smooth than the other designs which would reduce this designs driveability. 
A comparison between all the designs at 9,000rpm tuned length can be seen in Figure 38, with a 10hp subtraction for all HP and Torque values for the 3-into-1 and Motorcycle style designs due to them being undertaken at 15:1 CR.

[image: ]
[bookmark: _Ref118052694][bookmark: _Toc118059462]Figure 37 – Motorcycle Style Exhaust Power Curve
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[bookmark: _Ref118054562][bookmark: _Toc118059463]Figure 38 – Comparison of Each Exhaust Design
As is clear in the graph the optimum exhaust design style for the A-Series Mini is the 3-into-1 design followed by the experimental 3-itnto-2 design with the most popular A-Series design the LCB coming in third and finally the motorcycle style exhaust not working at all on the A-Series and coming in last place offering the lowest performance. 
The 3-into-1 design offers the best power all the way through the rpm range resulting in an average power 3HP more than its closest rival the 3-into-2 design. It also produces the most torque, producing considerably more torque in the top-end rpm range compared to the other designs. This performance should come as no surprise due to the volumetric efficiency of the system achieving an average of 95% compared to the next closest design the LCB achieving a 93% efficiency.
This design would therefore be worth testing on a Miglia in real life, because compared to the currently used LCB it produces a lot more power and torque so it would be interesting to see if this performance translates to the real world. 
[bookmark: _Toc118059421]World’s Fastest Mini Engine Specification Results
These are the results for the WFM engine specification study undertaken in the section: Worlds Fastest Mini Engine Specification
Utilising all of the results produced in the previous studies the ultimate A-Series engine was configured to see how much performance potential the A-Series engine has. 
The design chosen to test featured the following features informed by the previous study:
· Engine Capacity: 1330cc, 1460cc and 1596cc proposed by (Vizard, 1990)
· Exhaust: 3-into-1 tuned for 10,000rpm to target top-end power 
· Exhaust Diameter: 2.25 Inches
· Ignition Timing: 26⁰ BTDC due to it offering by far the best performance at every rpm
· Carburettor: 50mm to focus on the top-end power
· Charge Temperature: Ambient (15⁰C)
· Compression Ratio: 14:1, 11:1, 10:1
The results can be seen in Table 38, Table 39, and Table 40. Aswell as a dyno curve plot in Figure 39. 
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[bookmark: _Toc118059546]Table 38 – Ultimate A-Series Power
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[bookmark: _Toc118059547]Table 39 – Ultimate A-Series Torque
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[bookmark: _Toc118059548]Table 40 – Ultimate A-Series Volumetric Efficiency
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[bookmark: _Ref118056938][bookmark: _Toc118059464]Figure 39 – Comparison of Ultimate A-Series Engine Configurations
It is apparent that each engine offers very different attributes, all performing in different areas. The 1596cc offers the best bottom end/mid-range power by far, but then dropping off significantly at the top-end. The 1330cc configuration dominates the top end of the rpm range delivering around 15-20HP more as well as around 10NM of torque perhaps due to the brilliant volumetric efficiency values averaging 99% throughout the rpm range. Ultimately when selecting an engine for motorsport the area under the curve in the top-end of the rpm range is key and with the 1330cc engine delivering so much more performance from 6000-9000rpm where the engine is most likely to be when on the race track, it has got to be the best option for the WFM race.


[bookmark: _Toc118059422]Conclusion and Evaluation
In conclusion the project, “Investigating the tuning potential of the Mini A-Series Engine, based on theories proposed by David Vizard in his book, Tuning BL’s A-Series Engine (Vizard, 1990).” has resulted in a pulse tuned exhaust design that would be competitive compared to what was on the vehicle currently. As well as producing an A-series engine configuration which would be suitable for the WFM race producing over 30HP more than a Mini Miglia race engine.
Despite the A-series engine being a 70 year old design, first being utilised within the Austin A30 in 1952 (Vizard, 1990), the future of motorsport with the A-Series powered Mini could be enhanced further from where it currently is using the modern technologies available to us today compared to when David Vizard first wrote “Tuning BL’s A-Series Engine” in 1985. For example the fuel in the UK is now unleaded when it would have been leaded in 1985 (I-News, 2021), through the use of advanced coatings such as DLC coatings friction has been reduced within engines resulting in less power loss (Vetter, 2013), and through the use of advance thermal coatings the engine performance can increase due to less heat soak within the engine bay (Can Cinara, 2014). 
The author has expanded their knowledge in a variety of different areas throughout the project, such as:
· Data Analysis: Analysing multiple data sets to determine which configurations offered the most performance. 
· Working to Regulations: Ensuring the 1293cc Mini Miglia base model conformed to the technical regulations as published by Mini 7 Racing Club (Mini Miglia Technical Regulations)
· Pulse Tuning: Developing a great understanding of the fundamentals of pulse tuning
· Thermodynamics: Investigating how new ceramic coatings are utilised in the motorsport industry to improve thermal efficiencies from WRC to Formula 1.
· Internal Combustion Engine: Researching different tuning methods utilised in enhancing the performance of an ICE from ignition timings to compression ratios.
· Planning a Project: Ensuring that the project was completed as efficiently as possible is a valuable skill for professional practice
The author is content with all the work carried out, believing the only way to expand on the project would be to design the exhaust pipe in computer aided design and have it manufactured before testing it in a real-life application on a dynamometer and then on a race track to determine whether the design is a successful one. 
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Abstract/Details

Volumetric Efficiency. To design for this, several calcu-
lations had to be performed. As the engine completes its
cycle, it is the camshaft that opens and closes the intake
and exhaust valves. The camshaft profile determines the
duration and lift of the valves. It is this duration that needs
to be calculated. First however, the rpm range must be
chosen. The engine currently produces maximum torque
at 10500 rpm. It is torque that accelerates the vehicle. As it
is assumed that the current camshaft is to be retained,
the value of 10500 rpm will be used. The camshaft spec-
ifications for this engine (assuming stock cam fitted,
as appears to be) are the intake opens 22° before top dead

Halletal,
176 | pefics Popech. Mech eng 652 pp. 171-175,2021

(plenum to valve) was then chosen to be 324 mm. The port
depth of the engine was measured to be 105 mm, the rub-

ber mount to be 6 mm, the joint tube to be 18 mm and
the designed plenum depth as 60 mm. These values are
taken off the length of 135 mm which the runner assem-
bly required. The final design of the internal surface of the
runner assembly is then of circular cross section, diameter
36 mm, runner body thickness 3 mm (although cach com-
ponent varies) and length of 135 mm

4% harmonic the pressure wave travels up the intake and
back 3 times to find that the valve is closed and continues
to reverberate. On the 4% return however, the intake valve
is now open and the pressure waves enters the combustion
chamber. Thus it is desirable that this fourth value be used
for the design. The lengths of the earlier harmonics are too
large to be used within the intake system and the last two.
don't offer as much gain as the fourth. A total intake length

“Table 1 Runner lengths and corresponding harmonics
Harmonic 1 2 3 4 5 6
Length(m) 1294 0647 0216 0324 0259 0215

velocity and idle velocity. They are summarized as follows
before presenting flow analysis of the whole system.

For the cold air shroud were desirable throughout all
3 cases. The flow remains smooth and laminar and con-
firms the validity of the design for the purpose of the
FSAE car. For the restrictor, smooth laminar flow has been
maintained throughout the restrictor throughout the vari-
ous velocities-confirming the validity of the design.

The high-pressure pocket as a result of the backpressure
ofthe slit forces the flow to disperse along the length of the
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[ALTLEE Propagation of wave after reflection.

The calculations required for designing the intake
‘manifold can be done by using the formulas of a Helmholtz
resonator because of its resemblance to the design. The effec-
tive volume is considered to be the cylinder volume with the
piston at mid-stroke. This is done because piston velocity is
‘maximum at this position [2].

‘The frequency in Helmholtz resonator is denoted by the
following expression

where Vi is the effective volume of the cylinder. Vg can
be written as

Eq.(6)

Itis known that V, =

Now solving for Vg
‘The value of V, s put in (6)

_Vi(CR+1)
Va= 2(CrR-1)

The obtained value of V,; is substituted in the
frequency equation.
Substituting in (5), we get the frequency expression as

the following:
P Ax2x(Cl
" 27\ LxV, x(CR+1)

where L=1+0.3d

D = diameter of the pipe

L =length of the pipe

C (velocity of sound in air) = 343 m/s
f=frequency

A (area of cross section) = 1.45 * 10 m*
CR=12.88:1

V (engine displacement) = 373 cc = 0.000373 m?

Calculating Frequency Based
on Acoustic Theory

‘The target speed is kept at 9000 rpm due to the same reason

as stated carlier during the calculations of Ram theory.
Duration of intake valve remain open = 226°
Converting the target rpm to seconds/revolution

9000/60 = 150 revolutions/second

1/150 = 0.006 seconds/revolution
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TABLE 1 Tuner runner lengths by Acoustic Theory.

rpm L L/2 /4
9000 128m 064m 032m
©2019 SAE nterational. Allights Reserved

TABLE 2 Tuned runner lengths by Ram Theory.

rpm L L/5 /10
9000 33m 0626m 033m
©2019 SAE Interational. AllRights Reserved

To calculate the time (¢) from intake valve closing to
re-opening time, the duration of intake valve remaining closed
(i.e. 494°) is divided by (2)

=0.009s
Hence, the frequency ‘£’ comes out to be

f=Vt=11162Hz

Putting all the values in (7)
We cet the length ‘[’ which de

e b
O =

given in Table 1. This number 4 indicates that the air wave has
to travel back and forth along the runner 4 times before
reaching the intake valve upon the next suction stroke. Asa
result, the length is shortened and supercharging is done.
‘The same phenomenon is to be adopted for the length obtained
from Ram theory (Table 2). The basic idea behind this is to
get a runner length which would be satisfying the envelope
rules, would be accessible for installation and would be having
the supercharging phenomenon. Hence, the intake runner
length was chosen to be 32 cm.

In Ram theory, the pressure wave that is generated due
to the inertial effect is taken into account, whereas in Acoustic
Piping theory, the suction wave generated at the time of intake
strokeis taken into account. As both the theories yield similar
results in the length, any one could be chosen.

3. Plenum

Some of the studies done by engine manufacturers [11,12] show
that the volume intake plenum intensely affects the perfor-
‘mance of the engine and charging conditions [14]. The objec-
tive of any plenum configuration is to allow immediate
availability of air to the cylinder’s intake stroke cycle. The longer
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thermocouple. The surface temperature obtained for both outer and inner coated and uncoated cast iron
exhaust manifold at various load conditions have been compared and presented in Figure 6. It is
observed that the use of coated surface reduces the temperature developed when compared to the use
of uncoated surface. It is observed that the use of coated surface reduces the temperature developed
when compared to the use of uncoated surface. From the temperature study it is asserted that the
Zirconia coated exhaust manifold arrest the temperature when compared to uncoated exhaust manifold.
So this results show that heat dissipation is decreased in the coated exhaust manifold.
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Figure 6. Comparison of (a) outer and (b) inner surface temperature

3.6 Effect of emission of NOx and CO
‘The comparison of nitrogen oxide emission from the waste exhaust gases for both coated and uncoated
cast iron exhaust manifold is presented in Figure 7(a). From Figure it is observed that the emission of
NOX is less in coated manifold specimen. The comparison of carbon monoxide emission from the
waste exhaust gases for both coated and uncoated cast iron exhaust manifold is presented in Figure
7(b). From Figure it is observed that the emission of CO is less in coated manifold specimen.
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1 2 3 4 5

1000 15.505 7.752 5.168 3.876 3.101

1250 12.404 6.202 4.135 3.101 2.481

1500 10.336 5.168 3.445 2.584 2.067

1750 8.860 4.430 2.953 2.215 1.772

2000 7.752 3.876 2.584 1.938 1.550

2250 6.891 3.445 2.297 1.723 1.378

2500 6.202 3.101 2.067 1.550 1.240

2750 5.638 2.819 1.879 1.410 1.128

3000 5.168 2.584 1.723 1.292 1.034

3250 4.771 2.385 1.590 1.193 0.954

3500 4.430 2.215 1.477 1.107 0.886

3750 4.135 2.067 1.378 1.034 0.827

4000 3.876 1.938 1.292 0.969 0.775

4250 3.648 1.824 1.216 0.912 0.730

4500 3.445 1.723 1.148 0.861 0.689

4750 3.264 1.632 1.088 0.816 0.653

5000 3.101 1.550 1.034 0.775 0.620

5250 2.953 1.477 0.984 0.738 0.591

5500 2.819 1.410 0.940 0.705 0.564

5750 2.696 1.348 0.899 0.674 0.539

6000 2.584 1.292 0.861 0.646 0.517

6250 2.481 1.240 0.827 0.620 0.496

6500 2.385 1.193 0.795 0.596 0.477

6750 2.297 1.148 0.766 0.574 0.459

7000 2.215 1.107 0.738 0.554 0.443

7250 2.139 1.069 0.713 0.535 0.428

7500 2.067 1.034 0.689 0.517 0.413

7750 2.001 1.000 0.667 0.500 0.400

8000 1.938 0.969 0.646 0.485 0.388

8250 1.879 0.940 0.626 0.470 0.376

8500 1.824 0.912 0.608 0.456 0.365

8750 1.772 0.886 0.591 0.443 0.354

9000 1.723 0.861 0.574 0.431 0.345

9250 1.676 0.838 0.559 0.419 0.335

9500 1.632 0.816 0.544 0.408 0.326

1000 Degrees

Harmonic
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Ambient Temperature

25

Exhaust Temperature

900

Engine RPM

7000

Intake open BTDC

39

Intake close ABDC

64

Exhaust open BBDC 68

Exhaust close ATDC 44

Intake duration 283

Exhaust duration 292

Intake center 102.5

Exhaust center 102

Lobe separation 102.25

Advance -0.25

Degrees overlap 83

Speed of Sound: Ambient Temp. 346.21

Speed of Sound: Exhaust Temp. 686.74

Actual Speed of Sound 686.88

MOP-Start of Pulse (Exhaust) 126

MOP (Exhaust) 102

MOP-Close (Exhaust) 146

MOP-(Midpoint of TDC-Close) (Exhaust) 124

Return Angle (Exhaust)

250

MOP-BDC (Intake) 77.5

MOP-Close (Intake) 141.5

Return Angle (Intake) 109.5

Intake Length (m)

1.022 0.681 2.044

1st Harmonic 2nd Harmonic 3rd Harmonic

0.451 0.226 0.150

Calculations: (these numbers calculated)

Specifications:

 (change numbers in red)

1st Harmonic 2nd Harmonic 3rd Harmonic

Exhaust Length (m)
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Carb Size Manifold Vac Actual CFM Torque Horsepower
Holley 650 1.8 600 479.6 470.4
Holley 750 1.5 606 482.1 477.15
Holley 850 0.5 615 483.8 474.3

Holley 950 0.4 618 480.6 471.5

So, will a bigger carb make more power? Looks like bigger is not always better. If this was to be a
327 or 350 engine street driven just for pleasure, the 650 will give the best all-around performance,
excellent throttle response, good fuel mileage, great low and mid range performance. No one will

notice the 3 or 4 HP missing. On this 383 engine, again for street driving the 750 would be the right -
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RPM

1460cc

1330cc 1310cc 1293cc 1275cc 1098cc 1071cc 998cc 997cc 970cc 948cc 848cc

9000

141.59 141.94 141.69 138.17 136.54 131.40 130.14 116.96 116.73 123.48 93.57 91.81

8750

141.24 140.93 140.61 137.03 135.40 130.02 128.25 115.80 115.72 121.21 94.40 92.76

8500

140.27 139.50 139.11 135.50 133.78 127.36 125.39 113.89 113.79 117.84 93.31 90.87

8250

140.92 139.47 138.98 135.14 133.48 126.08 124.02 113.21 113.10 116.01 92.92 89.94

8000

139.68 136.83 136.25 132.84 131.02 123.45 121.38 111.19 111.07 114.15 91.84 89.02

7750

136.93 133.94 133.30 129.83 128.20 120.58 118.50 108.61 108.54 111.15 90.40 87.14

7500

135.34 132.07 131.37 128.03 126.39 118.32 116.25 106.53 106.45 108.64 89.17 85.71

7250

134.50 130.95 130.16 127.11 125.20 116.41 114.37 104.86 104.62 106.28 87.94 84.07

7000

133.46 129.37 128.51 125.57 123.60 113.94 111.83 102.65 102.38 103.13 86.89 82.50

6750

131.47 126.48 125.53 122.73 120.79 110.46 108.12 99.66 99.45 99.33 85.33 80.44

6500

128.24 122.35 121.28 118.62 116.68 105.79 103.21 95.58 95.45 94.49 82.76 77.86

6250

125.04 118.71 117.60 115.01 113.16 101.43 98.85 91.76 91.60 89.86 79.93 74.34

6000

122.34 116.26 115.21 112.72 111.19 100.04 97.68 90.62 90.38 88.48 79.51 73.64

5750

119.42 114.02 112.96 110.86 109.02 97.82 95.71 88.47 88.34 87.74 78.20 73.11

5500

115.93 110.55 109.42 107.68 105.50 93.92 92.04 85.03 84.66 83.65 75.20 69.56

5250

111.64 105.71 104.51 102.84 100.70 88.33 86.44 79.77 79.36 77.47 71.18 64.89

5000

105.26 98.49 97.18 95.55 93.59 80.36 78.57 72.65 72.14 69.50 65.79 58.96

4750

97.89 90.51 89.27 87.65 86.13 73.42 71.62 66.23 65.80 62.91 60.98 54.37

4500

92.00 84.98 83.67 82.06 80.82 68.10 66.43 61.86 61.44 58.92 56.91 51.04

4250

90.02 82.85 81.72 79.89 78.87 67.35 65.87 60.85 60.52 58.44 55.79 50.13

4000

90.48 84.50 83.40 82.06 80.69 69.73 68.23 62.79 62.41 60.56 57.64 51.94

3750

82.60 75.68 74.49 73.42 72.02 60.88 59.76 54.48 54.00 52.74 50.81 45.37

3500

75.32 67.96 66.98 65.98 64.94 54.64 53.94 48.71 48.20 47.66 46.10 41.13

3250

70.40 63.54 62.59 61.75 60.78 51.69 50.82 46.28 45.73 45.12 43.63 38.79

3000

65.00 59.34 58.48 57.67 56.80 48.32 47.38 43.57 43.22 41.97 41.18 36.71

Average:

114.68 109.88 108.97 106.63 105.01 95.19 93.39 85.68 85.40 85.63 74.06 69.45

Power (HP)
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RPM 1460cc 1330cc 1310cc 1293cc 1275cc 1098cc 1071cc 998cc 997cc 970cc 948cc 848cc

9000

112.03 112.30

112.11 109.32

108.03 103.97 102.97 92.54 92.36 97.70 74.04 72.64

8750

114.95 114.69

114.43 111.52

110.19 105.81 104.37 94.24 94.18 98.64 76.83 75.49

8500

117.51 116.87

116.54 113.52

112.07 106.70 105.04 95.41 95.33 98.72 78.17 76.13

8250

121.64 120.38

119.96 116.65

115.21 108.82 107.04 97.72 97.62 100.13 80.20 77.63

8000

124.33 121.79

121.28 118.24

116.62 109.89 108.04 98.98 98.87 101.61 81.75 79.24

7750

125.82 123.07

122.48 119.29

117.80 110.79 108.89 99.79 99.73 102.13 83.07 80.07

7500

128.50 125.40

124.73 121.56

120.00 112.34 110.38 101.14 101.07 103.15 84.66 81.38

7250

132.11 128.62

127.84 124.85

122.97 114.34 112.33 103.00 102.76 104.39 86.37 82.58

7000

135.76 131.61

130.73 127.74

125.74 115.90 113.76 104.42 104.15 104.91 88.39 83.93

6750

138.69 133.43

132.43 129.48

127.43 116.53 114.07 105.14 104.92 104.79 90.02 84.86

6500

140.49 134.04

132.87 129.95

127.83 115.89 113.07 104.71 104.57 103.51 90.67 85.30

6250

142.46 135.25

133.99 131.04

128.93 115.56 112.63 104.55 104.36 102.38 91.07 84.70

6000

145.20 137.98

136.74 133.78

131.96 118.73 115.92 107.55 107.27 105.01 94.36 87.40

5750

147.90 141.21

139.89 137.30

135.02 121.14 118.53 109.56 109.40 108.66 96.85 90.54

5500

150.10 143.13

141.67 139.41

136.60 121.60 119.16 110.09 109.61 108.31 97.37 90.07

5250

151.43 143.38

141.76 139.49

136.59 119.81 117.24 108.19 107.64 105.08 96.55 88.02

5000

149.91 140.27

138.40 136.09

133.28 114.45 111.90 103.47 102.75 98.98 93.70 83.97

4750

146.76 135.69

133.83 131.39

129.12 110.07 107.36 99.29 98.64 94.31 91.42 81.50

4500

145.59 134.47

132.41 129.85

127.89 107.77 105.12 97.89 97.23 93.24 90.05 80.77

4250

150.83 138.82

136.92 133.85

132.15 112.85 110.37 101.96 101.41 97.92 93.48 84.00

4000

161.07 150.43

148.47 146.08

143.64 124.13 121.47 111.78 111.10 107.81 102.61 92.46

3750

156.84 143.72

141.45 139.42

136.77 115.61 113.48 103.46 102.55 100.16 96.48 86.16

3500

153.24 138.27

136.28 134.24

132.12 111.17 109.74 99.10 98.06 96.97 93.80 83.67

3250

154.24 139.22

137.14 135.29

133.16 113.25 111.35 101.40 100.20 98.85 95.59 85.00

3000

154.29 140.86

138.81 136.89

134.83 114.68 112.45 103.41 102.59 99.62 97.74 87.14

Average:

140.07 133.00 131.73 129.05 127.04 113.67 111.47 102.35 101.93 101.48 89.81 83.39

Torque (NM)
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RPM 1460cc 1330cc 1310cc 1293cc 1275cc 1098cc 1071cc 998cc 997cc 970cc 948cc 848cc

9000

79% 82%

86% 85% 85% 92% 93% 93% 93% 98% 80% 86%

8750

80% 83%

87% 85% 85% 92% 93% 93% 93% 97% 81% 87%

8500

82% 84%

88% 86% 86% 92% 93% 93% 94% 96% 82% 87%

8250

84% 86%

90% 88% 88% 94% 95% 95% 95% 98% 83% 88%

8000

85% 87%

90% 89% 88% 94% 95% 96% 96% 98% 84% 89%

7750

85% 87%

91% 89% 89% 95% 95% 96% 96% 99% 85% 90%

7500

86% 88%

92% 90% 90% 96% 96% 97% 97% 100% 87% 91%

7250

88% 90%

93% 92% 92% 97% 98% 98% 98% 101% 88% 92%

7000

90% 92%

95% 94% 93% 98% 98% 99% 99% 101% 89% 93%

6750

91% 93%

95% 94% 94% 98% 98% 99% 99% 100% 90% 93%

6500

92% 92%

95% 94% 94% 97% 97% 98% 98% 98% 90% 93%

6250

92% 93%

95% 94% 94% 96% 96% 97% 97% 97% 90% 92%

6000

93% 95%

97% 96% 96% 99% 99% 100% 100% 100% 93% 95%

5750

95% 96%

98% 98% 98% 101% 101% 101% 101% 104% 95% 99%

5500

96% 98%

99% 99% 98% 101% 101% 101% 101% 103% 95% 97%

5250

96% 98%

99% 99% 98% 99% 100% 99% 99% 100% 94% 95%

5000

95% 96%

97% 96% 96% 94% 95% 94% 94% 94% 91% 90%

4750

92% 92%

93% 92% 92% 90% 91% 90% 90% 89% 88% 87%

4500

91% 91%

91% 91% 91% 88% 88% 89% 88% 88% 87% 86%

4250

93% 94%

94% 93% 94% 92% 93% 92% 92% 93% 90% 90%

4000

100% 102%

103% 102% 102% 103% 104% 103% 102% 104% 99% 100%

3750

98% 98%

98% 98% 97% 95% 96% 94% 94% 96% 93% 93%

3500

95% 94%

94% 94% 94% 91% 93% 90% 89% 92% 90% 90%

3250

97% 96%

96% 96% 95% 94% 96% 93% 92% 96% 92% 92%

3000

98% 99%

100% 99% 99% 99% 100% 98% 97% 100% 97% 97%

Average:

91% 92% 94% 93% 93% 95% 96% 96% 96% 98% 89% 92%

Volumetric Efficiency
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1460cc 848cc Difference

Power (HP) 114.68 69.45 65%

Torque (NM) 140.07 83.39 68%

VE 91% 92% -1%
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rpm 32mm 34mm 36mm 38mm 40mm 42mm 44mm 45mm 48mm 50mm

9000

124.22 127.43 130.61 132.93 134.86 136.46 137.71 138.17 138.70 138.80

8750

122.48 126.35 129.66 132.07 133.95 135.45 136.65 137.03 137.53 137.65

8500

123.59 127.30 130.01 132.07 133.63 134.47 135.21 135.50 135.87 135.81

8250

124.17 127.43 130.10 131.90 133.29 134.21 134.94 135.14 134.99 134.63

8000

117.02 120.96 124.43 126.91 130.43 131.89 132.44 132.84 133.28 133.27

7750

115.62 119.46 122.52 124.94 126.86 128.32 129.45 129.83 130.36 130.47

7500

113.73 117.69 120.81 123.16 125.06 126.54 127.65 128.03 128.45 128.49

7250

112.84 116.74 119.89 122.32 124.20 125.63 126.75 127.11 127.39 127.36

7000

112.01 115.88 118.84 121.17 122.92 124.26 125.25 125.57 125.80 125.65

6750

110.50 114.16 116.86 118.96 120.50 121.66 122.47 122.73 122.84 122.79

6500

107.60 110.93 113.35 115.29 116.68 117.69 118.39 118.62 118.65 118.50

6250

104.84 107.82 110.03 111.74 113.06 114.04 114.78 115.01 115.07 114.85

6000

103.32 106.04 107.84 109.46 110.74 111.69 112.47 112.72 112.97 112.80

5750

101.33 103.89 105.64 107.44 108.98 110.00 110.65 110.86 110.80 110.49

5500

99.73 102.39 103.94 105.50 106.60 107.26 107.65 107.68 107.42 106.92

5250

97.85 100.02 101.55 102.54 103.08 103.19 103.04 102.84 102.09 101.59

5000

95.19 96.57 97.60 97.86 97.60 96.95 96.02 95.55 94.39 93.87

4750

90.59 91.07 91.26 90.63 89.78 88.93 88.05 87.65 86.80 86.33

4500

84.17 84.23 84.02 83.56 83.15 82.72 82.27 82.06 81.53 81.19

4250

82.22 81.92 81.83 81.52 80.99 80.78 80.14 79.89 79.07 78.60

4000

79.08 80.17 80.45 81.18 81.71 82.07 82.09 82.06 81.92 81.74

3750

75.27 75.64 75.67 75.40 74.84 74.34 73.66 73.42 72.78 72.62

3500

69.91 69.30 68.76 67.98 67.26 66.61 66.13 65.98 65.63 65.56

3250

63.93 63.34 62.98 62.54 62.08 61.85 61.75 61.75 61.59 61.54

3000

59.16 58.82 58.51 58.25 58.03 57.85 57.71 57.67 57.55 57.51

Average 99.61 101.82 103.49 104.69 105.61 106.19 106.53 106.63 106.54 106.36

Power (HP)


image44.emf
rpm 32mm 34mm 36mm 38mm 40mm 42mm 44mm 45mm 48mm 50mm

9000

0.760 0.777 0.801 0.816 0.828 0.837 0.845 0.848 0.851 0.851

8750

0.764 0.785 0.809 0.824 0.835 0.844 0.852 0.854 0.857 0.857

8500

0.790 0.809 0.830 0.842 0.852 0.857 0.862 0.864 0.865 0.865

8250

0.808 0.825 0.847 0.860 0.869 0.876 0.880 0.882 0.880 0.877

8000

0.786 0.807 0.834 0.850 0.869 0.879 0.884 0.887 0.891 0.891

7750

0.795 0.818 0.843 0.859 0.872 0.882 0.890 0.892 0.896 0.896

7500

0.804 0.828 0.852 0.869 0.882 0.892 0.900 0.902 0.905 0.905

7250

0.820 0.846 0.870 0.888 0.901 0.911 0.919 0.922 0.923 0.923

7000

0.839 0.865 0.888 0.905 0.918 0.928 0.935 0.938 0.939 0.938

6750

0.853 0.878 0.900 0.916 0.927 0.936 0.942 0.944 0.945 0.943

6500

0.856 0.879 0.900 0.915 0.925 0.933 0.938 0.940 0.940 0.939

6250

0.862 0.884 0.903 0.916 0.927 0.934 0.940 0.942 0.942 0.940

6000

0.881 0.904 0.918 0.931 0.942 0.950 0.956 0.958 0.960 0.958

5750

0.896 0.921 0.934 0.950 0.962 0.971 0.977 0.979 0.978 0.975

5500

0.918 0.943 0.957 0.972 0.982 0.988 0.992 0.992 0.990 0.985

5250

0.942 0.962 0.977 0.987 0.993 0.994 0.993 0.991 0.983 0.978

5000

0.961 0.973 0.985 0.987 0.984 0.977 0.967 0.962 0.950 0.944

4750

0.961 0.962 0.967 0.959 0.949 0.939 0.929 0.924 0.915 0.909

4500

0.939 0.938 0.934 0.928 0.922 0.917 0.912 0.909 0.902 0.898

4250

0.962 0.956 0.958 0.954 0.949 0.945 0.938 0.935 0.925 0.918

4000

0.986 1.004 1.002 1.010 1.017 1.022 1.024 1.024 1.023 1.019

3750

1.004 1.010 1.010 1.006 1.000 0.991 0.982 0.978 0.969 0.965

3500

1.003 0.991 0.984 0.971 0.959 0.949 0.940 0.937 0.933 0.931

3250

0.991 0.979 0.975 0.967 0.961 0.958 0.956 0.955 0.954 0.954

3000

1.015 1.012 1.007 1.003 1.000 0.997 0.995 0.994 0.993 0.992

Average 0.888 0.902 0.915 0.923 0.929 0.932 0.934 0.934 0.932 0.930

Volumetric Efficiency


image45.emf
rpm 1.125 Inch1.25 Inch1.375 Inch1.5 Inch1.875 Inch2 Inch2.25 Inch2.5 Inch2.75 Inch 3 inch

9000

89.10 96.95 104.52 111.99 126.09 128.28 131.16 133.94 136.69 138.17

8750

88.99 97.43 105.63 114.14 127.79 129.91 134.04 136.67 138.39 137.03

8500

90.08 98.80 108.11 117.02 129.74 132.36 135.52 137.47 138.31 135.50

8250

91.68 102.02 112.81 121.05 132.80 134.79 137.05 138.14 136.75 135.14

8000

92.74 104.62 116.15 122.90 133.26 134.74 136.45 135.85 133.32 132.84

7750

92.97 105.92 117.34 124.21 132.82 133.93 134.39 132.67 131.02 129.83

7500

95.67 108.77 119.49 125.95 133.12 133.72 132.60 130.66 128.98 128.03

7250

98.59 111.08 121.44 127.14 132.61 132.43 130.40 128.68 127.71 127.11

7000

100.88 113.37 122.91 127.63 130.97 130.08 128.43 127.34 126.25 125.57

6750

102.73 115.50 123.48 127.18 128.30 127.59 126.25 124.91 123.81 122.73

6500

104.94 116.80 122.91 125.46 125.30 124.58 122.87 121.52 120.39 118.62

6250

107.12 116.89 121.25 122.67 121.16 119.89 118.06 116.66 115.22 115.01

6000

108.18 115.81 118.59 119.40 115.90 114.70 113.09 112.14 111.85 112.72

5750

108.12 113.60 115.40 115.47 111.81 111.18 110.70 110.72 110.78 110.86

5500

106.63 110.26 111.23 110.55 107.95 107.70 107.57 107.62 107.70 107.68

5250

103.04 105.40 105.46 104.41 102.35 102.14 101.88 102.30 102.82 102.84

5000

97.73 98.80 98.07 96.88 94.44 94.31 94.93 95.00 95.09 95.55

4750

91.24 91.11 89.74 88.29 87.30 87.85 88.43 88.55 88.30 87.65

4500

84.72 83.59 81.77 80.95 82.25 82.59 82.62 82.56 82.38 82.06

4250

78.20 77.35 77.22 78.02 79.05 79.03 78.97 79.32 79.38 79.89

4000

79.15 79.60 79.45 80.04 80.74 80.72 81.55 81.73 81.91 82.06

3750

70.68 71.94 72.79 73.27 73.45 73.34 73.26 73.20 73.09 73.42

3500

63.20 64.55 65.32 65.64 65.71 65.47 65.18 64.86 64.87 65.98

3250

59.31 60.30 61.02 61.47 61.85 61.78 61.50 61.16 61.02 61.75

3000

55.88 56.84 57.32 57.61 57.85 57.79 57.66 57.57 57.63 57.67

Average 90.46 96.69 101.18 103.97 106.98 107.24 107.38 107.25 106.95 106.63

Power (HP)


image46.emf
rpm 1.125 Inch1.25 Inch1.375 Inch 1.5 Inch 1.875 Inch 2 Inch 2.25 Inch 2.5 Inch 2.75 Inch 3 inch

9000

59% 63% 66% 70% 78% 79% 81% 82% 84% 85%

8750

60% 64% 68% 73% 80% 82% 84% 86% 87% 85%

8500

62% 67% 72% 76% 84% 85% 88% 89% 89% 86%

8250

64% 70% 76% 81% 88% 89% 91% 91% 89% 88%

8000

67% 73% 80% 84% 91% 92% 93% 91% 89% 89%

7750

69% 76% 83% 87% 93% 94% 93% 92% 90% 89%

7500

73% 80% 87% 91% 96% 96% 94% 92% 91% 90%

7250

77% 84% 91% 95% 98% 97% 95% 93% 93% 92%

7000

81% 88% 95% 98% 99% 98% 96% 95% 94% 94%

6750

84% 92% 98% 101% 100% 99% 98% 96% 95% 94%

6500

88% 96% 101% 102% 100% 99% 98% 97% 96% 94%

6250

93% 100% 103% 103% 100% 99% 97% 96% 94% 94%

6000

97% 102% 104% 103% 99% 97% 96% 95% 95% 96%

5750

100% 104% 105% 104% 99% 98% 98% 98% 98% 98%

5500

103% 105% 105% 103% 99% 99% 99% 99% 99% 99%

5250

104% 104% 103% 101% 98% 98% 98% 98% 99% 99%

5000

102% 101% 99% 98% 95% 95% 95% 96% 96% 96%

4750

99% 97% 95% 93% 92% 92% 93% 93% 93% 92%

4500

96% 93% 91% 90% 91% 91% 91% 91% 91% 91%

4250

93% 91% 90% 91% 92% 92% 92% 93% 93% 93%

4000

99% 99% 99% 100% 101% 101% 102% 102% 102% 102%

3750

95% 96% 97% 98% 98% 98% 97% 97% 97% 98%

3500

90% 92% 93% 94% 93% 93% 92% 92% 92% 94%

3250

92% 93% 94% 95% 96% 96% 95% 94% 94% 96%

3000

95% 96% 98% 99% 99% 99% 99% 98% 99% 99%

Average 86% 89% 92% 93% 94% 94% 94% 94% 94% 93%

Volumetric Efficiency
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rpm 10 Degrees12 Degrees14 Degrees16 Degrees18 Degrees20 Degrees22 Degrees24 Degrees26 Degrees28 Degrees30 Degrees

9000

123.30 125.29 127.00 128.47 129.72 130.65 131.24 131.57 131.62 131.32 130.67

8750

125.63 127.82 129.69 131.32 132.58 133.51 134.12 134.33 134.28 133.79 133.11

8500

126.57 128.77 130.75 132.55 133.87 134.87 135.58 136.00 136.06 135.79 135.15

8250

127.59 129.91 132.03 133.79 135.17 136.32 137.10 137.56 137.70 137.43 136.82

8000

126.56 128.97 131.10 132.97 134.47 135.63 136.50 137.01 137.21 136.94 136.40

7750

124.13 126.55 128.89 130.71 132.26 133.53 134.47 135.11 135.29 135.09 134.60

7500

122.45 124.86 127.06 128.94 130.50 131.76 132.69 133.34 133.54 133.38 132.92

7250

120.81 123.10 125.11 126.87 128.37 129.56 130.49 131.08 131.37 131.24 130.75

7000

119.47 121.70 123.66 125.31 126.68 127.71 128.51 129.03 129.17 128.93 128.42

6750

117.02 119.31 121.27 123.01 124.41 125.53 126.33 126.82 127.04 126.84 126.33

6500

113.19 115.43 117.63 119.41 120.87 122.09 122.92 123.48 123.70 123.53 123.08

6250

108.01 110.30 112.41 114.26 115.83 117.11 118.11 118.76 119.10 119.04 118.64

6000

104.90 106.86 108.60 110.11 111.39 112.38 113.16 113.66 113.86 113.79 113.33

5750

103.20 105.13 106.76 108.16 109.19 110.07 110.80 111.16 111.28 111.13 110.56

5500

100.19 102.03 103.65 105.02 106.13 107.00 107.66 108.05 108.15 107.99 107.45

5250

95.43 96.97 98.39 99.58 100.57 101.36 101.96 102.33 102.40 102.26 101.78

5000

89.29 90.70 91.97 93.01 93.85 94.48 94.95 95.14 95.11 94.89 94.36

4750

83.26 84.61 85.75 86.72 87.52 88.09 88.44 88.55 88.49 88.17 87.63

4500

77.82 79.09 80.09 80.95 81.76 82.30 82.66 82.84 82.81 82.62 82.07

4250

75.02 75.92 77.06 77.68 78.47 78.90 79.09 79.27 79.14 78.93 78.31

4000

77.05 78.24 79.28 80.11 80.83 81.35 81.66 81.82 81.68 81.43 80.94

3750

69.24 70.28 71.20 71.98 72.61 73.00 73.25 73.41 73.33 73.01 72.55

3500

62.71 63.46 64.00 64.45 64.80 64.99 65.18 65.12 64.93 64.57 64.05

3250

59.10 59.85 60.52 60.97 61.26 61.47 61.49 61.42 61.24 60.87 60.27

3000

55.29 56.05 56.69 57.10 57.41 57.61 57.67 57.63 57.46 57.02 56.48

Average 100.29 102.05 103.62 104.94 106.02 106.85 107.44 107.78 107.84 107.60 107.07

Power (HP)


image49.emf
rpm 11.093CR 11.5CR 12CR 12.5CR 13CR 13.5CR 14CR 14.5CR 15CR

9000

139.51 141.49 143.31 145.00 146.58 148.05 149.41 150.66 151.86

8750

139.80 141.74 143.47 145.07 146.56 147.96 149.26 150.47 151.65

8500

140.42 142.31 143.95 145.44 146.82 148.15 149.36 150.46 151.51

8250

141.21 142.87 144.50 145.89 147.30 148.51 149.73 151.00 151.79

8000

140.96 142.62 144.13 145.56 146.83 148.07 149.18 150.28 151.22

7750

139.27 140.55 142.20 143.57 144.74 146.05 147.04 148.22 149.03

7500

137.36 138.52 139.95 141.44 142.63 143.84 145.04 146.13 147.07

7250

135.19 136.28 137.78 139.02 140.27 141.41 142.51 143.63 144.50

7000

132.96 134.07 135.39 136.68 137.89 138.99 140.05 141.01 141.94

6750

130.51 131.54 132.90 134.15 135.35 136.48 137.48 138.49 139.38

6500

127.50 128.67 130.07 131.42 132.66 133.82 134.90 135.85 136.76

6250

124.06 125.20 126.59 127.91 129.12 130.24 131.30 132.26 133.19

6000

119.70 120.88 122.35 123.68 124.89 125.93 126.89 127.78 128.65

5750

114.40 115.28 116.49 117.65 118.66 119.73 120.62 121.45 122.23

5500

110.21 111.14 112.31 113.38 114.38 115.28 116.09 116.87 117.58

5250

106.89 107.74 108.89 109.96 110.94 111.81 112.58 113.30 114.00

5000

101.84 102.60 103.67 104.72 105.66 106.54 107.35 108.09 108.79

4750

94.64 95.42 96.04 96.64 97.21 97.69 98.21 98.69 99.16

4500

87.15 87.78 88.61 89.33 89.99 90.51 90.97 91.36 91.69

4250

80.45 81.11 81.85 82.48 83.17 83.53 84.25 84.71 85.18

4000

84.58 85.25 85.89 86.52 87.10 87.63 88.19 88.77 88.91

3750

76.35 76.96 77.50 77.94 78.16 78.55 79.10 79.44 79.76

3500

69.90 70.32 70.71 71.08 71.43 71.70 71.91 72.16 72.37

3250

63.44 63.84 64.22 64.55 64.88 65.16 65.36 65.59 65.80

3000

57.61 57.94 58.27 58.57 58.85 59.08 59.30 59.48 59.65

Average 111.84 112.88 114.04 115.11 116.08 116.99 117.84 118.65 119.35

Power (HP)
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rpm 11.093CR 11.5CR 12CR 12.5CR 13CR 13.5CR 14CR 14.5CR 15CR

9000

110.38 111.95 113.39 114.73 115.98 117.14 118.22 119.21 120.16

8750

113.77 115.35 116.76 118.06 119.28 120.42 121.47 122.45 123.41

8500

117.64 119.22 120.59 121.85 123.00 124.12 125.13 126.05 126.93

8250

121.89 123.31 124.72 125.93 127.14 128.18 129.24 130.34 131.02

8000

125.47 126.95 128.29 129.57 130.70 131.80 132.79 133.77 134.61

7750

127.96 129.14 130.65 131.91 132.99 134.20 135.11 136.19 136.93

7500

130.42 131.52 132.88 134.29 135.42 136.57 137.71 138.74 139.64

7250

132.79 133.85 135.33 136.55 137.77 138.90 139.97 141.07 141.93

7000

135.26 136.38 137.73 139.04 140.27 141.39 142.47 143.44 144.39

6750

137.68 138.77 140.20 141.53 142.78 143.98 145.04 146.10 147.04

6500

139.68 140.96 142.50 143.97 145.33 146.61 147.78 148.83 149.83

6250

141.35 142.65 144.23 145.73 147.11 148.39 149.60 150.69 151.75

6000

142.06 143.46 145.20 146.78 148.23 149.46 150.60 151.66 152.69

5750

141.67 142.76 144.27 145.70 146.95 148.28 149.38 150.41 151.38

5500

142.69 143.89 145.42 146.79 148.09 149.26 150.30 151.31 152.24

5250

144.98 146.14 147.69 149.14 150.48 151.66 152.70 153.68 154.62

5000

145.04 146.13 147.65 149.14 150.48 151.73 152.88 153.94 154.94

4750

141.88 143.06 143.97 144.88 145.73 146.45 147.23 147.95 148.66

4500

137.91 138.91 140.21 141.37 142.40 143.22 143.96 144.57 145.09

4250

134.80 135.90 137.14 138.19 139.36 139.96 141.16 141.94 142.72

4000

150.57 151.76 152.90 154.03 155.06 156.00 157.00 158.03 158.29

3750

144.98 146.13 147.16 148.00 148.42 149.17 150.21 150.84 151.46

3500

142.21 143.07 143.86 144.61 145.33 145.88 146.31 146.81 147.23

3250

139.00 139.87 140.71 141.44 142.15 142.77 143.20 143.70 144.16

3000

136.75 137.53 138.32 139.03 139.68 140.24 140.76 141.18 141.59

Average 135.15 136.35 137.67 138.89 140.01 141.03 142.01 142.92 143.71

Torque (NM)


image51.emf
rpm 11.093CR 11.5CR 12CR 12.5CR 13CR 13.5CR 14CR 14.5CR 15CR

9000

0.813 0.816 0.817 0.817 0.818 0.818 0.818 0.819 0.819

8750

0.832 0.834 0.835 0.835 0.835 0.835 0.835 0.835 0.836

8500

0.854 0.856 0.856 0.856 0.856 0.856 0.855 0.855 0.855

8250

0.878 0.879 0.879 0.879 0.878 0.878 0.878 0.878 0.877

8000

0.896 0.897 0.896 0.896 0.895 0.895 0.894 0.894 0.893

7750

0.908 0.907 0.907 0.907 0.906 0.906 0.905 0.905 0.904

7500

0.922 0.920 0.920 0.920 0.919 0.919 0.919 0.919 0.919

7250

0.935 0.933 0.933 0.932 0.932 0.932 0.931 0.931 0.931

7000

0.949 0.947 0.947 0.946 0.946 0.946 0.945 0.945 0.945

6750

0.962 0.961 0.961 0.961 0.961 0.961 0.960 0.960 0.960

6500

0.971 0.971 0.972 0.973 0.974 0.975 0.975 0.975 0.976

6250

0.978 0.978 0.978 0.979 0.979 0.980 0.981 0.981 0.982

6000

0.978 0.979 0.981 0.982 0.983 0.983 0.983 0.984 0.984

5750

0.974 0.973 0.973 0.973 0.973 0.973 0.973 0.974 0.974

5500

0.979 0.978 0.978 0.978 0.978 0.979 0.978 0.979 0.979

5250

0.994 0.993 0.993 0.994 0.994 0.994 0.995 0.995 0.995

5000

0.996 0.994 0.995 0.996 0.996 0.997 0.998 0.999 0.999

4750

0.975 0.974 0.971 0.968 0.966 0.964 0.963 0.962 0.960

4500

0.946 0.944 0.944 0.944 0.943 0.942 0.941 0.939 0.937

4250

0.922 0.924 0.922 0.921 0.922 0.922 0.921 0.921 0.921

4000

1.037 1.036 1.035 1.034 1.033 1.032 1.032 1.032 1.031

3750

1.001 1.001 0.999 0.996 0.995 0.994 0.991 0.990 0.989

3500

0.993 0.991 0.988 0.986 0.983 0.981 0.978 0.976 0.974

3250

0.975 0.975 0.973 0.971 0.970 0.968 0.967 0.965 0.964

3000

0.967 0.966 0.965 0.963 0.962 0.960 0.959 0.958 0.956

Average 0.95 0.95 0.94 0.94 0.94 0.94 0.94 0.94 0.94

Volmetric Efficiency
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CR Average Power Change Average Torque Change Average VE Change

11.093 N/A N/A N/A

11.5 1.05 1.19 -0.00018

12 1.16 1.32 -0.00043

12.5 1.06 1.22 -0.00041

13 0.98 1.12 -0.00075

13.5 0.91 1.02 -0.00043

14 0.85 0.98 -0.00043

14.5 0.80 0.91 -0.00041

15 0.70 0.79 0.00000

Total Average Power (HP) Change Total Average Torque (NM) Change Total Average VEChange

0.94 1.07 -0.00038
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RPM 5⁰C 10⁰C 15⁰C 20⁰C 25⁰C 30⁰C 35⁰C 40⁰C 45⁰C 50⁰C 55⁰C 60⁰C 65⁰C 70⁰C 75⁰C 80⁰C 85⁰C 90⁰C

9000

137.48 137.31 137.15 136.99 136.82 136.66 136.51 136.35 136.19 136.03 135.88 135.73 135.57 135.41 135.26 135.10 134.94 134.79

8750

136.43 136.26 136.10 135.93 135.77 135.60 135.44 135.28 135.11 134.94 134.76 134.60 134.44 134.28 134.11 133.97 133.81 133.64

8500

135.20 134.79 134.63 134.46 134.30 134.13 133.97 133.82 133.41 133.25 133.10 132.94 132.78 132.62 132.45 132.31 132.15 131.98

8250

134.71 134.54 134.39 134.21 134.05 133.89 133.73 133.58 133.37 133.19 133.05 132.89 132.73 132.55 132.40 132.26 132.09 131.93

8000

132.33 132.17 131.99 131.85 131.71 131.54 131.40 131.22 131.08 130.90 130.75 130.60 130.45 130.29 130.13 129.97 129.82 129.67

7750

129.44 129.30 129.15 129.01 128.86 128.71 128.57 128.41 128.27 128.13 127.96 127.82 127.68 127.53 127.39 127.26 127.11 126.96

7500

127.65 127.50 127.35 127.20 127.05 126.90 126.78 126.63 126.48 126.33 126.18 126.04 125.90 125.75 125.62 125.47 125.32 125.19

7250

126.57 126.43 126.29 126.12 125.97 125.86 125.74 125.60 125.42 125.27 125.12 124.98 124.80 124.67 124.50 124.36 124.19 124.05

7000

125.12 124.93 124.79 124.63 124.48 124.33 124.18 124.01 123.88 123.72 123.57 123.44 123.31 123.15 122.98 122.84 122.69 122.55

6750

122.37 122.22 122.07 121.90 121.76 121.60 121.44 121.25 121.11 120.98 120.84 120.67 120.53 120.36 120.21 120.09 119.94 119.79

6500

118.34 118.21 118.06 117.90 117.75 117.59 117.42 117.27 117.13 116.98 116.84 116.71 116.57 116.41 116.26 116.13 115.97 115.83

6250

114.83 114.68 114.54 114.41 114.28 114.14 114.00 113.88 113.73 113.62 113.48 113.35 113.21 113.08 112.95 112.83 112.69 112.57

6000

112.73 112.62 112.51 112.38 112.25 112.14 112.01 111.91 111.78 111.66 111.55 111.43 111.31 111.19 111.08 110.95 110.86 110.70

5750

110.65 110.46 110.38 110.19 110.06 109.92 109.79 109.66 109.59 109.45 109.30 109.18 109.06 108.93 108.80 108.67 108.53 108.40

5500

107.23 107.09 106.93 106.77 106.62 106.50 106.34 106.18 106.05 105.91 105.75 105.58 105.47 105.31 105.15 105.02 104.87 104.72

5250

102.58 102.41 102.23 102.08 101.94 101.73 101.60 101.42 101.25 101.08 100.90 100.71 100.59 100.42 100.26 100.07 99.91 99.74

5000

95.62 95.45 95.28 95.10 94.94 94.76 94.60 94.41 94.25 94.07 93.91 93.74 93.54 93.42 93.24 93.07 92.92 92.75

4750

88.05 87.90 87.70 87.55 87.44 87.29 87.15 87.00 86.85 86.71 86.57 86.43 86.27 86.13 85.99 85.85 85.71 85.57

4500

82.56 82.44 82.31 82.13 82.01 81.89 81.77 81.71 81.60 81.48 81.41 81.30 81.08 81.03 80.92 80.80 80.62 80.51

4250

80.60 80.38 80.31 80.18 80.03 79.95 79.84 79.75 79.53 79.53 79.36 79.16 79.09 78.99 78.78 78.82 78.61 78.59

4000

82.28 82.12 82.02 81.88 81.78 81.67 81.54 81.42 81.30 81.19 81.06 80.93 80.82 80.71 80.58 80.50 80.34 80.25

3750

73.73 73.57 73.48 73.33 73.19 73.05 72.91 72.77 72.63 72.52 72.39 72.27 72.15 71.99 71.85 71.73 71.58 71.46

3500

66.49 66.37 66.20 66.09 65.98 65.91 65.82 65.64 65.51 65.45 65.29 65.16 65.05 65.02 64.87 64.76 64.60 64.49

3250

62.15 62.08 61.85 61.74 61.65 61.56 61.47 61.50 61.40 61.27 61.22 60.97 60.89 60.79 60.69 60.59 60.65 60.55

3000

58.05 57.97 57.88 57.79 57.70 57.61 57.53 57.43 57.34 57.25 57.17 57.08 57.01 56.92 56.82 56.74 56.64 56.57

Average:

106.53 106.37 106.22 106.07 105.94 105.80 105.66 105.52 105.37 105.24 105.10 104.95 104.81 104.68 104.53 104.41 104.26 104.13

Power
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rpm 6000rpm6500rpm7000rpm7500rpm8000rpm8500rpm9000rpm10000rpm

9000

135.80 134.92 137.28 136.00 135.44 134.72 133.73 133.33

8750

134.17 134.62 134.45 133.93 133.46 132.97 132.41 132.50

8500

132.07 132.69 132.57 132.37 131.75 131.76 131.19 132.21

8250

130.56 131.76 131.33 131.04 130.51 130.16 129.89 132.34

8000

129.92 130.46 130.13 128.94 128.73 127.85 128.70 131.77

7750

129.37 129.15 128.32 126.53 125.97 125.98 127.94 130.95

7500

128.58 127.56 124.60 124.13 123.55 125.55 127.59 131.30

7250

126.63 123.87 121.58 121.88 123.06 125.22 127.38 131.68

7000

123.26 118.87 119.91 120.56 122.69 124.92 127.06 131.45

6750

117.49 117.36 118.38 119.95 122.12 124.30 126.51 129.74

6500

113.99 116.10 116.83 119.09 121.25 123.44 125.64 127.03

6250

112.68 114.11 115.68 117.84 119.99 122.34 124.38 122.89

6000

110.83 112.03 114.04 116.24 118.66 120.90 121.56 119.21

5750

108.43 109.99 112.08 114.56 117.03 118.41 116.30 114.84

5500

105.59 107.65 109.97 112.74 114.45 112.93 111.29 110.42

5250

102.88 105.23 108.00 110.07 109.80 107.12 106.45 105.83

5000

100.21 103.05 105.45 105.79 103.23 102.52 102.34 100.72

4750

97.71 100.47 101.52 100.00 98.77 98.20 97.14 92.65

4500

95.51 97.88 98.13 94.96 91.94 89.56 87.01 84.19

4250

91.38 90.10 86.19 82.79 81.90 80.60 79.33 80.01

4000

84.63 81.78 80.19 79.51 79.04 79.90 81.09 81.94

3750

77.09 76.51 76.29 76.33 77.35 77.20 75.83 75.55

3500

72.30 72.27 73.33 72.39 69.98 69.15 68.78 69.23

3250

67.35 67.94 64.61 63.08 62.52 61.76 61.09 62.29

3000

60.53 58.29 57.52 55.12 53.77 54.28 56.38 55.39

Average 107.56 107.79 107.94 107.83 107.88 108.07 108.28 108.78

Power (HP)
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rpm 6000rpm6500rpm7000rpm7500rpm8000rpm8500rpm9000rpm10000rpm

9000

107.44 106.75 108.62 107.60 107.16 106.59 105.81 105.49

8750

109.19 109.56 109.42 108.99 108.61 108.21 107.76 107.83

8500

110.64 111.16 111.06 110.89 110.37 110.38 109.91 110.76

8250

112.70 113.73 113.35 113.10 112.65 112.35 112.11 114.23

8000

115.64 116.12 115.83 114.77 114.58 113.80 114.56 117.29

7750

118.87 118.67 117.91 116.26 115.74 115.76 117.55 120.33

7500

122.08 121.11 118.30 117.86 117.30 119.21 121.14 124.67

7250

124.37 121.67 119.42 119.71 120.87 122.99 125.11 129.34

7000

125.38 120.93 121.98 122.65 124.81 127.08 129.26 133.72

6750

123.95 123.81 124.89 126.55 128.83 131.13 133.46 136.87

6500

124.88 127.19 127.99 130.46 132.83 135.23 137.64 139.16

6250

128.39 130.01 131.80 134.26 136.71 139.39 141.71 140.01

6000

131.53 132.96 135.34 137.96 140.83 143.49 144.26 141.48

5750

134.28 136.21 138.80 141.88 144.93 146.64 144.03 142.22

5500

136.72 139.37 142.38 145.96 148.18 146.21 144.09 142.96

5250

139.54 142.74 146.49 149.29 148.93 145.29 144.38 143.54

5000

142.72 146.76 150.19 150.67 147.02 146.01 145.75 143.44

4750

146.48 150.63 152.19 149.91 148.06 147.21 145.63 138.89

4500

151.14 154.88 155.29 150.27 145.49 141.73 137.68 133.22

4250

153.12 150.97 144.42 138.71 137.23 135.04 132.92 134.05

4000

150.65 145.59 142.76 141.55 140.72 142.24 144.36 145.87

3750

146.38 145.28 144.86 144.95 146.88 146.59 144.00 143.46

3500

147.11 147.03 149.20 147.27 142.37 140.70 139.94 140.86

3250

147.56 148.85 141.57 138.21 136.97 135.31 133.85 136.49

3000

143.68 138.35 136.53 130.84 127.64 128.84 133.83 131.47

Average 131.78 132.01 132.02 131.62 131.43 131.50 131.63 131.91

Torque (NM)
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rpm 6000rpm6500rpm7000rpm7500rpm8000rpm8500rpm9000rpm10000rpm

9000

0.788 0.792 0.797 0.791 0.789 0.786 0.782 0.781

8750

0.798 0.802 0.801 0.799 0.796 0.794 0.792 0.794

8500

0.804 0.811 0.810 0.810 0.807 0.807 0.805 0.814

8250

0.816 0.825 0.823 0.821 0.818 0.818 0.817 0.835

8000

0.835 0.838 0.836 0.829 0.829 0.824 0.831 0.853

7750

0.853 0.852 0.847 0.835 0.834 0.836 0.850 0.873

7500

0.872 0.865 0.845 0.844 0.843 0.859 0.874 0.901

7250

0.884 0.864 0.851 0.856 0.867 0.884 0.901 0.929

7000

0.886 0.856 0.869 0.876 0.894 0.911 0.927 0.954

6750

0.873 0.878 0.889 0.903 0.921 0.939 0.953 0.966

6500

0.881 0.901 0.910 0.929 0.948 0.964 0.978 0.972

6250

0.906 0.921 0.936 0.956 0.973 0.989 1.000 0.972

6000

0.928 0.941 0.961 0.980 0.997 1.011 1.008 0.977

5750

0.947 0.964 0.985 1.004 1.020 1.025 0.994 0.979

5500

0.965 0.987 1.007 1.026 1.036 1.010 0.990 0.982

5250

0.987 1.009 1.031 1.043 1.031 0.997 0.990 0.987

5000

1.009 1.033 1.050 1.045 1.008 1.000 1.000 0.987

4750

1.033 1.053 1.056 1.029 1.014 1.011 1.001 0.955

4500

1.059 1.077 1.074 1.032 1.000 0.974 0.946 0.916

4250

1.069 1.045 0.990 0.950 0.938 0.924 0.910 0.919

4000

1.046 1.000 0.974 0.969 0.971 0.975 1.000 1.007

3750

1.011 0.995 0.995 1.015 1.039 1.007 0.995 0.995

3500

1.012 1.013 1.033 1.024 0.986 0.974 0.970 0.983

3250

1.024 1.038 0.986 0.959 0.951 0.942 0.935 0.953

3000

1.006 0.962 0.951 0.914 0.892 0.909 0.937 0.921

Average 0.9317 0.9330 0.9322 0.9296 0.9281 0.9267 0.9275 0.9282

Volumetric Efficiency
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rpm 6000rpm6500rpm7000rpm7500rpm8000rpm8500rpm9000rpm10000rpm

9000

148.61 147.27 147.68 147.91 148.74 150.32 151.87 154.14

8750

145.92 145.99 146.38 146.57 147.99 150.01 151.66 154.15

8500

144.02 144.70 144.82 145.36 147.78 149.77 151.51 153.88

8250

142.81 143.22 143.14 145.27 147.69 149.50 151.80 152.82

8000

141.48 141.39 141.85 145.04 147.22 149.64 151.25 150.84

7750

140.12 138.94 141.27 144.15 146.47 148.37 149.04 148.26

7500

137.16 137.31 140.36 143.04 145.21 146.58 147.08 146.54

7250

133.36 136.10 138.84 141.57 143.55 144.85 144.50 144.58

7000

131.22 134.51 137.23 139.91 141.68 142.15 141.90 141.25

6750

130.04 132.66 135.52 137.84 139.26 138.97 139.35 137.85

6500

127.77 130.88 133.32 135.68 135.92 136.23 136.73 135.48

6250

125.61 128.56 131.14 132.65 132.88 133.45 133.17 130.78

6000

123.26 126.01 128.90 129.12 129.72 129.75 128.65 126.23

5750

120.39 123.80 125.20 125.56 125.33 124.19 122.23 122.23

5500

117.76 121.15 121.32 120.26 119.52 118.74 117.56 118.22

5250

115.66 116.86 115.33 114.86 114.83 113.42 113.97 112.99

5000

112.43 110.63 110.12 111.00 109.95 109.85 108.82 105.74

4750

106.49 105.71 107.66 106.37 103.81 101.49 99.23 98.60

4500

102.33 102.55 99.65 93.83 91.71 90.30 91.71 90.24

4250

92.03 89.89 85.76 84.77 84.49 86.31 85.05 86.48

4000

85.05 83.75 82.70 85.18 86.21 87.73 88.89 89.38

3750

80.84 80.86 84.98 84.52 82.30 79.59 79.78 80.11

3500

78.42 78.25 74.00 71.45 71.76 72.09 72.40 72.03

3250

68.44 65.01 65.02 65.10 64.14 65.24 65.79 66.02

3000

59.32 57.88 57.92 57.99 59.10 59.55 59.65 59.47

Average 116.42 116.96 117.60 118.20 118.69 119.13 119.34 119.13

Power (HP)
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rpm 6000rpm6500rpm7000rpm7500rpm8000rpm8500rpm9000rpm10000rpm

9000

117.58 116.52 116.85 117.03 117.68 118.94 120.17 121.96

8750

118.75 118.81 119.12 119.29 120.44 122.08 123.42 125.45

8500

120.66 121.22 121.32 121.78 123.80 125.47 126.93 128.92

8250

123.27 123.62 123.55 125.39 127.48 129.04 131.02 131.90

8000

125.94 125.86 126.26 129.10 131.04 133.19 134.63 134.27

7750

128.75 127.66 129.81 132.45 134.58 136.32 136.94 136.22

7500

130.23 130.37 133.27 135.81 137.87 139.17 139.65 139.14

7250

130.99 133.67 136.37 139.05 140.99 142.27 141.93 142.00

7000

133.49 136.84 139.60 142.33 144.13 144.61 144.36 143.69

6750

137.18 139.95 142.97 145.42 146.91 146.61 147.01 145.42

6500

139.97 143.39 146.05 148.64 148.90 149.25 149.79 148.43

6250

143.12 146.48 149.41 151.14 151.39 152.05 151.73 149.01

6000

146.29 149.55 152.98 153.25 153.96 153.99 152.68 149.81

5750

149.10 153.32 155.05 155.49 155.22 153.80 151.37 151.38

5500

152.47 156.85 157.07 155.71 154.75 153.74 152.20 153.07

5250

156.87 158.51 156.43 155.80 155.75 153.84 154.58 153.26

5000

160.13 157.55 156.83 158.09 156.59 156.44 154.97 150.59

4750

159.64 158.47 161.41 159.47 155.62 152.15 148.75 147.82

4500

161.93 162.28 157.70 148.48 145.13 142.89 145.12 142.80

4250

154.20 150.62 143.69 142.03 141.57 144.62 142.50 144.89

4000

151.41 149.10 147.22 151.64 153.47 156.19 158.25 159.12

3750

153.52 153.55 161.36 160.49 156.29 151.14 151.49 152.13

3500

159.56 159.20 150.55 145.37 146.00 146.68 147.29 146.55

3250

149.96 142.44 142.47 142.65 140.53 142.95 144.15 144.65

3000

140.80 137.39 137.48 137.64 140.28 141.36 141.59 141.16

Average 141.83 142.13 142.59 142.94 143.22 143.55 143.70 143.35

Torque (NM)
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rpm 6000rpm6500rpm7000rpm7500rpm8000rpm8500rpm9000rpm10000rpm

9000

0.798 0.793 0.797 0.800 0.803 0.812 0.819 0.826

8750

0.802 0.806 0.810 0.810 0.818 0.829 0.836 0.843

8500

0.813 0.819 0.820 0.823 0.837 0.848 0.855 0.861

8250

0.827 0.832 0.831 0.844 0.858 0.868 0.877 0.877

8000

0.842 0.842 0.846 0.865 0.878 0.889 0.894 0.888

7750

0.857 0.850 0.867 0.884 0.897 0.904 0.905 0.899

7500

0.863 0.867 0.887 0.903 0.914 0.918 0.919 0.917

7250

0.865 0.887 0.906 0.923 0.930 0.934 0.931 0.932

7000

0.882 0.907 0.926 0.940 0.945 0.945 0.944 0.936

6750

0.906 0.927 0.946 0.955 0.959 0.956 0.960 0.944

6500

0.925 0.949 0.963 0.971 0.969 0.972 0.975 0.961

6250

0.946 0.969 0.979 0.982 0.984 0.989 0.982 0.963

6000

0.968 0.985 0.996 0.994 0.999 0.997 0.984 0.966

5750

0.987 1.003 1.004 1.008 1.005 0.990 0.974 0.974

5500

1.006 1.019 1.016 1.008 0.997 0.986 0.979 0.986

5250

1.028 1.025 1.011 1.005 0.999 0.988 0.995 0.989

5000

1.038 1.018 1.013 1.016 1.006 1.008 1.000 0.973

4750

1.031 1.025 1.043 1.027 1.005 0.983 0.961 0.955

4500

1.055 1.055 1.018 0.959 0.937 0.923 0.937 0.923

4250

1.004 0.973 0.928 0.916 0.913 0.933 0.919 0.938

4000

0.983 0.960 0.950 0.980 0.994 1.013 1.030 1.040

3750

0.993 0.995 1.053 1.050 1.020 0.987 0.989 1.005

3500

1.041 1.049 0.987 0.951 0.956 0.963 0.974 0.975

3250

0.989 0.938 0.937 0.941 0.929 0.951 0.964 0.971

3000

0.934 0.908 0.911 0.915 0.939 0.953 0.956 0.956

Average 0.935 0.936 0.938 0.939 0.940 0.942 0.942 0.940

Volumetric Efficiency
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7, 8, 9k 7.5k, 9k 8.5k, 9k 8, 8.5, 9K 9K 2nd/3rd harm. 7.5k, 9k 8.5k, 9k

Power (HP) 108.41 107.03 106.73 111.80 111.84 111.66 111.86

Torque (NM) 132.20 129.73 129.25 135.04 135.15 134.85 135.13

VE 0.93 0.94 0.93 0.94 0.95 0.94 0.95

LCB 3-into-1

LCB vs 3-into-1 Comparison
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rpm 6000 6500 7000 7500 8000 8500 9000 10000

9000

137.95 139.11 140.39 140.99 141.50 141.63 140.09 140.92

8750

138.34 139.71 140.82 140.16 140.46 139.71 139.34 139.60

8500

138.12 140.38 137.89 139.83 139.30 138.49 138.39 138.67

8250

139.45 139.23 139.16 138.57 138.06 137.45 137.56 137.79

8000

140.02 135.80 137.37 136.92 135.44 136.03 136.28 136.75

7750

134.90 134.88 134.49 134.34 133.36 133.91 134.07 134.79

7500

131.19 132.58 132.33 130.41 131.46 131.80 132.10 133.07

7250

130.67 130.59 130.37 129.41 129.71 130.00 130.42 130.16

7000

128.99 128.51 127.41 127.94 128.09 128.53 128.26 128.00

6750

127.04 126.79 126.12 126.31 126.43 125.96 126.76 122.45

6500

125.10 124.18 124.62 124.51 124.10 125.21 125.90 122.08

6250

122.81 122.65 122.15 121.93 123.26 124.22 124.61 119.69

6000

119.35 119.07 119.01 120.27 121.48 122.10 118.67 115.01

5750

115.47 115.37 116.46 117.71 117.94 116.09 111.66 110.62

5500

111.44 113.17 114.03 113.55 112.49 108.76 107.09 106.37

5250

110.14 110.70 110.00 109.08 106.08 103.45 103.62 102.00

5000

106.19 105.65 105.02 102.79 98.67 98.55 97.45 97.67

4750

98.02 97.24 96.13 91.71 90.55 90.54 90.72 89.82

4500

88.02 87.58 84.57 81.06 82.54 82.73 82.19 81.62

4250

81.08 79.88 76.85 77.84 77.82 77.58 77.39 77.50

4000

80.80 82.52 80.90 81.61 81.33 81.34 81.23 81.16

3750

74.45 71.39 72.81 72.52 72.42 72.40 72.60 75.35

3500

65.51 64.74 65.03 65.12 65.16 65.32 66.33 68.92

3250

56.78 58.71 59.08 59.39 59.49 60.52 62.45 62.86

3000

54.19 55.00 55.35 55.11 55.98 57.22 57.07 57.09

Average 110.24 110.22 109.93 109.56 109.33 109.18 108.89 108.40

Power (HP)
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rpm 6000 6500 7000 7500 8000 8500 9000 10000

9000

109.15 110.06 111.08 111.56 111.96 112.06 110.84 111.50

8750

112.59 113.70 114.60 114.06 114.31 113.70 113.40 113.61

8500

115.71 117.60 115.52 117.14 116.70 116.02 115.94 116.17

8250

120.37 120.18 120.12 119.61 119.16 118.64 118.73 118.93

8000

124.64 120.87 122.28 121.88 120.56 121.08 121.30 121.72

7750

123.95 123.93 123.57 123.44 122.54 123.04 123.18 123.85

7500

124.56 125.88 125.64 123.82 124.82 125.14 125.42 126.35

7250

128.34 128.26 128.05 127.10 127.40 127.68 128.10 127.84

7000

131.22 130.73 129.61 130.15 130.30 130.76 130.47 130.21

6750

134.02 133.76 133.05 133.26 133.38 132.88 133.72 129.18

6500

137.05 136.04 136.52 136.40 135.95 137.17 137.93 133.74

6250

139.92 139.74 139.17 138.92 140.43 141.53 141.98 136.37

6000

141.64 141.31 141.25 142.74 144.18 144.91 140.84 136.50

5750

143.00 142.88 144.23 145.78 146.06 143.76 138.28 136.99

5500

144.29 146.52 147.63 147.01 145.64 140.81 138.65 137.72

5250

149.40 150.15 149.20 147.95 143.89 140.32 140.55 138.35

5000

151.23 150.46 149.57 146.39 140.53 140.35 138.79 139.10

4750

146.95 145.77 144.12 137.48 135.74 135.73 136.00 134.65

4500

139.29 138.60 133.83 128.28 130.62 130.92 130.06 129.16

4250

135.85 133.85 128.77 130.42 130.39 129.99 129.67 129.86

4000

143.85 146.91 144.01 145.28 144.78 144.80 144.60 144.49

3750

141.38 135.57 138.26 137.71 137.53 137.49 137.86 143.08

3500

133.28 131.71 132.31 132.49 132.57 132.89 134.95 140.22

3250

124.41 128.64 129.45 130.12 130.35 132.60 136.82 137.72

3000

128.62 130.55 131.38 130.81 132.87 135.81 135.46 135.51

Average 132.99 132.95 132.53 131.99 131.71 131.60 131.34 130.91

Torque (NM)
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rpm 6000 6500 7000 7500 8000 8500 9000 10000

9000

0.803 0.809 0.815 0.815 0.817 0.811 0.812 0.810

8750

0.822 0.830 0.831 0.826 0.828 0.823 0.821 0.823

8500

0.840 0.850 0.831 0.843 0.840 0.835 0.835 0.838

8250

0.867 0.855 0.860 0.856 0.853 0.849 0.850 0.855

8000

0.888 0.858 0.869 0.866 0.857 0.861 0.863 0.869

7750

0.875 0.878 0.875 0.874 0.868 0.871 0.874 0.881

7500

0.878 0.888 0.887 0.874 0.882 0.885 0.888 0.895

7250

0.902 0.902 0.901 0.895 0.898 0.901 0.905 0.901

7000

0.920 0.917 0.910 0.914 0.916 0.920 0.919 0.913

6750

0.938 0.937 0.932 0.934 0.937 0.934 0.940 0.901

6500

0.958 0.951 0.955 0.956 0.953 0.963 0.967 0.934

6250

0.977 0.976 0.973 0.972 0.984 0.991 0.991 0.950

6000

0.986 0.984 0.985 0.996 1.007 1.010 0.976 0.947

5750

0.992 0.992 1.003 1.015 1.016 0.995 0.956 0.949

5500

0.998 1.015 1.024 1.021 1.008 0.969 0.957 0.952

5250

1.034 1.041 1.036 1.025 0.990 0.968 0.970 0.961

5000

1.050 1.046 1.039 1.009 0.968 0.970 0.964 0.968

4750

1.021 1.013 0.997 0.946 0.939 0.944 0.947 0.939

4500

0.966 0.959 0.920 0.884 0.906 0.909 0.904 0.900

4250

0.937 0.921 0.882 0.903 0.903 0.902 0.902 0.904

4000

0.997 1.015 1.000 1.011 1.008 1.009 1.009 1.011

3750

0.984 0.943 0.964 0.961 0.963 0.963 0.967 1.010

3500

0.928 0.922 0.927 0.930 0.932 0.935 0.952 0.997

3250

0.872 0.904 0.911 0.917 0.922 0.940 0.977 0.985

3000

0.908 0.923 0.931 0.931 0.948 0.979 0.973 0.971

Average 0.93 0.93 0.93 0.93 0.93 0.92 0.92 0.92

Volumetric Efficiency
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rpm 6000 7000 8000 9000 10000

9000

117.32 119.06 117.30 115.32 113.17

8750

119.79 120.91 118.19 115.78 114.83

8500

124.03 122.29 119.83 117.51 116.57

8250

129.95 123.95 121.84 119.89 118.59

8000

129.59 125.66 123.95 122.15 121.28

7750

129.38 127.47 124.21 123.34 123.77

7500

132.19 129.12 125.75 124.72 128.56

7250

133.45 130.49 127.91 126.64 132.51

7000

134.73 132.11 130.15 129.43 135.99

6750

136.05 132.56 131.76 134.68 139.32

6500

137.23 134.08 134.20 140.62 142.34

6250

138.41 136.87 137.22 144.56 145.14

6000

139.53 139.15 142.52 147.26 147.24

5750

140.28 141.24 147.65 148.61 149.28

5500

141.31 143.62 150.14 149.89 151.47

5250

145.41 147.52 151.55 151.98 153.97

5000

148.45 150.92 153.29 153.72 153.52

4750

148.98 155.09 153.04 150.43 151.21

4500

154.35 151.77 145.72 146.57 149.99

4250

147.37 144.18 144.14 147.36 149.19

4000

145.62 148.39 153.12 156.37 160.05

3750

149.98 158.10 155.33 154.34 154.96

3500

158.92 149.96 150.88 149.57 145.60

3250

147.67 146.89 144.65 145.43 141.72

3000

142.86 142.83 142.39 139.72 137.82

Average 138.91 138.17 137.87 138.24 139.12

Torque (NM)
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rpm 6000 7000 8000 9000 10000

9000

148.27 150.48 148.26 145.75 143.04

8750

147.20 148.57 145.23 142.27 141.09

8500

148.05 145.97 143.04 140.27 139.14

8250

150.55 143.60 141.16 138.90 137.40

8000

145.59 141.17 139.25 137.22 136.25

7750

140.81 138.73 135.18 134.23 134.70

7500

139.23 135.99 132.45 131.36 135.40

7250

135.87 132.86 130.23 128.94 134.91

7000

132.44 129.86 127.94 127.23 133.68

6750

128.97 125.66 124.90 127.67 132.06

6500

125.26 122.38 122.50 128.36 129.93

6250

121.48 120.13 120.44 126.88 127.39

6000

117.57 117.25 120.08 124.08 124.07

5750

113.27 114.05 119.22 120.00 120.54

5500

109.14 110.92 115.96 115.77 116.99

5250

107.21 108.76 111.73 112.05 113.52

5000

104.24 105.97 107.63 107.94 107.79

4750

99.38 103.45 102.09 100.34 100.86

4500

97.54 95.91 92.09 92.62 94.79

4250

87.95 86.05 86.03 87.95 89.04

4000

81.80 83.35 86.01 87.84 89.90

3750

78.98 83.26 81.80 81.28 81.61

3500

78.11 73.71 74.16 73.52 71.56

3250

67.40 67.04 66.02 66.37 64.68

3000

60.19 60.17 59.99 58.86 58.06

Average 114.66 113.81 113.33 113.51 114.34

Power (HP)


image73.emf
rpm 6000 7000 8000 9000 10000

9000

0.801 0.805 0.792 0.780 0.772

8750

0.816 0.813 0.796 0.781 0.779

8500

0.840 0.819 0.804 0.791 0.788

8250

0.870 0.827 0.814 0.806 0.798

8000

0.854 0.835 0.825 0.818 0.810

7750

0.853 0.844 0.823 0.823 0.823

7500

0.868 0.851 0.832 0.831 0.852

7250

0.874 0.858 0.846 0.842 0.873

7000

0.881 0.867 0.862 0.857 0.894

6750

0.887 0.868 0.871 0.887 0.916

6500

0.895 0.878 0.886 0.924 0.935

6250

0.902 0.899 0.904 0.946 0.952

6000

0.909 0.917 0.935 0.963 0.966

5750

0.913 0.931 0.968 0.970 0.980

5500

0.921 0.946 0.979 0.978 0.996

5250

0.953 0.968 0.988 0.994 1.017

5000

0.978 0.986 1.000 1.013 1.017

4750

0.983 1.013 1.004 0.994 1.006

4500

1.018 0.997 0.957 0.969 0.999

4250

0.969 0.943 0.950 0.978 0.997

4000

0.953 0.973 1.016 1.052 1.069

3750

0.987 1.049 1.044 1.042 1.021

3500

1.057 1.008 1.022 1.013 0.956

3250

0.988 0.994 0.991 0.965 0.934

3000

0.966 0.983 0.975 0.926 0.914

Average 0.92 0.91 0.92 0.92 0.92

Torque (NM)
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RPM 1330cc 14:1CR 1460cc 11:1 CR 1596cc 10:1

9000 169.94 159.61 155.10

8750 169.10 160.27 156.16

8500 168.36 160.82 157.02

8250 168.73 162.21 157.58

8000 168.04 162.80 157.78

7750 166.65 162.68 157.48

7500 164.50 161.44 157.01

7250 160.69 159.28 156.30

7000 156.46 156.12 154.87

6750 151.61 151.88 151.95

6500 146.29 145.69 147.11

6250 139.59 139.38 142.83

6000 134.01 134.08 138.27

5750 128.04 129.79 133.57

5500 122.44 124.74 128.71

5250 116.56 118.96 122.92

5000 110.31 113.18 118.42

4750 104.49 111.39 117.34

4500 102.33 106.21 111.40

4250 92.85 97.92 104.61

4000 87.47 92.54 97.38

3750 85.64 90.91 91.67

3500 79.99 85.44 85.49

3250 73.25 78.44 78.37

3000 65.72 70.68 71.06

Average: 129.32 129.46 130.02

Power (HP)


image77.emf
RPM 1330cc 14:1CR 1460cc 11:1 CR 1596cc 10:1

9000 134.46 126.28 122.72

8750 137.62 130.43 127.08

8500 141.04 134.73 131.55

8250 145.64 140.01 136.01

8000 149.57 144.91 140.44

7750 153.12 149.48 144.70

7500 156.18 153.28 149.08

7250 157.83 156.45 153.52

7000 159.17 158.82 157.55

6750 159.94 160.23 160.30

6500 160.27 159.60 161.16

6250 159.04 158.81 162.73

6000 159.04 159.13 164.11

5750 158.57 160.73 165.42

5500 158.52 161.50 166.65

5250 158.09 161.35 166.73

5000 157.11 161.18 168.65

4750 156.64 167.00 175.91

4500 161.93 168.06 176.28

4250 155.56 164.07 175.28

4000 155.72 164.74 173.36

3750 162.62 172.63 174.07

3500 162.74 173.84 173.94

3250 160.49 171.87 171.71

3000 155.99 167.76 168.66

Average: 155.08 157.08 158.70

Torque (NM)
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RPM 1330cc 14:1CR 1460cc 11:1 CR 1596cc 10:1

9000 0.887 0.831 0.777

8750 0.902 0.851 0.797

8500 0.921 0.872 0.817

8250 0.947 0.900 0.837

8000 0.966 0.924 0.857

7750 0.983 0.946 0.877

7500 0.997 0.964 0.898

7250 1.001 0.978 0.919

7000 1.006 0.986 0.936

6750 1.007 0.988 0.946

6500 1.005 0.978 0.945

6250 0.993 0.970 0.948

6000 0.992 0.968 0.952

5750 0.988 0.976 0.954

5500 0.988 0.979 0.957

5250 0.985 0.976 0.955

5000 0.980 0.974 0.963

4750 0.980 1.009 1.003

4500 1.016 1.016 1.005

4250 0.978 0.992 1.001

4000 0.980 0.996 0.990

3750 1.032 1.050 0.997

3500 1.052 1.072 1.002

3250 1.050 1.067 0.997

3000 1.033 1.050 0.986

Average: 0.99 0.97 0.93

Volumetric Efficiency 
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