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Abstract 
 

This body of work will begin by conducting a thorough literature review of two-stroke controlled 

auto-ignition. The focus of this literature review will be to explore design criteria both physical 

and theoretical, proving the validity of this concept. Having proved concept validity, the focus 

will then shift to the analysis of physical components and engine pressure data from a current 

KTM 250cc TPI fuel injected engine. The engine pressure data will be analysed through an 

Excel combustion model, to better understand the different components of combustion and 

their relevance to controlled auto-ignition. Combining with the excel model will be a 1D 

simulation model built in the Engmod2T simulation package, the aim being to predict residual 

gas values. The aim is to arrive at a point where a clear and confident strategy for the 

implementation and feasibility of two-stroke controlled auto-ignition can be stated and the 

theoretical potential of the subject engine reviewed. 
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Chapter 1 -  Introduction 
 

1.1 – Background & Introduction 
 

In normal two-stroke engines there is often misfiring and a high percentage of residual exhaust 

gas at light loads especially around idle. In the book “HCCI and CAI Engines for the Automotive 

Industry” (Zhao, 2007) it is mentioned how the residual gas amount can be more than 80%. In 

scenarios such as this it takes several cycles to scavenge the residual gas and allow the gas 

balance to return to a level suitable for spark ignition. When the load graduates past this low 

load point the residual gases do start to decrease, but not sufficiently and as such there is still 

incomplete combustion which creates a cyclic speed variation, or the phenomena known as 

surging (almost as if the engine is running away with itself, tripping up and then repeating). 

The engine does not begin to run completely smoothly until load and engine speed increases 

to a level where the residual gas drops sufficiently to allow constant and complete spark 

ignition. The majority of two stroke engines would begin to auto ignite if the load was kept low 

and the engine speed increased but the reality of real world driving conditions dictates that 

this does not happen.  

So, the question is how this inherent disadvantage be turned to an advantage and how can 

this be implemented in a modern two-stroke engine? 

Auto-ignition is referred to with a rather large number of acronyms depending on the author 

and source, though loosely speaking two different scenarios can be defined; 

 

1. CAI “Controlled Auto-Ignition”- (ATAC, AR, IAPAC); 
ATAC = Active Thermo-Atmosphere Combustion (Shingeru Onishi) 

AR = Active Radical Combustion (Honda Motor Co Ltd) 

IAPAC= Injection Assistee Par Air Comprime (IFP, France) 

 

This category can be described as auto-ignition in the two-stroke engine at low load / part 

throttle where there is a high percentage of residual gas. 

 

2. HCCI “Homogeneous Charge Compression Ignition” 
Described as auto-ignition where the precursory bias or defining catalyst is high compression 

ratio, generally adopted in four-stroke-engines. 
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Two-Stroke CAI (Controlled Auto-Ignition) 

A number of different development paths have been followed from the early 70’s’s through to 

present, in terms of CAI for the high performance two-stroke it seems almost all of the work 

has been conducted by Honda Motor Co Ltd (Ishibashi et al). In all the research papers on 

CAI Honda have achieved the necessary levels of residual gas using an exhaust trapping 

valve. Modern high performance two strokes already are fitted with exhaust valves to modulate 

the exhaust port height / area and thus improve performance. Specifically, in terms of 

integration it would be necessary that the exhaust valve had a more extreme range of potential 

closure vs a conventional engine – it would also be necessary to have electronic control of the 

exhaust valve. 

Current Technology: 

Currently most two-stroke bikes produced are still carburetted, with KTM only just having 

begun to adopt Transfer Port Injection (TPI) - though it is generally acknowledged that 

incremental improvements such as this won’t be sufficient in the long term. To enable the 

longer term commercial viability of two-strokes it is almost certain stratified scavenging / direct 

injection will need to be adopted to negate the inherent problem of short circuited mixture. If 

at the same time CAI can be implemented, then certainly it is a subject worth investigating. 

Interestingly Hondas development path naturally converged, combining CAI and direct 

injection to bring specific reciprocal as well as individual advantages.  

Figure 1 shows direct injected engines developed by Honda from 1997 to 2007, the 1997 

engine (Ishibashi, et al., 1997) uses in cylinder charge and a conventional injector to enable 

air assisted direct injection. The 2007 engine (Nishida, et al., 2007) incorporates a much more 

complicated system and modified combustion chamber targeting residual gas hot spots and 

thus enlarging the CAI operational window (almost until idle).   

 

Figure 1 - CAI Direct Injection (Ishibashi, et al., 1997) &  (Nishida, et al., 2007) 
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1.2 – Outline 
 

• Chapter 1: Introduction 
This chapter covers a quick review of background information regarding two-stroke 

CAI and presents the approach and outline of the project. 

 

• Chapter 2: Literature Review and Research  
This chapter details the strategy and approach that has been taken to support and 

validate the project through an extensive literature review, whilst also providing key 

pieces of information. 

 

• Chapter 3: Project Planning and Management 
This chapter details very briefly the approach, acquisition of resources and time 

management that was necessary to successfully complete the project. 

 

• Chapter 4: Geometric Investigation 
This chapter is an investigative exercise reviewing a cylinder and cylinder head from 

Hondas commercially released 250cc CAI engine and comparing it with those from 

its closely related SI predecessor and the supplied KTM engine. 

 

• Chapter 5: Excel Model 
This chapter focuses on a basic but fundamentally sound analysis of the engine 

pressure data supplied by KTM and the various linked attributes that can be 

extrapolated. 

 

• Chapter 6: Excel Model (Combustion Chemistry) 
This chapter takes the information from chapters 5&6 and uses it analyse the pre-

combustion gas exchange process and estimate a temperature at exhaust port close 

and subsequently whether the in-cylinder conditions meet the requirement for CAI. 

 

• Chapter 7: Auto-Ignition Calculations 
This chapter covers the final considerations and calculations to predict the possibility 

of auto-ignition. 
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• Chapter 8: Analysis 
This chapter predominantly cover analysis of the work conducted in 4-7, looking at 

any fundamental issues areas of interest that have arisen and the project as a whole. 

 

• Chapter 8: Conclusion & Further Work 
This chapter overlaps slightly with analysis, but the purpose of this chapter is to draw 

upon the work done and contrast it with research to clearly state the future direction 

for body of work. 

 

• Appendix A: 1D Simulation Model 
This appendix shows the creation of 1D simulation model in the software 

“EngMod2T” with the aim of analysing the residual gas concentration in the KTM 

engine. This model will be created using three sources of data; supplied data such as 

ignition timing, combustion duration and vibe constants from the excel model and 

physical geometry data from the parts supplied by KTM. 

 

 

• Appendix B: Excel 
This Appendix covers a brief view of the structure and content indicative of the excel 

spreadsheets created for chapters 5 & 6. 

 

• Bibliography & References: Citations 
This contains all cited citations, reference list and reading list most relevant reading 

from the literature review. 

 

• Nomenclature & Abbreviations: Supplementary Information 
This section contains all supporting mathematical / scientific nomenclature and any 

abbreviations used. 

 
• Figures & Equations: Supplementary Information 

This section contains 2 lists, one for all figures used throughout and a second for all 

equations used. 
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Chapter 2 – Project Planning and Management 
 

2.1 – Approach 
Table 1 - Project Approach (Vacas, Authors Own) 

 

Table 1 shows the very early and graduated approach taken with this project, the project as a 

defined concept was not present initially, but rather there was the motivation and interest 

necessary to take pre-emptive approach. This shows the positive impact of building a project 

around interests and pursuits that are already in some way prevalent in your agenda. 

2.2 - Resourcing 
 

An important aspect of project planning covered in tables 1 and 2 was the all-important 

element of resource planning, whether in academia or business it is essential that resources 

are available when needed. Resource planning became one of the earliest focal points and 

without the early and graduated approach the resources and help acquired would have been 

impossible to obtain. The pre-emptive approach proved successful and meant that throughout 

the project there were little, or no hold ups due to resources – meaning that the focal bias 

could be placed upon academic work.  

2.3 – Time Management 
Table 2 - Project Planning (Vacas, Authors Own) 

 

Table 2 shows what is still a pre-emptive approach, but it also showed how planning changed 

as the academic year approached, as well as having self-prescribed tasks it was now 

important to start implementing gateways comprised of tasks such as academic presentations 

but also including some essential tasks such as combustion data acquisition. 
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Chapter 3 – Literature Review and Research  
3.1 – Strategy 
 

Whether consciously implemented or present by default, strategy is ever important when 

reviewing literature and conducting research. This chapter aims to display how a broad, 

diverse and multi-faceted approach was taken to produce a meaningful body of information 

from which a successful project could be conducted. 

Importantly the literature review did not begin because it had to as an academic pre-requisite, 

rather more the literature review was a process that continued from where the author already 

was. This is where the merits of motivation and interest become more than just positive 

adjectives. Having strong motivation in the subject area means that the author did not need to 

wait for clear objectives before the literature review began and naturally the level of interest 

dictated that a wide scope and diverse range of sources were explored including fringe 

material. 

Without a rigid structure there was the freedom to explore without pressure – though 

retrospectively a simplified overview of how strategy & approach evolved can be seen in 3 

stages below; 

Stage 1:  2016 onwards 

Source Bias: Magazines, Websites, Forums, People 

The objective of this stage was simply “to investigate” - in terms of content nothing was off 

bounds - websites, magazines, online forums, books, journals and people. Whilst sources 

such as websites, magazines and forums are not generally dominant as referencing 

convention in academia, they do importantly act as bridges between sources. Facts or figures 

from spurious sources may not always be verifiable but they do spark an investigation – the 

small pieces of unverified information lead to questioning and through credible sources (books 

& journal papers etc) you can either credit, discredit or clarify these pieces of information. 

As an example, (Takashi, 2003) is an enthusiast run website (Japanese Yahoo GeoCities) 

detailing the history of Honda’s 250cc production bike with CAI – this website is a stand out 

example of why it is important to employ a less rigid approach to research. Contained within 

this website was a lot of information regarding the practical application of CAI along with the 

citation of sources (magazines and technical symposiums) - there was also information 

(Japanese press releases) on this website that currently has not been found anywhere else.  
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Figure 2 - Exhaust Valve Comparison (Takashi, 2003) 

Figure 2 (Takashi, 2003) is a good illustration of the difference between a commercial CAI 

trapping valve (CRM250AR 1997-1999 ARC/V) and that of the traditional exhaust valve 

(CRM250 1994-1996 RC/V). This information would later be verified by geometric 

investigation of the physical cylinder’s / valves. 

 

Figure 3 - CRM250AR CAI Deceleration Device (Takashi, 2003) 

Furthermore, Figure 3 (Takashi, 2003) shows some aspects of the deceleration device fitted 

to the Honda’s CRM250 AR production bike – this information was of interest as discussed 

later the control of irregular CAI around idle / deceleration is an important aspect of overall 

system control and modal transition. 

Stage 2 – early 2017 onwards 

Source Bias: Technical Papers, Research Journals 

The initial broad research in stage 1 (in its own right) procured several pieces of standout 

information and from the point of progression it gave clear indication of how and where CAI 

had been implemented commercially into two different production vehicles (Honda 

CRM250AR and Pantheon 125AR) and one race bike (Honda EXP-2). Looking past this initial 

information it also provided a number investigative starting points into the specifics of two-
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stroke CAI and specifically in relation to motorbikes. Stage one set the scene and gave global 

focus, stage 2 aimed to dig deeper in terms of mechanisms and a more acute technical focus. 

One of the first papers discovered when searching for further technical information was “Basic 

Understanding of Activated Radical Combustion and its Two-Stroke Engine Application and 

Benefits”  (Ishibashi, 2000). Highlighting two key pieces of information from this paper, it gave 

a target for CAI temperature as well as indicating how changed with AFR Figure 3 (Ishibashi, 

2000). 

 

Figure 4 - CAI Temperature (Ishibashi, 2000) 

In addition to providing some key technical targets this and other similar papers began to 

validate one of the core reasons for pursuing this technology. From these technical papers 

reasons began to resonate and re-affirm the validity of this project. The research was clearly 

showing that fuel consumption and emissions could be drastically reduced and Figure 5  

(Asai, et al., 1995) shows the reduction in BSFC and BSHC of the 400cc EXP-2 Dakar rally 

bike. 

 

Figure 5 – EXP-2 Emissions & Fuel Consumption (Asai, et al., 1995)  

The paper “Analysis on Fuel Economy Improvement and Exhaust Emission Reduction in a 

Two-Stroke Engine by Using an exhaust Valve” (Asai, et al., 1995) not only highlighted the 
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improvement in BSFC and emissions but also began to highlight how two-stroke CAI could 

reduce the irregular combustion that is inherent to two-strokes at low load. Figure 6 (Asai, et 

al., 1995) is a great visual indicator of how this could improve the torque characteristics and 

thus the drivability of the two-stroke engine,  

 

Figure 6 - EXP-2 Torque Characteristics (Asai, et al., 1995) 

The characteristics shown in Figure 6 (Asai, et al., 1995) are further displayed in Figure 7 (Asai 

& Ishibashi, 1996 International Congress & Exposition), here they are shown in terms of cyclic 

variation of IMEP. 

 

Figure 7 -  IMEP Cyclic Variation (Asai & Ishibashi, 1996 International Congress & Exposition) 

 

Stage 3 – mid/late 2017 onwards 

Source Bias: Technical Papers, Research Journals, Patents, Books 

It can be said that the initial research conducted in stages 1 & 2 enabled the author to explore 

an area of interest and develop and validate the choice of project. Stage 3 continued in much 

the same manner as Stage 2, but with a greater sense of direction the research could now 

become more intense and focused. 
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Figure 8 - CAI Exhaust Valve (Wakabayashi, et al., 1994) 

One area of interest was the exploration of patents, though the language used in patents is 

not easy reading, the addition of images / figures can really help understand and link word 

heavy articles. Often the patents relate directly to journal articles and include much more 

detailed images of the parts and processes than would be included in typical articles. So, 

whilst it may seem odd to go from journal papers to looking at pictures, it is in fact a really 

important tool to gain a better perspective and connect the dots. A good example of this is 

Figure 8 (Wakabayashi, et al., 1993), from patent “Throttle-valve control apparatus for spark-

ignition two-cycle engines – US5495836” gives a cross-sectional view of a CAI exhaust 

throttling valve – showing clearly that certain importance has been put on having the valve 

seal close to the cylinder. 

3.2 – Timeline 
 

The strategy outlined in Chapter 3.1 depicts the quality and breadth of research conducted - 

but when such a mass of information has been collated it is useful to define the most 

important content in a logical manner with which it can easily be accessed for future 

reference. Chapter 3.2 shows a time line of the most important papers & information relating 

to CAI two-strokes, in-particular the development path taken by Honda from circa 1993-

2010. 
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1993 

• “Combustion Controller for a Spark Ignition Type Two-Cycle Engine” (Asai, et al., 

1993) 

Source: Honda Motor Co Ltd (Patent (US5697332A)) 

1994 

• “A Trial for Stabilizing Combustion in Two-Stroke Engines at Part Throttle Operation” 

(Ishibashi, et al., 1994) 

Source: Honda R&D Technical Review Vol.6 (1994)  

1995 

• “Analysis on Fuel Economy Improvement and Exhaust Emission Reduction in a Two-

Stroke Engine by Using an exhaust Valve” (Asai, et al., 1995) 

Source: SAE 

1996 

• “Improving the Exhaust Emissions of Two-Stroke Engines by Applying the Activated 

Radical Combustion (Asai & Ishibashi, 1996 International Congress & Exposition) 

Source: SAE 

 

• “Introduction of the Motorcycle “EXP-2” for Granada-Dakar Rally” 

Source: Honda R&D Technical Review Vol.8 (1996) 

 

• “Two-cycle internal combustion engine” (Asai, et al., 1996) 

Source: Honda Motor Co Ltd Patent (EP0831214B1) 

1997 

• “An Experimental Study of Stratified Scavenging Activated Radical Combustion 

Engine” (Ishibashi, et al., 1997) 

Source: SAE 

1998 

• “A Low Pressure Pneumatic Direct Injection Two-Stroke Engine by Activated Radical 

Combustion Concept” (Ishibashi & Asai, 1998 International Congress and Exposition)  

Source: SAE 
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2000 

• “Basic Understanding of Activated Radical Combustion and Its Two-Stroke Engine 

Application and Benefits” (Ishibashi, 2000) 

Source: SAE 

2004 

• “An Application Study of the Pneumatic Direct Injection Activated Radical 

Combustion Two-Stroke Engine to Scooter” (Ishibashi & Sakuyama, 2004 Fuels & 

Lubricants Meeting & Exhibition) 

Source: SAE 

2007 

• “An Experimental Approach to the Controlled Auto-Ignition” (Morikawa & Ishibashi, 

2007 World Congress) 

Source: SAE 

 

• “Enlargement of Auto-Ignition Regions by Applying a Stratified Charge Concept” 

(Nishida, et al., 2007) 

Source: JSAE 

 

2009 

• “Improvement of Fuel Economy Using a New Concept of Two-Stroke Gasoline 

Engine Applying Stratified-Charge Auto-Ignition” (Nishida, et al., 2009) 

Source: SAE 

2010 

• “A Further Approach to Controlled Auto-Ignition Using a Sequence of Low-

Temperature Combustion-States” (Morikawa, 2010) 

Source: SAE 

•  “A Macroscopic Understanding of the Controlled Auto-Ignition for Vehicle Engines” 

(Ishibashi & Morikawa, 2010) 

Source: SAE 
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3.3 – Summary  
 

Having conducted an extensive literature review it is important to identify the key information 

that has been gained concerning CAI. 

1. Modal Operation (Homogeneous Charge) (Ishibashi, et al., 1994) 
 

A*-B*-C*-D* 
A* – HCSI (Homogeneous Charge Spark Ignition), idle ↔ low load 

There are low levels of “cold” residual gas, so the engine operates as a normal HCSI two-

stroke engine. 

 

B* – HCSAAI (Homogeneous Charge Spark Assisted Auto Ignition), low load 

There are reduced levels of residual gas and heat capacity, the engine is able operate in the 

auto-ignition region but with spark assistance. 

 

C* – HCAI (Homogeneous Charge Auto-Ignition), low ↔ mid load 

The engine operates as a CAI engine, this area of operation encompasses the ideal conditions 

for auto-ignition (plentiful amount of residual gas and heat capacity). 

 

D* – HCSI (Homogeneous Charge Spark Ignition), mid ↔ high load 

Levels of residual gas have drastically decreased, and the engine must operate as a normal 

HCSI two-stroke engine. 

2. Modal Operation (Homogeneous / Stratified Charge) (Nishida, et al., 2007) 
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A*-B*-C*-D*-E* 
 

A* – HCSI (Homogeneous Charge Spark Ignition), idle ↔ low load 

There are low levels of “cold” residual gas, so the engine operates as a normal HCSI two-

stroke engine. 

 

B* – HCSAAI (Homogeneous Charge Spark Assisted Auto Ignition), idle ↔ low load 

There are reduced levels of residual gas and heat capacity, the engine is able operate in the 

auto-ignition region but with spark assistance. 

 

C* – HCAI (Homogeneous Charge Auto-Ignition), low ↔ mid load 

The engine operates as a CAI engine, this area of operation encompasses the ideal conditions 

for auto-ignition (plentiful amount of residual gas and heat capacity). 

 

D* – SCAI (Stratified Charge Auto-Ignition), low ↔ mid load 

The engine operates as a SCAI engine, this area of operation encompasses the ideal 

conditions for auto-ignition (plentiful amounts of residual gas and heat capacity). This engine 

is enabling SCAI by using an in-cylinder injector to target a residual gas hot spot, but (Nishida, 

et al., 2007) notes that by changing the injection timing it is possible to run as either SCAI or 

HCAI, so at discretion the engine can be switched between modes “D* C*”. It is interesting to 

add that whilst SCAI extends much closer to idle / low load it is also still able to operate in 

almost all the areas that HCAI does – this though is done with drastically increased cost and 

complexity.   

 

E* – HCSI (Homogeneous Charge Spark Ignition), mid ↔ high load 

Levels of residual gas have drastically decreased, and the engine must operate as a normal 

HCSI two-stroke engine. 

3. Transition: Deceleration & Idle low load (Homogeneous & Stratified Charge) (Nishida, 

et al., 2007) (Ishibashi, et al., 1994) 

The timing and possible onset of auto-ignition can be said to be very well controlled simply by 

the exhaust trapping valve, this is true for all but one situation. The situation surrounding 
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“deceleration” (shut throttle / low load / idle) has required the implementation of a further 

control device in the form of a bypass valve. 

 

 

 

Figure 9 - CAI Deceleration Device & Region (Asai, et al., 1995) 

Figure 9 shows at control device (air bypass valve) used by (Asai, et al., 1995) as well as showing a 

graph of the modular phases and area of irregular combustion. This area of irregular combustion can 

be described as an area where the HCSAAI becomes uncontrollable, or from another point of view it 

is the point at extreme low load / shut throttle where a lower load limit of irregular auto-ignition can 

operate past the delivery ratio limit imposed by the shut throttle. For example, HCSI may have an idle 

(throttle area) value of 7% whereas the lower load of irregular auto-ignition may be 5%. The bypass 

valve can in some ways be viewed as an on/off switch for auto-ignition, this is not to say though that 

the transition would be harsh or create a poor user experience, as noted by (Asai, et al., 1995) this 

device solves the problem of irregular combustion and poor transition. This can be explained in two 

ways, firstly when transitioning to this low load / shut throttle state the engine is coming from state 

of spark assisted auto-ignition and it is believed that because action of shutting the throttle may take 

a few hundred cycles, this is more than enough time for cyclic variation of the ignition / fuelling to 

react and create a smooth transition (hypothetically speaking). The air valve whilst described as an 

on/off switch eliminating the possibility of auto-ignition is not an on/off switch for absolute 

combustion, relative to the speed and precession of modal transition it is believed the other 

contributing factors of HCSAAI can shift their bias to controlling combustion completely. Interestingly 
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Figure 10  (Onishi, et al., 1979) shows the transition between auto-ignition and spark ignition, Onishi 

discusses how transition (in either direction) is a smooth process.  

 

Regarding transition Honda state ; (Honda, 1997) 

 

“In the new CRM 250 AR, a sharp engine response can be obtained by making use of its 

advanced AR combustion control system to detect and judge the throttle operation situation 

of the rider and instantaneously advance the ignition timing when the throttle is rapidly 

opened “ignition timing warp system” was newly adopted” 

 

 

Figure 10 - CAI Transition (Onishi, et al., 1979) 

 

4. AFR  

The effect that AFR has on auto-ignition is one discussed by (Ishibashi, 2000) and shown in 

Figure 11 (Ishibashi, 2000), the effect of AFR was measured at three points using 12 as a rich 

example and 18 as a lean example and with 14.7 as a midpoint. It was found that the auto-

ignition temperature peaked at 14.7 and a shift to either 12 or 18 produced a 25k drop and 

doing this retards the ignition by around 4 degrees. 
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Figure 11 - CAI AFR Effect (Ishibashi, 2000) 

 

 

5. CAI Temperature and Engine Speed 
 
 

 

Figure 12 - Auto-Ignition Temperature (Ishibashi, 2000) 

 

Another important point mentioned by (Ishibashi, 2000) and shown in Figure 12, is how the 

target temperature for auto-ignition changes with engine speed. It was found always to 

consistently increase with engine speed regardless of conditions imposed. 
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6. Exhaust Throttling  

 

Figure 13 - Exhaust Butterfly Throttle (A) and ARC Valve (B) (Onishi, 1984) & (Ishibashi, 2000) 

Figure 13 (Onishi, 1984) & (Ishibashi, 2000), shows two different ways in which the exhaust 

can be throttled. The first example “A” (Onishi 1984) shows a simple butterfly placed towards 

the end of the main cylinder exhaust passage, whereas “B” (Ishibashi, 2000)  shows what is 

a much like a traditional exhaust valve that seals up close to the cylinder exhaust port. It can 

be said that if the main protagonist to auto-ignition is an abundance of residual gas then using 

a butterfly would certainly throttle the exhaust port in terms of area and achieve this. Residual 

gas whilst important is not the only factor to be considered, (Onishi, et al., 1979) mention the 

importance of in cylinder turbulence and that too much turbulence just prior to port closure can 

have a negative effect by dissipating the hot residual gas too evenly – this is important as the 

hot spots of gas will form ignition kernels (Ishibashi, et al., 1994). 
The exhaust valve shown by (Ishibashi, 2000) not only reduces turbulence but increases the 

in-cylinder pressure at exhaust port closure. The close-fitting exhaust valve was used on 

Hondas CRM250AR (production trail bike) but on the Pantheon 125 AR a simple butterfly 

valve was used in the exhaust port. This indicates that the butterfly valve is a valid tool in 

prompting CAI, but what disadvantages could there be? Perhaps these disadvantages make 

little or no difference to a low powered commuter bike, but it would be interesting to investigate 

what if any effect these two different methods would have on a higher performance bike – the 
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system could potentially be implemented as an add on to a current engine that already has a 

conventional exhaust valve.  

 

Figure 14 - Honda Pantheon 125 AR (Honda Motor Co Ltd) 

7. Water Temperature 
 

 

Figure 15 - Water Temperature Effect on CAI (Ishibashi, et al., 1994) 

 

Figure 15 (Ishibashi, et al., 1994) highlights how the temperature of the coolant can have a 

significant effect on the lower limit of CAI, even just a difference of 20 degrees Celsius can 

shift the lower limit of CAI by as much as 1000rpm. This information points towards thermal 

management being another component in CAI system design. 
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8. Transfer Throttling 
Transfer throttling works by heavily restricting the intake of fresh charge and at the same 

time this restriction of the fresh charge makes the in-cylinder conditions much less 

turbulent, further prompting residual gas hot spots. This method held back by packaging 

implications and that it has a negative impact on engine performance – Figure 16. 

 

Figure 16 - NiCE Engine IFP (Zhao, 2007) 

9. Combustion Chamber Shape and Squish 

Controlled auto-ignition int terms of two-strokes and excess residual gas can in its initial 

propagation stage be considered a slow burn process that starts from circa 3 kernels / hot 

spots. Almost all the cylinder heads shown by Honda (Asai, et al., 1993) (Asai, et al., 1996) 

(Ishibashi, 2000) in their development work have an aggressive squish band and globular 

combustion chamber – signifying increased turbulence close to TDC and spatial concentration 

of the volume. 

 

10.  Direct Injection 

Direct injection / charge & fuel separation is naturally the path that needs to be taken to 

overcome the inherent issues with the two-stroke engine, so naturally it is topic that has 

appeared when reviewing two-stroke CAI. Direct injection naturally complements CAI in terms 

of more precise and timed injection strategies – lowering emissions and giving another level 

of control to combustion timing, and even showing potential to extend CAI down to almost idle 

through SCAI (stratified charge auto-ignition) (Nishida, et al., 2009). 
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11. Compression Ratio 
 

Often when reviewing CAI discussion turns towards the term HCCI where the dominant 

protagonist to combustion is compression ratio, but in terms of two-stroke CAI it can be stated 

that this is not the case. The two-stroke engine is naturally on the brink of auto-ignition when 

there is sufficient hot residual gas, so it can be said that in the case of two-strokes that residual 

gas is the protagonist, though this is not to say that pressure / compression is not important. 

Most engines discussed in development papers have a trapped compression ratio of around 

6.5:1, but it isn’t that pressure doesn’t play a part in the process. In terms of increasing outright 

compression ratio, it can be increased but it only changes the timing of auto-ignition, it isn’t 

until it is dangerously high that it has a more dominant effect – research by Honda confirms 

this (Ishibashi, et al., 1994). 

 

12. CAI Process Flow Chart 

 

Figure 17 - CAI Process Flow Chart (Asai, et al., 1996) 

 

Figure 17 show a CAI process flow chart produced by (Honda, 1997) 

 

Figure 17 displays the basic layout (theory) of Hondas CAI system. 
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Chapter 4 – Geometric Investigation  
 

4.1 – Introduction 
 

When reviewing research papers there is often a lack descriptive information on the physical 

specification. Because Honda had based their CAI 250cc trail bike directly on its longstanding 

SI predecessor (both circa 40bhp – stated), it was decided it would be a valuable exercise to 

inspect these parts and see how / if they differed and where possible compare them with the 

parts supplied by KTM. 

4.2 – Methods 
 

Visual: 

The first step in any process like this is just to pick the items up and get a feel for them, this 

step often ignored but when conceptualising or reviewing objects in a digital environment it is 

a vital first step – at a minimum this process gives a good sense of perspective.  

 

Computed Tomography (CT Scanning) 

Global tolerance: >0.2mm 

CT scanning was used as many of the parts such as cylinders contain internal cavities which 

are not line of sight. This can be resolved by cutting the part into multiple sections, though with 

this method accuracy start to degrade heavily and is simply not an option on complex parts. 

The machine used was a YXLON CT Compact 450KV scanner, rotation time was circa 45 

seconds per slice and each slice was 0.5mm – this is generally the limit when inspecting parts 

for reverse engineering, if more detail is sort the gains are minimal but the time taken, and file 

size start to increase dramatically (as does cost). Figure 18 shows the KTM cylinder being 

setup for scanning, note that there are wooden chucks present as the machine needs an initial 

line of sight. 
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Figure 18 - CT Scan KTM Cylinder (Vacas, Authors Own) 

 

Structured Light Scanning: 

Global tolerance: >0.05mm 

Two of the exhaust valves were scanned using a GOM white light scanner. 

 

Laser Scanning: 

Global tolerance: >0.8mm 

Cylinder head “3” was scanned using a desktop laser scanner, this scan was used as the data 

was already available from the author. 
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4.3 – Comparison 
 

4.3.1 – Ports 
 

 

Figure 19 - Port Comparison & Cylinder Honda 250's (Vacas, Authors Own) 

 

Having scanned both Honda cylinders Figure 19 (Vacas, Authors Own) it was obvious that 

there was next to no difference in the porting arrangements / specifications, with the only 

visibly different features being the cylinder front face where the CAI bike had a removable 

cover and a slight wall changes around studs seating areas. The two scans and core 

extractions were compared in GOM Inspect with a best fit alignment, the worst deviation was 

minimal and nothing that couldn’t be expected from miss-alignment (twist) or simply different 

tooling iterations / wear.   
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Figure 20 - KTM & Honda Porting Arrangements (Vacas, Authors Own) 

 

Figure 20 shows the comparison between the KTM (A) and Honda CAI (B) port arrangement, 

although the two images are not quite to scale it is still very clear to see the structure between 

the two porting arrangements. The KTM porting setup appears to be much less restricted than 

the Honda setup, whilst it could be discussed that this porting setup is aimed at higher power 

and performance it is much more important to note that this setup could potentially create a 

more turbulent scavenging environment.  It has been often discussed how low turbulence is a 

protagonist for two-stroke CAI widely (Zhao, 2007), (Lavy, et al., 2001 ), (Onishi, et al., 1979) 

and (Ishibashi, et al., 1994) have all discussed this aspect of two-stroke CAI – though without 

a practical test it would naive to comment further. 
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4.3.2 – Cylinder Heads 

 

Figure 21 - Cylinder Head Comparison (Vacas, Authors Own) 

 

Cylinder Head 1 & 2: (KTM & Honda 250 SI) 

It can be said that cylinder head 1 relates somewhat closely to what (Blair, 1994) describes 

as a “Bathtub” combustion chamber, though it differs in that there is almost no squish band 

with such a large blended radius. Cylinder 2 on the other hand appears to use a semi 

hemispherical chamber and has what may be considered a large (in terms of area ratio) squish 

band. It may appear at first that the KTM and Honda approach is quite different, but on 

consideration of discussion by (Blair, 1994) it may not be so, it seems that both KTM and 

Honda have taken a low squish / slow combustion approach. Whilst high squish velocities can 

lead to rapid burning characteristics, they can also cause vibration, noise and rapid pressure 

rises (not good for smooth operation) and if the burning is too quick and too soon it can lead 
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to high rates of NOx formation, not to mention slow inefficient burning in the later stages of 

combustion. 

 

Figure 22 - Combustion Chamber Designs (Blair, 1994) 

 Cylinder Head 3: (Honda 250 CAI) 

The Honda CAI cylinder seems to take a different approach using what can be described as 

a “Hemi-Sphere” chamber Figure 22  (Blair, 1994) and it is interesting to note how the hemi-

sphere is close to being an equidistant sphere (if a central point on the piston crown is 

assumed then the distance to any extremity is almost the same regardless of direction). It is 

important here to consider how the squish velocity is affecting the speed of combustion and 

how this is aiding auto-ignition. (Asai, et al., 1993), (Ishibashi, 2000) and (Nishida, et al., 2005) 

have all discussed how the onset of auto-ignition is influenced by turbulence and how the 

mixing of fresh charge and residual gas has a negative effect due to it diluting hot spots. Low 

turbulence is initially sought so that patches of hot residual gases stay concentrated 

(eventually forming ignition kernels), but when getting close to TDC combustion may have 

started in many different places but overall is actually taking place rather slowly. 

(Ishibashi, et al., 1997) and (Lavy, et al., 2001 ) Figures 23 & 24 show how auto-ignition is 

often localised and starts from patches or kernels “K*” in the same area of the combustion 

chamber, so it could be hypothesised that an equidistant (or close to) central chamber and 

higher squish velocity may help concentrate and agitate the gases close to TDC, and thus 

speed up auto-ignition from its initial segmented slow burn. 

The Honda press pack states; 

“In the current model, slow combustion has been favourable for good drivability during off-

road driving, whereas in AR combustion, rapid combustion is required from its 

characteristics.” 
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Figure 23 - CAI Photo Images (Lavy, et al., 2001 ) 

 

Figure 24 - CAI Photo Images (Ishibashi, et al., 1997) 

Easy as it is to speculate (Blair, 1994) reiterates how often the correct combustion chamber is 

found through theory and practise, a process that he can be further advanced using CFD – 

which if relevant in 1994 can only be ever more relevant now. Whilst this research may give 

some indication of design direction, it is by no means a definitive answer. 

4.3.3 – Exhaust Valves 
 

The exhaust valve is an important component in the implementation of CAI in a high 

performance two-stroke engine and whilst the concept of transfer port throttling has been 

explored, (Zhao, 2007) discusses how it is highly effective for inducing CAI but that it is 

seriously limiting to the engines performance. 

 



36 
 

 

Figure 25 -  Exhaust Valve Comparison (Vacas, Authors Own) 

 

The difference in exhaust valve design Figure 25 shows how the KTM valve “1” and the Honda 

250(SI) valve “2” have moderate size sealing faces., quite extremely so in compared to valve 

“3” of the Honda 250 CAI engine – it is obvious just how extreme the exhaust throttling needs 

to be for CAI. 

Honda State (Honda, 1997); 

“As a specific requirement, first of all it was to close the exhaust port to about one-third for 

AR combustion control. Therefore, the valve width is made wider than the exhaust port 

width, and the operation range is extended from the exhaust port upper surface to the 

scavenging port upper surface to a large extent” 

Note: Both Honda valves (“2” & “3”) have a hole in them, according to the Honda press release 

this serves 2 purposes with the first simply being a means to release pressure when the valve 

is being actuated. The second function is a potential performance enhancement, the trapped 

chamber behind the valves acts to influence the exhaust pulses with the aim of improving low 

end power – essentially lengthening the pulses so that they force / keep more mixture in the 

cylinder when at low revs the engine is not in its optimum operating area. Figure 26 (Motorcity, 

2010), shows what is known as an “ATAC*” valve, this commercial acronym stands for “Active 

Torque Amplification Chamber” and is not to be confused with the term “ATAC” that refers to 

the CAI process “Active Thermo-Atmosphere Combustion”. 
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Figure 26 – ATAC* Valve (Motorcity, 2010) 
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Chapter 5 – Excel Model 
 

This excel model was created with the clear aim of following fundamental steps to analyse the 

supplied engine data and subsequently the combustion process. Identifying elements such as 

the start of combustion (SOC), end of combustion (EOC) and the polytropic index “n” was 

done by combining the application of fundamental convention and visual appraisal. Much of 

the work conducted in this chapter was iterative (but manual) in its nature and required the 

constant review of processes and steps, so it was essential to follow a simple but robust 

structure – meaning that fault finding, and process changes could swiftly be implemented. 

  

5.1 – Structure & Layout 
 

Structure and layout was kept as simple as possible and can be summarised by the 

following points; 

• Simple work flow logic dictated that calculations a horizontal linear pattern 

 

• Colour use was kept to a minimum and only when necessary, low load headings 

were always “blue” and high load always “red” 

 

5.2 – Engine Basics 
 

Prior to starting this exercise, it is important to make clear some basic supplementary 

information. 

 
Engine: KTM EXC 250 TPI 

Engine Type Two-Stroke Case Reed Valve 

Geometric Compression Ratio 11.6:1 

Capacity (cm3) 248.9 

Bore X Stroke (mm) 66.34 X 72 

Rod Length (mm) 125 

Scavenging Port Opens (degrees) 121 ATDC 

Exhaust Port Opens (degrees) 86 to 106 ATDC 
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Combustion System Spark Ignition 

Fuel System Transfer Port Injection 

Scavenging Type Schnürle 

 

 
5.3 – Displacement & Volume 
The very first step when beginning the excel model was to calculate piston displacement and 

volume relative to crank angle, shown in Figure 27 is the initial crank slider diagram from which 

the equation was derived. 

 

Figure 27 - Crank Slider Diagram (Vacas, Authors Own) 

Abbreviation Meaning 
TDC Top Dead Centre 

BDC Bottom Dead Centre 

BTDC Before Top Dead Centre 

ATDC After Top Dead Centre 

TPO Transfer Ports Open 

TPC Transfer Ports Closed 

EPO Exhaust Ports Open 

EPC Exhaust Ports Closed 

BD Blowdown 

SOC Start of Combustion 

EOC End of Combustion 

20% Low Load Engine Data 

100% High Load Engine Data 

MFB Mass Fraction Burned 
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From Figure 27 it can be stated that: 

𝑆𝑆 = (𝑅𝑅 + 𝐿𝐿) − (𝑅𝑅 cos𝜃𝜃𝑐𝑐𝑐𝑐)− (𝐿𝐿 cos𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟) 

Which becomes, 

 

Equation 1 - Piston Displacement 

𝑆𝑆 = ((𝑅𝑅 + 𝐿𝐿) − (𝑅𝑅 cos𝜃𝜃𝑐𝑐𝑐𝑐)) − (𝐿𝐿(0.5((
𝑅𝑅2

𝐿𝐿2
)(sin2 𝜃𝜃𝑐𝑐𝑐𝑐)))) 

 

The cylinder volume at any crank angle can be described as, 

 

𝑉𝑉𝐶𝐶 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 23.5𝑐𝑐𝑐𝑐 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀) 

 

𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑡𝑡𝑡𝑡 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑆𝑆((0.5∅𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)(𝜋𝜋2)) 

Therefore, 

 

Equation 2 - Cylinder Volume 

𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑉𝑉𝐶𝐶 + 𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆 

5.4 – Pressure  
 

5.4.1 – Pressure Graphs 
 

The pressure data supplied by KTM came as units of bar, the first step was to convert this to 

Pascals. 

Stated simply, 

Equation 3 - Pressure Conversion bar to Pa 

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 105 
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Figure 28 - Cylinder Pressure Comparison (Vacas, Authors Own) 

 

Figure 28 shows a comparison of cylinder pressure data, initially the SOC, delay and EOC are 

visually identified as a matter of principle. This graph is importantly showing fundamental 

differences between high and low load, the graph clearly shows that with high load there is a 

large increase cylinder pressure between 2000rpm & 7000rpm. When looking at this range for 

20% throttle peak pressure is lower at 7000rpm and it is obvious that the engine is being 

choked, even before the spark cylinder pressure is trending slightly lower. Interestingly at 

2000rpm cylinder pressure follows the same trend up to ignition, with high load only peaking 

about 10% higher. 

This apparent lack of difference in peak cylinder pressure at low rpm can be explained 

because at these low rpm points volumetric efficiency is poor no matter the throttle position. 

Volumetric Efficiency (Blair, 1994) can be stated simply as; 

 

Equation 4 - Volumetric Efficiency (Blair, 1994) 

𝜂𝜂𝑣𝑣 = �
𝑚𝑚𝑎𝑎

𝑉𝑉𝑆𝑆𝑆𝑆𝜌𝜌𝑎𝑎𝑎𝑎
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Figure 29 - Volumetric Efficiency (Vacas, Authors Own) 

 

Figure 29 shows the volumetric efficiency for both low and high load data sets, this graph 

clearly shows how at 2000rpm low and high load are not separated by much, but from 2000rpm 

to 4000rpm the two data sets move in opposite directions with high load reaching around 

100% efficiency and continuing with a neutral trend. Low load though drops to around 50% at 

4000rpm and continues a slightly negative trend from there onwards, but it is important to note 

that both low and high load begin to drop off after 8000rpm. Poor volumetric efficiency is a 

contributing factor to high residual gas levels which is taken advantage of with CAI, but in a SI 

engine it will be necessary to start protecting low load / high rpm situations from the risk of 

detonation – though in reality it is unlikely the user would be operating in these more volatile 

regions as noted by (Onishi, et al., 1979). 
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5.4.2 – PV Diagrams 
 

The next logical step in evaluating the engine data was the plotting of PV diagrams, this was 

done to compare the data against theoretical ideals 

  

Figure 30 - PV Diagram 4000rpm 20% (Vacas, Authors Own) 

The ideal cycle is shown in Figure 36 shows the ideal cycles as described by (Blair, 1994). 

The diagram shown in Figure 30 was chosen as it displays a form with similarity to the ideal 

Otto cycle, the steps can be summarised below; 

• 1→2: This is the compression stroke and can be considered both isentropic (reversible 

& no heat loss)  

• 2→3; This is the combustion process and is considered a constant volume process 

with heat addition. 

• 3→4; This is the isentropic expansion process. 

• 4→1; This is a constant volume heat rejection process 

There was not a lot of analysis done on the PV diagrams but one trend that was noticed was 

the continuing trend of low vs high load. Figure 31 shows a PV diagram for 2000rpm comparing 

low and high load, it is quite apparent that that this rpm point there is very little difference in 

the two curves with only a circa 10% difference in peak pressure. 
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Figure 31 - PV Diagram 2000rpm (Vacas, Authors Own) 

Although Figure 31 shows little difference between loads, Figure 32 shows as expected that 

at high rpm there is a significant difference in the two curves. The difference in peak pressure 

is obvious, but less obvious is the deviation from the constant volume process during 

combustion, this is showing the ignition being advanced to account for the inefficient 

combustion process. The ignition timing shows this, “-8.5” (low) vs “-5.4” (high) but the SOC 

is “2” vs “-1” revealing that even though the spark timing is earlier for low load it doesn’t start 

combustion till after high load 

 

Figure 32 - PV Diagram 8000rpm (Vacas, Authors Own) 
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5.5 – Work & IMEP 
 

 

Work is traditionally described as force multiplied by distance 

𝑊𝑊 = 𝐹𝐹𝐹𝐹𝐹𝐹 

Where in an engine the force is cylinder pressure multiplied by the bore area, 

𝑊𝑊 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

This can be expressed as, 

𝑊𝑊 = 𝑃𝑃𝑃𝑃𝑃𝑃 

When calculating per degree this gives the following equation, 

 

Equation 5 - Work Per Degree Step 

𝑊𝑊𝜃𝜃 =  (
(𝑃𝑃1 + 𝑃𝑃2)

2
)(𝑉𝑉2 − 𝑉𝑉1) 

 

 

 

Figure 33 - Work Done (Vacas, Authors Own) 
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Figure 33 shows a comparison of work done at both low / high rpm and low / high load, the 

first observation is the area “B*” that shows negative work -  with this being a product of inertia 

and there not being much difference between low / high load respective of rpm. This basic 

analysis shows the difference between low / high load, at low rpm there is little difference but 

at high rpm there is a significant difference 

 

Having calculated the work done per degree, the next step was to calculate the IMEP 

(indicated mean effective pressure), the IMEP is a simple expression to describe an engines 

output without considering work lost to friction. 

IMEP can be calculated by the following equation, 

Equation 6 – IMEP (B.Heywood, 1988) 

(
∑ 𝑊𝑊𝜃𝜃
+180𝜃𝜃
−180𝜃𝜃
𝑉𝑉𝑆𝑆𝑆𝑆

) 

 

 

Figure 34 -  IMEP (Vacas, Authors Own) 

 

Figure 34 shows a comparison between low / high load IMEP as well as comparing the 

calculated values with those supplied by KTM. This graph shows a progressive increase in 

work done by the engine when under high load but at low load the IMEP curve stays flat and 

rarely peaks above 6 bar IMEP.  
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Figure 35 - IMEP Error Analysis (Vacas, Authors Own) 

Although the values were very close to those supplied by KTM they were ever so slightly 

incorrect, and this was initially just assumed to be a rounding error. When calculating the 

IMEP, the swept volume used was exactly relative to bore and stroke (66.34mmx72mm) giving 

a swept volume of 248.87cc. It was decided by chance just to try the calculation by using the 

nominal capacity of 250cc and when using this figure, the error decreased by up to 80% and 

this is shown in Figure 35. This analysis may seem a little pointless and inconclusive, but it 

would be good to seek confirmation on this issue, as improving process integrity is always 

positive however small the improvement. 

5.6 – Log Graphs 
 

 

Figure 36 - Ideal Cycles (Blair, 1994) 
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5.6.1 – Graphical Analysis 
 

It may not initially seem such an important area but as the project has progressed the 

graphical analysis of Log PV graphs has become an essential element of analysing the 

prescribed pressure data.  

 

Figure 37 - LOG PV - 3000rpm 100% 

Figure 37 shows the Log PV for 3000rpm and 100% throttle, this diagram is very much like 

the one shown in Figure 36 (Blair, 1994).  

The steps can be summarised below; 

• 1→2: This is the compression stroke and can be considered both isentropic (reversible 

& no heat loss) – this process starts when the exhaust port has closed.  

• 2→3; This is the combustion process and is considered a constant volume process 

with heat addition. 

• 3→4; This is the isentropic expansion process. 

• 4→1; This is a constant volume heat rejection process. 

Two extra points have been added (5 & 6) and these can be summarised below; 

• 4→5; This is where blowdown (BD) occurs and is from when the exhaust ports open 

until the transfer ports opens. 

• 5→6; This scavenging period, from when the transfer ports open to when the transfer 

ports close. 
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Figure 38 - Log PV 10000rpm (Vacas, Authors Own) 

 

 

Figure 39 - Log PV 7500rpm Slow Combustion (Vacas, Authors Own) 
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Figure 38 shows two different subjects, first is the issue of noise around the exhaust port, this 

noise – this is confirmed as exhaust noise by (B.Heywood, 1988). The more important aspect 

of combustion that Figure 37 (10000rpm) highlights is protection against detonation, both Log 

PV profiles show gradual transition in and out of combustion, the gradual transition into 

combustion signifies SOC prior to TDC – SOC points are “-10” and “-6” low and high load. 

Figure 39 shows a Log PV diagram comparing low / high load at 7500rpm, the start of 

combustion is very close to TDC in both cases (“-2” and “-4” respectively) but the low load plot 

shows a much different curve after TDC. The low load curve visibly takes longer to reach EOC, 

EOC in this case is represented by the curve aligning with the dashed guideline – EOC is “43” 

and “36” degrees ATDC (low and high load). 

 

5.6.2 – Sensitivity Analysis (Combustion Chamber Volume) 
 

 

Figure 40 - Log PV Sensitivity Analysis (Vacas, Authors Own) 

Figure 40 shows sensitivity analysis of the Log PV graphs in respect to combustion chamber 

volume, this piece of analysis was conducted due initial doubt in the measurement of 

combustion chamber volume. The “ideal” situation is that the slope of graph stays constant 

and does not deviate with curvature, variations of +/- 10% and 30% were plotted and showed 

that the measurement was in fact correct and showed as a straight slope in the middle, this 

visualisation of volume error is supported by (B.Heywood, 1988). 
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5.7 – Polytropic Index 
 

From the ideal relationships shown in Figures 30, 36 and 37, the engine as a system can be 

considered to follow a polytropic process. 

This relationship can be stated as, 

𝑃𝑃𝑃𝑃𝑛𝑛 = 𝐶𝐶 

Where “n” can be considered the index of compression / expansion, or simply the polytropic 

exponent. The following chapter will discuss several different methods for calculating the 

polytropic index. 

 

5.7.1 – Slope Calculation  
 

The very first method when considering “n” is simply to consider “n” as the slope of either 

compression or expansion on the Log PV plots. 

Taking the slope of the line can be stated simply as, 

 

𝑛𝑛 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑦𝑦
𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑥𝑥

=
𝑌𝑌2 − 𝑌𝑌1
𝑋𝑋2 − 𝑋𝑋1

 

Hence, 

Equation 7 - "n" Slope 

𝑛𝑛 =
𝑌𝑌2 − 𝑌𝑌1
𝑋𝑋2 − 𝑋𝑋1

 

Using this very basic method it was simply a case of picking two points on the slope and 

performing the calculation. This calculation proved useful in terms of visualising the concept 

but in practical terms it was very slow to implement and lacked accuracy. These points are 

taken as close as possible to SOC and EOC whilst avoiding noise as best possible. 

5.7.2 – Degree Based  
 

The next logical step was to calculate “n” per degree, considering the polytropic relationship, 

𝑃𝑃𝑃𝑃𝑛𝑛 = 𝐶𝐶 

Stated as, 
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𝑃𝑃𝑃𝑃𝑛𝑛 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

 

Becomes, 

 

𝑃𝑃1𝑉𝑉1𝑛𝑛 = 𝑃𝑃2𝑉𝑉2𝑛𝑛 

 

𝑃𝑃1
𝑃𝑃2

= �
𝑉𝑉2
𝑉𝑉1
�
𝑛𝑛
 

Taking logs, 

𝐿𝐿𝐿𝐿𝐿𝐿 �
𝑃𝑃1
𝑃𝑃2
� = 𝐿𝐿𝐿𝐿𝐿𝐿 �

𝑉𝑉2
𝑉𝑉1
�
𝑛𝑛
 

 

𝐿𝐿𝐿𝐿𝐿𝐿 �
𝑃𝑃1
𝑃𝑃2
� = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 �

𝑉𝑉2
𝑉𝑉1
� 

 

Finally, “n” can be shown as, 

Equation 8 - Polytropic Index "n" 

𝑛𝑛 = �
𝐿𝐿𝐿𝐿𝐿𝐿 �𝑃𝑃1𝑃𝑃2

�

𝐿𝐿𝐿𝐿𝐿𝐿 �𝑉𝑉2𝑉𝑉1
�
� 

 

Another representation for “n” can be shown as, 

 

𝑛𝑛 =
(−(𝐿𝐿𝐿𝐿𝐿𝐿(𝑃𝑃2) − 𝐿𝐿𝐿𝐿𝐿𝐿(𝑃𝑃1)))

(𝐿𝐿𝐿𝐿𝐿𝐿(𝑉𝑉2)− 𝐿𝐿𝐿𝐿𝐿𝐿(𝑉𝑉1))
 

 

This equation simply represents the slope, the “-“sign represents the fact that in terms of 

volume (or fraction of) the slope or product of the equation is negative. 
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Figure 41 - "n" Per Degree (Vacas, Authors Own) 

 

Figure 41 shows a plot of “n” per degree for the full crank rotation from -180 to + 180 comparing 

2000rpm & 8000rpm at 20% it can be seen from this graph that there is a lot of variation and 

noise, so how can these values be used? 

Although this method didn’t directly provide any immediate values for “n”, it did become a good 

tool for visualising the two-stroke gas exchange processes. Figure 42 shows clearly where 

scavenging ends (TPC) and then subsequently where the exhaust ports shut, note that even 

when the exhaust has “closed” for the 2000rpm trace there is still noise and variation. This is 

because “closed” means that the piston has reached the height of the exhaust timing valve 

(power valve), the noise is due to this valve not creating a perfect seal – a true seal is not 

achieved until around 10 degrees later when the port has ended completely, and the cylinder 

wall is the only sealing face. The 8000rpm trace does not experience this as by 8000rpm the 

power valve has fully opened, this is hard to visualise due naturally to the amount of noise at 

this rpm level. 
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Figure 42 - Polytropic Index Compression (Vacas, Authors Own) 

 

Figure 43 focuses on the expansion process and here the exhaust timing can be seen, the 

earlier exhaust port timing of the higher rpm trace can be clearly identified, whilst leakage and 

later opening of the lower rpm trace is also evident. The effect of the transfer ports opening 

can be seen very clearly. 

 

Figure 43 - Polytropic Index Expansion (Vacas, Authors Own) 
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5.7.4 – Range Selection (Step Change) 
 

As an initial method for identifying SOC and EOC it was possible to look at the “n” per degree 

values and simply select the point at which a significant step change occurred. This method 

proved to have some success at low rpm points but there were more problems when looking 

at higher rpm points (naturally due to noise), Figure 44 shows this scenario very clearly. 

 

 

Figure 44 - "n" Per Degree SOC (Vacas, Authors Own) 

 

With a starting point for identifying SOC and EOC an average value for the polytropic index 

(compression & expansion) could be calculated by taking the step change identified SOC / 

EOC points, backing away (from SOC & EOC respectively) 5 degrees and subsequently take 

a 20-cell average. 

 

5.7.5– Range Selection (Pressure Difference) 
 

The next step having calculated initial “n” values was to calculate the pressure difference due 

to combustion. The change in pressure in during combustion can be described from, 

 

𝑃𝑃𝑃𝑃𝑛𝑛 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

Where, 
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𝑃𝑃1𝑉𝑉1𝑛𝑛 = 𝑃𝑃2𝑉𝑉2𝑛𝑛 

 

Giving, 

 

Equation 9 – “P2n” Pressure Due to Change in Volume 

𝑃𝑃2𝑛𝑛 = 𝑃𝑃1 �
𝑉𝑉1
𝑉𝑉2
�
𝑛𝑛

 

 

“𝑃𝑃2𝑛𝑛” simply signifies the pressure that would be reached if only piston movement and 

change of volume were considered, the subscript “n” is not active. 

The pressure difference due to combustion can now be stated as, 

 

Equation 10 - Pressure Difference Due to Combustion 

∆𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑃𝑃2 − 𝑃𝑃2𝑛𝑛 

 

 

 

Figure 45 - Pressure Difference 2500rpm (Vacas, Authors Own) 
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Figure 45 shows pressure difference due to combustion at 2500rpm, as mentioned previously 

there is not a big difference in peak pressure when comparing low and high load. Figure 45 

also shows the areas where “∆𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐”  starts to increase / decrease and thus the start and end 

of combustion can be identified, this method is supported by (Klein & Erikson, 2005). 

 

Figure 46 - Pressure Difference Noise (Vacas, Authors Own) 

 

Figure 47 - Pressure Difference Port Activity (Vacas, Authors Own) 
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Figure 46 shows just how much noise and deviation can be present at the higher rpm points 

and trying to filter this noise would prove to be a tricky process to accomplish with certainty. It 

is also important to point out the difference between noise and simply the fluctuations due to 

port activity – shown in Figure 47 this is most evident on the downstroke where the exhaust 

and transfer ports open. It would be sensible to assume that the pressure difference at 

8000rpm would drop sooner as the exhaust valve would be in its upper position but it can be 

seen that both traces actually start dropping at the same time although in different fashions – 

the 8000rpm trace drops drastically and with a higher magnitude, whereas the 2000rpm trace 

starts dropping but only slightly (showing how the pressure starts to leak before dropping more 

significantly when the piston starts to pass the exhaust valve. 

 

Figure 48 - Pressure Difference SOC & EOC (Vacas, Authors Own) 

Figure 48 shows a clear example of how pressure difference was used to identify SOC & EOC, 

there was no true way to filter out noise and it was decided that it was best not to edit or 

manipulate the raw data. Figure 48 shows the application of a moving average trend line in 

excel, this was not used as a strict rule but more importantly it was applied as a visual aid to 

give a better visual appraisal of where the data would tend away from or to zero. Figure 48 

does show though how applying this concept as a visual aid did shift deviation along the crank 

angle axis (potentially having a significant error), so whilst this method worked well where 

there wasn’t any noise it was questionable how well it really worked with noisy data and if it 

did work was it being too sensitive? This is where the question began to arise of what exactly 

should be defined as SOC & EOC and how sensitive should this appraisal be? 
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5.7.6 – Range Selection (Log PV Visual) 
 

From analysing the pressure difference data, it was questionable how accurate the method 

was with noisy data and there was the general question of whether this process was being too 

sensitive. The next strategy reverted to the method of identifying SOC and EOC by the simple 

appraisal of the Log PV graphs, following the principle of identifying deviation from the ideal 

slope line. 

 

Figure 49 - Log PV (SOC & EOC) (Vacas, Authors Own) 

 

Figure 49 shows the principle of deviation from the ideal slope and it also shows that on the 

compression slope there is more noise (this is true as a rule), but it is reasoned that when 

appraising the data in this manner (either compression or expansion) any noise does not have 

as much of an effect as other methods. Simply stated this can be put down to the fact that the 

nominal trend although manually / visually implemented, uses a significant portion of data to 

derive its form. Whilst not perfect, this method has proved to be quick and easy to implement 

and gives a good view of the combustion process phases in and out, with this method 

implemented the range selection method was again used respective of the newly identified 

SOC & EOC points. 
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Figure 50 - Polytropic Index Method Comparison (Compression – 100%) (Vacas, Authors Own) 

 

Figure 51 - Polytropic Index Method Comparison (Compression - 20%) 

Figures 50 & 51 show the comparison of polytropic index values (compression) calculated for 

both high and low load and for both the pressure difference and visual combustion 

indetification methods. It can be noted that there isn’t actually much difference between the 

two until high rpmand it can be said that the pressure difference method holds a more stable 

trend, in particular with the high load data. 
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Figure 52 - Polytropic Index Method Comparison (Expansion - 100%) (Vacas, Authors Own) 

 

 

Figure 53 - Polytropic Index Method Comparison (Expansion - 20%) (Vacas, Authors Own) 

Figures 52 & 53 show the comparison of high and low load “n” values from both visual and 

pressure difference methods in the expansion phase, from these graphs there is a distinct 

difference from around 3000rpm onwards. The expansion phase is a harder area to appraise 

as EOC is not determined by a spark, naturally at the end of combustion and just after where 

there is a certain amount of volatility, more so at high rpm. 
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Figure 54 - Polytropic Index - 7000rpm 100% (Vacas, Authors Own) 

  

 

Figure 55 - "n-comp" Range (Vacas, Authors Own) 

Figure 54 shows a graph of the degree based “n” values for 7000rpm 100% load, highlighting 

the areas from which “n-comp” and “n-exp” are identified. Focusing first on the compression 

phase a sample of data is taken from roughly EPC to just before the ignition spark, it is quickly 

apparent that this sample of data shows only a slight linear trend tending down towards zero. 
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It would be fair to say that the range selection close to SOC is not as sensitive as that around 

EOC, though as shown at high rpm there is more distortion and potentially the range selection 

could be backed off slightly further, possibly another 5 degrees before SOC - or even just a 

rule of 5 degrees before the spark. Highlighting this even further is the focused range selection 

in Figure 56, showing how from “-40” to “-5” there is a very consistent linear trend with only a 

slight amount of noise occurring after “-10”, note spark timing and SOC are “-11” and “-5” 

respectively, this further promotes the idea of using spark timing as the defining point from 

which the range section method is used in compression. 

 

 

Figure 56 - "n-comp" Focused Range Selection (Vacas, Authors Own) 

 

Figure 57 shows the range selection for expansion which is naturally a smaller range due to 

the volatility surrounding the end of combustion. Straight away it can be seen that the “n” 

values for expansion show a clear trend increasing in value. This small range is reduced even 

further in Figure 58 where the sampling window is reduced even further to just 20 degrees 

(“41” to “61”), this could be reason to say that whilst calculation of “n” for compression is not 

that sensitive, the variation shown between methods when calculating “n-exp” indicates that 

in this situation it may be of benefit to make a more acute appraisal of when combustion ends.  
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Figure 57 - "n-exp" Range Selection (Vacas, Authors Own) 

 

 

 

Figure 58 - "n-exp" Focused Range Selection (Vacas, Authors Own) 
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5.7.7 – KTM Values 
 

KTM quote the indices as 1.32 and 1.27 (compression and expansion), these values are 

explained as typical values for a port injected engine (Anschuetz, 2018). Though the values 

are rather the opposite of what has been calculated and contrary to what Blair states; 

(Blair, 1994) 

“In the absence of better experimental evidence from a from a particular engine, the modeler 

could have some confidence in using the polytropic indices 1.25 & 1.35 for the compression 

and expansion phases, respectively” 

The average values calculated were 1.27 & 1.31 (compression & expansion) when identifying 

SOC & EOC with the pressure difference method, when using the visual Log PV to identify 

SOC and EOC these values were 1.28 and 1.31, respectively. The KTM discrepancy may at 

first seem quite significant, which in some sense it is – but when analysing data for power and 

performance combustion is usually considered between 10% & 90% mass burn (B.Heywood, 

1988) & (Zhao, 2007). 

 

Figure 59 - Polytropic Index Sensitivity Analysis (Vacas, Authors Own) 

Figure 59 shows a pressure difference graph for 2000rpm (100%), doubling the “n” value does 

not cause the pressure difference to deviate during the main portion of combustion, but in the 

areas surrounding SOC & EOC there is distortion. This indicates that selecting the most 

accurate “n” values is important when using pressure difference to determine SOC & EOC. 
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Figures 60 & 61 show the charted polytropic indices (compression & expansion) and compares 

them against the values supplied recommended by KTM, on average there is roughly a 4% to 

5% difference. 

 

Figure 60 - Polytropic Index Comparison (compression) (Vacas, Authors Own) 

 

 

Figure 61 - Polytropic Index Comparison (expansion) (Vacas, Authors Own) 
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5.8 – Combustion Timing 
 

Having reviewed several techniques for evaluating SOC and EOC, the topics of delay, duration 

and timing can be evaluated. 

 

5.8.1 – Ignition Timing 
 

 

Figure 62 - KTM Ignition Timing (KTM, 2017) 

 

Figure 62 shows how both rpm points initially advance timing to allow for slow combustion and 

smoother running but when the engine reaches the point at which the exhaust valve starts to 

open both timing curves start to retard. The retardation around optimum operating rpm is due 

faster combustion and the way two-strokes work, the hotter the gases entering the exhaust, 

the faster the speed of sound and the faster the gases travel which results in better 

scavenging. The extreme advance at high rpm is to account for the natural breakdown in the 

two-strokes gas exchange process and protect against overrev. 
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5.8.2 – Delay & Duration 
 

Before calculating delay and duration it must be stated that, 

 

Equation 11 - RPM Per Second 

𝑅𝑅𝑅𝑅𝑅𝑅 𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑁𝑁
60

  

 

Equation 12 - Second Per Revolution 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑃𝑃𝑃𝑃𝑃𝑃 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
1

�𝑁𝑁60�
 

Finally Stating, 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑃𝑃𝑃𝑃𝑃𝑃 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =  
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑃𝑃𝑃𝑃𝑃𝑃 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

360
 

 

 

Figure 63 - Delay 100% (Visual) (Vacas, Authors Own) 

Figure 63 show the delay time profile calculated for 100% using the visual Log PV technique 

to identify SOC and EOC - this simple profile is a good illustration of how the delay decreases 

as the engine gets closer to its optimum operating point (8500rpm) after this the delay 

increases as inefficient combustion is triggered earlier to protect the engine.  
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Figures 64 and 65 a comparison of delay and duration, the methods compared being pressure 

difference and Log PV visual analysis. Figure 65 shows comparable trends in terms of duration 

time decreasing with rpm, albeit with a difference in scalar quantity. Figure 64 shows a rather 

different story with the pressure difference method showing only sporadic signs of correlation 

and clear trend. The two visual methods appear much more successful from this perspective, 

showing a clear decrease in delay as rpm reaches peak power and then an increase at high 

rpm – and logically the less efficient low load combustion shows a consistent increase in delay 

time other than at high rpm where both low and high load combustion processes are faltering. 

 

Figure 64 - Delay Comparison (Vacas, Authors Own) 

 

Figure 65 - Duration Comparison (Vacas, Authors Own) 
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5.9 – Mass Fraction Burn 
 

5.9.1 – Calculations  
 

The next step in evaluating the engine data was to calculate the mass fraction burn values. 

Mass fraction burned can be described as the percentage of heat released from the fuel burnt, 

relative of course to the heat realised by the end of combustion. Two different methods were 

used based on the work of Rassweiler & Withrow. 

The technique proposed by Rassweiler & Withrow (Rassweiler & Withrow, 1938) uses the 

fundamental heat release model to calculate mass fraction burned, where MFB can be defined 

as, 

 

Equation 13 – MFB (Rassweiler & Withrow, 1938) 

𝑀𝑀𝑀𝑀𝑀𝑀 =
∑ 𝑑𝑑𝑑𝑑𝜃𝜃
𝑆𝑆𝑆𝑆𝑆𝑆

∑ 𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸
𝑆𝑆𝑆𝑆𝑆𝑆

 

 

Considering the first law of thermodynamics, 

 

𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑑𝑑 + 𝑝𝑝𝑝𝑝𝑝𝑝 

 

𝑑𝑑𝑑𝑑 = 𝑚𝑚 ∗ 𝐶𝐶𝑣𝑣 ∗ 𝑑𝑑𝑑𝑑 

 

𝑑𝑑𝑑𝑑 = 𝑚𝑚𝐶𝐶𝑣𝑣 + 𝑝𝑝𝑝𝑝𝑝𝑝 

 

Considering the ideal gas law, 

 

𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑚𝑚 ∗ 𝑅𝑅 ∗ 𝑑𝑑𝑑𝑑 

 

Which can be seen as, 
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𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑉𝑉𝑉𝑉𝑉𝑉
𝑅𝑅

 

If considering a constant volume combustion process, where 𝑑𝑑𝑑𝑑 = 0, 

 

𝑑𝑑𝑑𝑑 = 𝑚𝑚 ∗ 𝐶𝐶𝑣𝑣 ∗ 𝑑𝑑𝑑𝑑 + 𝑝𝑝𝑝𝑝𝑝𝑝 

 

𝑑𝑑𝑑𝑑 =  𝑚𝑚 ∗ 𝐶𝐶𝑣𝑣 ∗ 𝑑𝑑𝑑𝑑 

 

𝑑𝑑𝑑𝑑 = 𝐶𝐶𝑣𝑣 �
𝑉𝑉𝑉𝑉𝑉𝑉
𝑅𝑅
� 

 

From these statements the mass fraction burned can be defined as, 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =
∑ �𝐶𝐶𝑣𝑣 �

𝑉𝑉𝑉𝑉𝑉𝑉
𝑅𝑅 ��𝜃𝜃

𝑆𝑆𝑆𝑆𝑆𝑆

∑ �𝐶𝐶𝑣𝑣 �
𝑉𝑉𝑉𝑉𝑉𝑉
𝑅𝑅 ��𝐸𝐸𝐸𝐸𝐸𝐸

𝑆𝑆𝑆𝑆𝑆𝑆

 

 

Or, 

𝑀𝑀𝑀𝑀𝑀𝑀 =
∑ (𝐶𝐶𝑣𝑣 ∗ 𝑉𝑉𝑉𝑉𝑉𝑉)𝜃𝜃
𝑆𝑆𝑆𝑆𝑆𝑆

∑ (𝐶𝐶𝑣𝑣 ∗ 𝑉𝑉𝑉𝑉𝑉𝑉)𝐸𝐸𝐸𝐸𝐸𝐸
𝑆𝑆𝑆𝑆𝑆𝑆

 

 

The first method implemented involved the extra pressure due to combustion “∆𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜”, the 

extra pressure due to combustion can be considered proportionate to the heat added (Asgari, 

et al., 2012), expressed per degree of course, 

 

Equation 14 - MFB Method 1 (P2n) 

𝑀𝑀𝑀𝑀𝑀𝑀 =
𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃

𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
=
�∑ ∆𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝜃𝜃
𝑆𝑆𝑆𝑆𝑆𝑆 �

(∑ ∆𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐸𝐸𝐸𝐸𝐸𝐸
𝑆𝑆𝑆𝑆𝑆𝑆 )
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If the specific heat during combustion is considered constant, then MFB can be defined by, 

 

Equation 15 - MFB Method 2 (P-Comb) 

𝑀𝑀𝑀𝑀𝑀𝑀 =
𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃

𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
=
�∑ 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝜃𝜃

𝑆𝑆𝑆𝑆𝑆𝑆 ∆𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�
�∑ 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶∆𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐸𝐸𝐸𝐸𝐸𝐸

𝑆𝑆𝑆𝑆𝑆𝑆 �
 

 

Figure 66 - MFB Method & Load Comparison (Vacas, Authors Own) 

 

Figure 66 produces 2 interesting observations, in the first instance it is clear to see the MFB 

profile for the full load trace reaches MFB50% around 5 degrees earlier than the low load 

trace, implying that the peak pressure is closer to MBT. Figure 66 uses durations calculated 

with the pressure difference method, but when these values were calculated with the visual 

Log PV method high load duration was seen to be around 6 degrees less. 

The second interesting observation is less obvious, method 2 relates to the 2nd MFB method 

where volume has been accounted for, whilst this doesn’t make much difference to the high 

load trace as it is close to constant volume, it does make a more significant difference to the 

low load trace – this correlates with the fact that the low load Log PV diagram deviated 

significantly from the ideal constant volume combustion process, this is shown with “A*” and 

“B*” (the respective screen shots of the high and low Log PV graphs). 
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5.9.2 – Analysis 
 

Earlier on the sensitivity of the polytropic index had been evaluated in terms of what effect it 

had on the pressure difference calculation and whilst it did have an effect (when doubling “n”), 

this effect only really materialised toward the very beginning and end of combustion.  Figure 

67 though shows the effects of “n” variation on the MFB curve, the MFB curve was plotted 

with extremes of (+/-) 10% & 30%. It was clear that these changes in “n” had a significant 

effect of the MFB curve, whilst this doesn’t have a great effect on the MFB50% value 

(considering + / - 10%) it does significantly change the curves shape. This was an important 

parameter to be aware of as MFB values are the precursor to the Vibe constants “a” and “m” 

being calculated – KTM’s quoted values “n” values are out by roughly 4% which can be 

considered somewhat significant in light of Figure 67. 

 

Figure 67 - MFB Sensitivity Analysis (Vacas, Authors Own) 

 

Another step taken to analyse the MFB plots was to overlay an MFB plot and a pressure 

difference plot – where combustion starts should be where the pressure difference begins 

and subsequently where combustion ends should be where the pressure difference ends. 

Figure 68 shows this clearly, the correlation adds an additional sense of affirmation to the 

overall model’s continuity – if anything conducting simple tests like this may just be a useful 

tool for spotting simple errors when handling data. 
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Figure 68 - MFB & Pressure Difference (Vacas, Authors Own) 

 

Figure 69 - MFB Comparison "n" Variation (Vacas, Authors Own) 

 

Figure 69 shows the difference that the KTM “n” values have on an MFB curve at 2500rpm & 

20%, visually it is not that big a difference and acts as if to say the combustion is happening 

slightly faster. 
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Figure 69 - MFB50% Comparison (20%) 

 

Figure 70 – MFB50% Comparison (100%) (Vacas, Authors Own) 

Figures 70 and 71 show the comparison between KTM’s MFB50% figures and those 

calculated with MFB method 1, for low and high load respectively – both comparisons show a 

clear relationship in terms of having very similar trends but there seems to be a consistent 

difference of around 2 degrees, although not displayed this does not change much when 

considering MFB method 2. 
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5.10 – Vibe Function 
 

The engine simulation model that was being built required the vibe constants of “a” and “m” 

as it operated on a prescribed burn rate model. 

 

 

Figure 70 - Vibe Constants (Nierkerk, 2018) 

 

Figure 70 (Nierkerk, 2018) shows two examples of variation in the vibe constants of “m” and 

“a”, these two constants by be described simply by the following 2 statements (Heywood & 

Chun, 1987); 

• The vibe constant “a” can be considered the slope shape factor, increasing this 

constant increases the burn rate slope – also referred to as the efficiency parameter. 

 

• The vibe constant “m” can be considered the distribution shape factor, increasing 

this constant results in more of the mass being burnt later – also referred to as the 

form factor.  

 
The prescribed burnt rate can be described by, 

 

Equation 16 - MFB Prescribed Burn Rate (van Niekerk, 2000) 

𝑀𝑀𝑀𝑀𝑀𝑀 = 1 − exp� −𝑎𝑎 �
𝜃𝜃
𝜃𝜃𝑑𝑑
�
𝑚𝑚+1

� 
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5.10.1 – Method & Calculations 
 

The prescribed burn rate can be re-arranged, 

 

exp� −𝑎𝑎 �
𝜃𝜃
𝜃𝜃𝑑𝑑
�
𝑚𝑚+1

� = 1 −𝑀𝑀𝑀𝑀𝑀𝑀 

 

ln�exp� −𝑎𝑎 �
𝜃𝜃
𝜃𝜃𝑑𝑑
�
𝑚𝑚+1

�� = ln(1 −𝑀𝑀𝑀𝑀𝑀𝑀) 

 

−𝑎𝑎 �
𝜃𝜃
𝜃𝜃𝑑𝑑
�
𝑚𝑚+1

= ln(1 −𝑀𝑀𝑀𝑀𝑀𝑀) 

 

𝑎𝑎 �
𝜃𝜃
𝜃𝜃𝑑𝑑
�
𝑚𝑚+1

= − ln(1 −𝑀𝑀𝑀𝑀𝑀𝑀) 

 

ln�𝑎𝑎 �
𝜃𝜃
𝜃𝜃𝑑𝑑
�
𝑚𝑚+1

� = ln(− ln(1 −𝑀𝑀𝑀𝑀𝑀𝑀)) 

 

ln𝑎𝑎 + ln �
𝜃𝜃
𝜃𝜃𝑑𝑑
�
𝑚𝑚+1

= ln(− ln(1 −𝑀𝑀𝑀𝑀𝑀𝑀)) 

 

ln 𝑎𝑎 + (𝑚𝑚 + 1) ln �
𝜃𝜃
𝜃𝜃𝑑𝑑
� = ln(− ln(1 −𝑀𝑀𝑀𝑀𝑀𝑀)) 

 

This can be now viewed in its final form as the equation of a straight line, 

 

Equation 17 - Vibe Graph Equation 

𝐥𝐥𝐥𝐥(− 𝐥𝐥𝐥𝐥(𝟏𝟏 −𝑴𝑴𝑴𝑴𝑴𝑴)) = (𝒎𝒎 + 𝟏𝟏) 𝐥𝐥𝐥𝐥 �
𝜽𝜽
𝜽𝜽𝒅𝒅
�+ 𝐥𝐥𝐥𝐥 𝒂𝒂 

 

𝒀𝒀 = 𝑴𝑴𝑴𝑴 + 𝑪𝑪 
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5.10.2 – Graphing & Analysis 
 

With the prescribed burn rate now in the form of a straight line it could be graphed to calculate 

the vibe constants “a” and “m”. 

 

Figure 71 - Vibe Graph (Vacas, Authors Own) 

Figure 71 shows a typical graphed trace, to successfully calculate the vibe constants it was 

necessary fit a linear trend line to the data trace, the equation of which is displayed on the 

graph. From this equation “a” can be calculated as the exponent of “2.3451” and “m” as 

“2.6604-1”, in this case “a=10.43” and “m=1.66”, whilst slightly high these values are within 

the typical range shown by (Blair, 1994). 

It can be noted that figure 71 represents the rather ideal scenario where there is little or no 

noise, several other graphs did contain a certain amount of noise meaning that the range 

selection had to be shortened or data points taken out – this was avoided wherever possible. 

It can also be noted that in general the lines graphed using the KTM “n” values tended to 

degrade or distort towards the extremities of the line. 

5.10.3 – Function Retro-Fit 
 

To double check this process it was decided to retro-fit the “a” and “m” values directly back to 

the prescribed burn rate equation, 

Equation 18 - MFB prescribed Burn Rate 

𝑀𝑀𝑀𝑀𝑀𝑀 = 1 − exp� −𝒂𝒂�
𝜃𝜃
𝜃𝜃𝑑𝑑
�
𝒎𝒎+1

� 

y = 2.6604x + 2.3451
-8.00000

-6.00000

-4.00000

-2.00000

0.00000

2.00000

4.00000

-3.00000 -2.50000 -2.00000 -1.50000 -1.00000 -0.50000 0.00000

𝐥𝐥𝐧𝐧
(−
𝐥𝐥𝐧𝐧

(𝟏𝟏
−𝑴𝑴

𝑭𝑭𝑩𝑩
))

𝐥𝐥𝐧𝐧(𝜽𝜽/𝜽𝜽_𝒅𝒅 )

Vibe 7000rpm

KTM MFB Method 1 Calculated MFB Method 1

Linear (Calculated MFB Method 1)
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Figures 72 and 73 show plots comparing the original KTM values compared with both the 

initially calculated MFB50% (method 1, 1^2) values and those mfb curve generated from the 

function retro-fit. The retro-fit values for the high load data went from undershooting the KTM 

values to matching or overshooting them (whilst generally follow a similar trend – of interest 

was the low load retro-fit data which up to 6500rpm was an extremely close match to the 

original KTM data. On a single case basis, it would be naïve to draw a conclusion from this, 

but it is certainly a future area that could be investigated. 

 

Figure 72 - MFB Retro-Fit 20% 

 

Figure 73 - MFB Retro-Fit 100% 
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Chapter 6 - Excel Model (Combustion Chemistry) 
 

Having explored the fundamental mechanisms relating to the engine pressure data the next 

step was to explore the combustion chemistry. 

6.1 – Chemistry Basics 
 

The very first step was to cover the topic of combustion stoichiometry. 

 

Where the fuel equivalence ratio can be stated as the inverse of lambda, 

𝜙𝜙 =
1
𝜆𝜆
 

 

Showing the example condition of 10% rich: 

𝜙𝜙 = 𝟏𝟏.𝟏𝟏 (10% 𝑟𝑟𝑟𝑟𝑟𝑟ℎ) 

𝟏𝟏.𝟏𝟏𝐶𝐶8𝐻𝐻18 + 12.5(𝑂𝑂2 + 3.76𝑁𝑁2) ≫  𝒂𝒂𝐶𝐶𝐶𝐶2 +  𝒃𝒃𝐶𝐶𝐶𝐶 + 𝒄𝒄𝐻𝐻2𝑂𝑂 +  𝒅𝒅𝑁𝑁2 

 

8.8 = 𝒂𝒂 + 𝒃𝒃   

19.8 = 𝟐𝟐𝟐𝟐 

 

9.9 = 𝒄𝒄 

25 = 𝟐𝟐𝟐𝟐 + 𝒃𝒃 + 𝒄𝒄 

 

25 = 𝟐𝟐𝟐𝟐 + 𝒃𝒃 + 9.9 

 

14.9 =  𝟐𝟐𝟐𝟐 + 𝒃𝒃 

 

(𝟐𝟐𝟐𝟐 + 𝒃𝒃) − (𝒂𝒂 + 𝒃𝒃) 

 

𝒂𝒂 + 𝟎𝟎 = 4.7 

𝒃𝒃 = 8.8− 𝒂𝒂 

𝒃𝒃 = 4.1 
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6.2 –Mass Calculations and Purity 
 

The next logical step was to calculate the various in cylinder masses. 

Fuel mass “𝑓𝑓𝑐𝑐” was given in KG/hr, hence fuel mass KG/rev could be given as, 

Equation 19 - Fuel Mass Per Revolution 

𝑚𝑚𝑓𝑓 = �
𝑓𝑓𝑐𝑐

60𝑁𝑁
� 

 

Subsequently the air mass “” could be given by, 

 

Equation 20 - Air Mass Per Revolution 

𝑚𝑚𝑎𝑎 =
(𝑚𝑚𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ)

(𝜙𝜙)
 

 

The air and fuel mass could be described as, 

 

Equation 21 - Air & Fuel Mass Per Revolution 

𝑚𝑚𝑎𝑎𝑎𝑎 = 𝑚𝑚𝑎𝑎 + 𝑚𝑚𝑓𝑓  

 

Having calculated figures for the air and fuel mass the mass of residual gas could be 

calculated (based on assuming a purity figure) – Purity values were obtained from 

Engmod2T or (Zhao, 2007) 

Charge purity can be defined as, 

Equation 22 - Charge Purity (Blair, 1994) 

Π𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑚𝑚𝑡𝑡𝑡𝑡

𝑚𝑚𝑡𝑡𝑡𝑡
 

 

(Blair, 1994) defines “𝑚𝑚𝑡𝑡𝑡𝑡” as the mass of air trapped in the cylinder, but the assumption is 

made that, 

𝑚𝑚𝑡𝑡𝑡𝑡 = 𝑚𝑚𝑎𝑎 + 𝑚𝑚𝑓𝑓 
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Concerning the mass of trapped charge “𝑚𝑚𝑡𝑡𝑡𝑡”, it can be stated that, 

𝑚𝑚𝑡𝑡𝑡𝑡 = 𝑚𝑚𝑎𝑎 + 𝑚𝑚𝑓𝑓 + 𝑚𝑚𝑟𝑟𝑟𝑟 

Where “𝑚𝑚𝑟𝑟𝑟𝑟” is the mass of residual gas. 

Therefore, 

𝑚𝑚𝑡𝑡𝑡𝑡 =
𝑚𝑚𝑡𝑡𝑡𝑡

Π𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

Which becomes, 

 

𝑚𝑚𝑎𝑎 + 𝑚𝑚𝑓𝑓 + 𝑚𝑚𝑟𝑟𝑟𝑟 =
𝑚𝑚𝑡𝑡𝑡𝑡

Π𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 

 

Defining residual gas “𝑚𝑚𝑟𝑟𝑟𝑟” as, 

Equation 23 - Residual Gas Mass 

𝑚𝑚𝑟𝑟𝑟𝑟 = �
𝑚𝑚𝑡𝑡𝑡𝑡

Π
� − (𝑚𝑚𝑎𝑎 + 𝑚𝑚𝑓𝑓) 

 

Figure 74 shows the various in cylinder masses with a nominal charge purity of 0.95. 

 

Figure 74 - In Cylinder Mass (Vacas, Authors Own) 

0

0.00005

0.0001

0.00015

0.0002

0.00025

0 2000 4000 6000 8000 10000 12000

M
as

s (
KG

)

RPM

In Cylinder Mass 

Fuel - 20%

Air (0.95 Puirty) - 20%

Exhaust (0.95 Purity) - 20%



83 
 

6.3 – Specific Gas Constants 
 

The ideal gas law sates, 

𝑃𝑃𝑃𝑃 = 𝑛𝑛∗𝑅𝑅𝑢𝑢𝑇𝑇 

𝑛𝑛∗ = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 

𝑅𝑅𝑢𝑢 = 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝐺𝐺𝐺𝐺𝐺𝐺 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  𝐽𝐽/𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 

 

Or, 

 

𝑃𝑃𝑃𝑃 = 𝑚𝑚𝑚𝑚𝑚𝑚 

𝑚𝑚 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖 𝐾𝐾𝐾𝐾 

𝑅𝑅 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐺𝐺𝐺𝐺𝐺𝐺 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑔𝑔𝑔𝑔𝑔𝑔 

 

And, 

𝑃𝑃𝑃𝑃 = 𝑛𝑛∗𝑅𝑅𝑢𝑢 = 𝑚𝑚𝑚𝑚 

 

If, 

𝑛𝑛∗ = 1𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 

 

It can be said that, 

 

𝑀𝑀 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑖𝑖𝑖𝑖 𝐾𝐾𝐾𝐾 

 

Therefore, 

 

1𝑅𝑅𝑢𝑢 = 𝑀𝑀𝑀𝑀(𝑅𝑅) 

 

Equation 24 - Specific Gas Constant 

𝑅𝑅 =
𝑅𝑅𝑢𝑢
𝑀𝑀𝑀𝑀

 

 

𝑅𝑅 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐺𝐺𝐺𝐺𝐺𝐺 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 



84 
 

Prior to calculating the specific gas constants, it was necessary to calculate the average 

molar weights of the mixture and exhaust – this can be stated simply as, 

Equation 25 - Average Molecular Weight 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 

 

 

Hence for the mixture this could be given as, 

 

𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑥𝑥

𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚
 

 

Equally for the exhaust, 

 

𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒ℎ

𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒ℎ
 

 

 

Considering residual gas content, the specific gas constant prior to combustion can be 

defined as, 

 

Equation 26 - Specific Gas Constant (unburnt) 

𝑅𝑅𝑢𝑢𝑢𝑢𝑢𝑢 = Π𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �
𝑅𝑅𝑢𝑢

𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎
�+ Π𝑒𝑒𝑒𝑒ℎ �

𝑅𝑅𝑢𝑢
𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎

� 

Where, 

 

Π𝑒𝑒𝑒𝑒ℎ = 1 − Π𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 

 

And the universal gas constant, 

 

𝑅𝑅𝑢𝑢 = 8314 J/K . K 

 

Subsequently the burnt gas constant can be described as, 
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𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏 =
𝑅𝑅𝑢𝑢

𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎
 

And the average specific gas constant, 

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 =
1
2
�

𝑅𝑅𝑢𝑢
𝑀𝑀𝑀𝑀𝑢𝑢𝑢𝑢𝑢𝑢 + 𝑀𝑀𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏

� 

 

 

Figure 75 - Specific Gas Constants (Vacas, Authors Own) 

 

 

Figure 76 - Temperature Test 3000rpm - 100% (Vacas, Authors Own) 
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Having calculated values for mass and values for the specific gas constants it was possible to 

make an initial calculation of temperature. 

The equation used for temperature, as derived from the ideal gas law can be stated as, 

 

Equation 27 - Initial Temperature Calculation 

𝑇𝑇 =
𝑃𝑃𝑃𝑃
𝑚𝑚𝑚𝑚

 

 

6.4 – Specific Heats  
 

The next step was to calculate the specifics heats of both the mixture and exhaust, Heywood 

(B.Heywood, 1988) states, 

 

Equation 28 – (Heywood 1988) 

𝐶̃𝐶𝑝𝑝,𝑖𝑖

𝑅𝑅𝑈𝑈
= 𝑎𝑎𝑖𝑖1+𝑎𝑎𝑖𝑖2𝑇𝑇 + 𝑎𝑎𝑖𝑖3𝑇𝑇2 + 𝑎𝑎𝑖𝑖4𝑇𝑇3 + 𝑎𝑎𝑖𝑖4𝑇𝑇4 

 

Where “𝐶̃𝐶𝑝𝑝,𝑖𝑖" is the specific heat of a species at constant pressure, with the units “cal/gmol.K”, 

“ai” is a polynomial coefficient from the JANAF NASA tables, “T” is temperature and “Ru” the 

universal gas constant. 

 

Re-arranging this equation gives, 

 

Equation 29 - Specific Heat at Constant Pressure (Heywood 1988) 

 

𝐶̃𝐶𝑝𝑝,𝑖𝑖 = 𝑅𝑅𝑢𝑢(𝑎𝑎𝑖𝑖1+𝑎𝑎𝑖𝑖2𝑇𝑇 + 𝑎𝑎𝑖𝑖3𝑇𝑇2 + 𝑎𝑎𝑖𝑖4𝑇𝑇3 + 𝑎𝑎𝑖𝑖4𝑇𝑇4) 

 

And for fuels in a vapour phase, 
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Equation 30 - Specific Heat at Constant Pressure (fuel) (Heywood 1988) 

𝐶̃𝐶𝑝𝑝,𝑓𝑓 = 𝐴𝐴𝑓𝑓1+𝐴𝐴𝑓𝑓2𝑡𝑡 + 𝐴𝐴𝑓𝑓3𝑡𝑡2 + 𝐴𝐴𝑓𝑓4𝑡𝑡3 +
𝐴𝐴𝑓𝑓5
𝑡𝑡2

 

 

Where, 

𝑡𝑡 =
𝑇𝑇

1000
 

Converting the units of “cal/K.mol.k” for fuel to “J/K.mol.k”, where “4180” is the conversion 

factor can be stated as, 

 

𝐶𝐶𝑝𝑝,𝑓𝑓 = 4180 ∗ 𝐶̃𝐶𝑝𝑝,𝑓𝑓 

 

Therefore, converting to constant volume can be shown by, 

 

𝐶𝐶𝑝𝑝,𝑓𝑓 − 𝑅𝑅𝑢𝑢 = 𝐶̃𝐶𝑣𝑣,𝑓𝑓 

 

Converting any of the mixture species to specific heat at constant volume can be shown by, 

 

𝐶̃𝐶𝑝𝑝,𝑖𝑖 − 𝑅𝑅𝑢𝑢 = 𝐶̃𝐶𝑣𝑣,𝑖𝑖 

 

Hence the average specific heat (J/Kmol.k) at constant volume of the mixture can be stated 
by, 

 

𝐶̃𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 =
(�𝑚𝑚𝑚𝑚𝐶𝐶8𝐻𝐻18𝐶̃𝐶𝑣𝑣,𝐶𝐶8𝐻𝐻18� + �12.5 �1𝐶̃𝐶𝑣𝑣,𝑂𝑂2 + �3.76𝐶̃𝐶𝑣𝑣,𝑁𝑁2���)

(𝑚𝑚𝑚𝑚𝐶𝐶8𝐻𝐻18 + �12.5(1 + 3.76)�)
 

 

Converting to J/KG.K, 

 

Equation 31 - Average Specific Heat at Constant Volume (Mixture) J/KG.K 

𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 =
𝐶̃𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚

𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎
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Where “𝑚𝑚𝑚𝑚” is the molecular count and “𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎” the average molecular weight of the 

mixture. 

The average specific heat (J/Kmol.K) at constant volume of the exhaust can be stated by, 

 

 

𝐶̃𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒ℎ = �
�𝑚𝑚𝑛𝑛𝐶𝐶𝐶𝐶2𝐶̃𝐶𝑣𝑣,𝐶𝐶𝐶𝐶2� + �𝑚𝑚𝑛𝑛𝐶𝐶𝐶𝐶𝐶̃𝐶𝑣𝑣,𝐶𝐶𝐶𝐶� + �𝑚𝑚𝑛𝑛𝐻𝐻2𝑂𝑂𝐶̃𝐶𝑣𝑣,𝐻𝐻2𝑂𝑂� + (𝑚𝑚𝑛𝑛𝑁𝑁2𝐶̃𝐶𝑣𝑣,𝑁𝑁2)

(𝑚𝑚𝑛𝑛𝐶𝐶𝐶𝐶2 + 𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶 + 𝑚𝑚𝑚𝑚𝐻𝐻2𝑂𝑂 +𝑚𝑚𝑚𝑚𝑁𝑁2) � 

 

Converting to (J/KG.K), 

 

Equation 32 - Average Specific Heat at Constant Volume (Exhaust) J/KG.K 

𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒ℎ =
𝐶̃𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒ℎ

𝑀𝑀𝑀𝑀𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎
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Chapter 7 – Auto-Ignition Calculations  
 

The aim of this chapter is to bring together the most directly related tangental precursors to 

calculating the possibility of auto-ignition 

The values for purity originates from the work undertaken in the software package 

“Engmod2T” (shown in appendix “A”) – this value allows the calculation of a theoretical 

exhaust gas mass and subsequently a temperature EPC. Further to this, calculations are 

made identify the temperature the charge can reach before TDC, culminating in an appraisal 

for the possibility of auto-ignition – a short chapter, but the culmination of a far larger body of 

work. Purity values have not been conclusively validated, but (Zhao, 2007) states how residual 

gas in two-strokes can be over 80% - values are within this boundary. 

7.1 – Purity & Mass Comparison  
 

 

Figure 77 - Exhaust Valve Positions Engmod2T (Vacas, Authors Own) 

 

Figure 77 shows the two positions in which the purity (and thus residual gas mass) were 

calculated, with “normal” being a close approximation of the standard valve position and “shut” 

lowering to the point that it intersects the upper roof height of the transfer port (specified by 

Honda a 2/3rd’s shut rule) (Honda, 1997). 

Figure 78 shows a graph detailing purity for low / high load, and subsequently the respective 

values of purity for both “normal” and “shut” exhaust valve positions. The graph makes it very 

clear just how much residual gas there could be when the in the shut position at 20% throttle, 

note; purity rises rapidly after 5500rpm as this is the point at which the exhaust valve tends 

towards fully open – it is also useful to add that a purity of “1” signifies nothing but fresh charge 

in the cylinder and a purity value of “0” signifies nothing but residual gas in the cylinder, both 

at EPC.  
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Figure 78 - Purity Comparison (Vacas, Authors Own) 

 

Figure 79 - Air & Exhaust Mass (Vacas, Authors Own) 

 

Figure 79 shows the air & exhaust masses for low load (20%) and can be considered in 

ways an inverse representation of Figure 78. Apparent is the huge increase in exhaust gas 

mass, in most cases being double or more – note; air mass stays constant as this value has 

been calculated from the original KTM fuel and lambda values 
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7.2 – Temperature at Exhaust Port Closure 
 

Having earlier established the average specific heats at constant volume, the heat energy 

needed for the mixture to rise 1K could be defined by, 

 

Equation 33 - Heat Energy needed for 1K Temperature Rise 

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 = �
𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚1 − 𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚2

2
� (𝑚𝑚𝑎𝑎 +𝑚𝑚𝑓𝑓)(1) 

 

Considering a theoretical target temperature “X”, the heat needed to reach “X” can be defined 

by, 

 

Equation 34 - Heat Energy Needed to Reach "X" (Mixture) 

� 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

𝑋𝑋

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

 

 

“𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚” can be considered the mixture temperature, which has been taken to be 333k (60°C) – 

roughly the crankcase temperature as supplied by KTM. 

 

 

Having obtained purity values and thus residual gas mass, heat energy can be calculated 

needed for the exhaust gas / residual gas to drop 1K, 

Equation 35 - Heat Energy Lost Dropping 1K (Exhaust) 

𝑄𝑄𝑒𝑒𝑒𝑒ℎ = �
𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒ℎ1− 𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒ℎ2

2
� (𝑚𝑚𝑟𝑟𝑟𝑟)(1) 

Considering the exhaust gas is dropping to a theoretical target “X”, the heat energy needed 
can be given as, 

Equation 36 - Heat Needed to Reach "X" (Exhaust) 

� 𝑄𝑄𝑒𝑒𝑒𝑒ℎ

𝑋𝑋

𝑇𝑇𝑒𝑒𝑒𝑒ℎ
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With both sets of heat energy defined it can be stated that when, 

 

Equation 37 - Heat Energy Balance 

�� 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

𝑋𝑋

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

� − �� 𝑄𝑄𝑒𝑒𝑒𝑒ℎ

𝑋𝑋

𝑇𝑇𝑒𝑒𝑒𝑒ℎ

� = 0 

 

“𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒”, the cylinder temperature at exhaust port close is equal to “X”, i.e. the temperature of 
equilibrium between the two mixtures, 

 

𝑇𝑇𝑒𝑒𝑝𝑝𝑝𝑝 = 𝑋𝑋 

 

 

 

Figure 80 - Exhaust Gas Temperatures (KTM, 2017) 

 

Figure 80 shows a graph of the KTM supplied exhaust gas temperatures, these values will be 

used for “𝑇𝑇𝑒𝑒𝑒𝑒ℎ”, subsequently for equation  “𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚” has been defined as 333K approximately the 

average crankcase temperature (KTM supplied). 
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Figure 81 - Heat Energy Balance (Vacas, Authors Own) 
Figure 81 is a simple graph illustrating the concept the heat balance equation (36), “X” is 

identified as the point at which the two heat energy traces cross and subsequently the 

temperature at this point is considered “𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒”. 

 

Figure 82 - Temperature at Exhaust Port Closure (Vacas, Authors Own) 

Figure 82 shows the calculated “𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒” temperatures for both loads and subsequently both 

exhaust valve positions, again 20% load shows potential for possible auto-ignition. 
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7.3 – Auto-Ignition Temperature Calculation Methodology 
 

In the technical paper “Basic Understanding of Activated Radical Combustion and Its Two-

Stroke Engine Application and Benefits”  (Ishibashi, 2000) states; 

“Auto-ignition temperature ( 𝑻𝑻𝜽𝜽∗ ) is given by the following 

polytropic change formula: 

 

𝑻𝑻𝜽𝜽∗ = 𝑻𝑻𝑻𝑻(𝜺𝜺∗)𝒏𝒏−𝟏𝟏 

 

where, 

𝜺𝜺∗ is the specific gas volume at auto-ignition timing (𝜽𝜽∗). 𝒏𝒏 

is the mean polytropic index measured from the indicator 

diagram in the compression process. The crank angle at 

5% mass burn was used for the 𝜽𝜽∗, however, the 

estimation results were not very much affected by the 

crank angle around the top dead center.” 

 

Citing Hondas above statement concerning the calculation of the autoignition temperature 

equation 37 was applied on a trailing per degree basis starting from the exhaust port closure 

point. 

Equation 38 - Auto-Ignition Temperature (Vacas, Authors Own) 

𝑇𝑇2 = 𝑇𝑇1 �
𝑉𝑉1
𝑉𝑉2
�
𝑛𝑛−1

 

 Importantly the three different exhaust port closure points were defined as follows, 

• 1: 106° → 5° BTDC – approximately the height of the exhaust valve in its standard 

lower position (up to 5500rpm). 

• 2: 87° → 5° BTDC – approximately the height of the exhaust valve when fully open – 

as a simplification for calculations the exhaust valve is considered fully open from 

.5500rpm 

• 3: 121° → 5°  BTDC – approximately the height of the exhaust valve if considered to 

be at the upper height of the transfer ports, an approximation for auto-ignition 

suggested by the Honda Press Fact Book (Honda, 1997) 
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7.4 – Polytropic Index (Expanded Range Selection) 
 

Importantly a point discussed by Ishibashi (Ishibashi, 2000), is that when calculating auto-ignition 

temperature “a mean value of 𝑛𝑛 from the indicator diagram in compression should be used”. The work 

conducted in chapter 5.7 discussed various methods for calculating 𝑛𝑛 including looking at acute rate 

selection in compression (prior to SOC) - but it was also clearly noted that there was a trend to the 𝑛𝑛 

values, in that at exhaust port closure they started higher and tended down towards SOC. For this 

reason, it was decided to look at an expanded range selection for compression – selecting a range 

slightly after EPC and extending this range close to SOC. 

 

 

Figure 83 - Polytropic Index (compression) Expanded Range Selection - 20% (Vacas, Authors Own) 

 

Figures 83 & 84 (low and high load) show an apparent and interesting trend, these two graphs 

plot the “expanded” range selection against the original “acute” range selection values and it 

becomes apparent that using this new technique brings a consistently higher value of 𝑛𝑛 in 

compression all around 5500rpm (the point at which the exhaust valve starts to open).  

With this information in mind it was decided to conduct a quick analysis of the temperature 

equations sensitivity to values of 𝑛𝑛, this comparison is shown in Figure 85 “Temperature - "n" 

Variation Sensitivity (Vacas, Authors Own)”. 
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Figure 84 - Polytropic Index (compression) Expanded Range Selection - 100% (Vacas, Authors Own) 

 

 

 

Figure 85 - Temperature - "n" Variation Sensitivity (Vacas, Authors Own) 

 

1.1

1.15

1.2

1.25

1.3

1.35

1.4

1.45

1.5

0 2000 4000 6000 8000 10000 12000

In
de

x 
Va

lu
e 

"n
"

RPM

Polytropic Index - Expanded Range Selection 100%

Expanded Range -…

0

200

400

600

800

1000

1200

-120 -100 -80 -60 -40 -20 0

Te
m

pe
ra

tu
re

 (K
)

Crank Angle (degs)

Temperature - "n" Variation Sensitivity 2000rpm 20%

"n" = 1.22 "n" = 1.32 "n" Per Degree



97 
 

Figure 85 “Temperature - "n" Variation Sensitivity (Vacas, Authors Own)” shows three different 

values of 𝑛𝑛 used, as a lower value “1.22” (original acute range calculated value), a high value 

“1.32” (KTM’s supplied value) and a variable value “n” (calculated per degree). The outcome 

of this analysis was that in terms of auto-ignition temperature (the temperature reached close 

to TDC) the values of “n” had a significant effect – between the values of “1.22” and “1.32” 

there was a 200K difference in temperature. The effect seen in this variation was significantly 

more than any effect “n” variation had shown in prior analysis – considering this it was decided 

that for accuracy and effect the “n” value used for the temperature equation would be the 

average “n” calculated from EPC to SOC (circa). 
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7.5 – Final Temperature Calculations 
 

Figures 86 and 87 show the clear impact of shutting the exhaust valve, both 20% and 100% 

have had a significant increase in temperature in the sub 5500rpm area. 

 

Figure 86 - Temperature - 5° BTDC  20% (Vacas, Authors Own) 

 

Figure 87 - Temperature - 5° BTDC  100% (Vacas, Authors Own) 
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Figure 88 - Temperature - 5° BTDC Comparison (Vacas, Authors Own) 

Figure 88 shows the clear difference between low and high load situations, auto-ignition looks likely 
from 2500rpm to 5500rpm.  

 

Figure 89 - "n" Variation 20% (Vacas, Authors Own) 

 

These graphs all points towards CAI being an obtainable goal. 
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Chapter 8 – Conclusion 
 

Investigating two-stroke controlled auto-ignition was a project chosen to combine personal 

interests with academic enrichment. Originally conceived as a project with CAD in mind, the 

project soon started to develop a heavy bias towards analysing the fundamentals components 

of combustion. Initially when examining the combustion process, it was hard to draw 

conclusion and direction naturally, but the more time spent on the project the more information 

that was slowly absorbed and something that was originally a weakness soon became a 

thoroughly enjoyable challenge each step of the way. 

Having a project with real industrial potential was a great motivation, and not only being a 

motivator, it was also a great influence in directing the project towards having a very practical 

approach. The very initial question was whether auto-ignition had relevance in a modern two-

stroke engine, the thorough research conducted answered that question with yes, it is almost 

certainly possible. 

With the question of possibility answered early on, what could the project become and what 

produce the optimum outcome? The logic soon started to turn towards basics and 

fundamentals, an excel spreadsheet and several equations is where the project started and 

ended – but to define the project by that most unassuming description would be a discredit. 

Keeping to the basics and being unassuming is what gave the project it’s real strength. 

It must be mentioned that a significant underpinning in the project’s success was the extensive 

literature review, the literature review was conducted months in advance – the aim was simple 

and that was just to find as much literature as possible on two-stroke controlled auto ignition. 

Whilst most of the analysis work was based on the exploration of fundamentals, the body of 

research provided an answer in almost every situation where a question was asked. What 

temperature is needed for auto-ignition? 1000K was confirmed, did the in-cylinder gases need 

to be a homogeneous mix? No, in fact it was the opposite, two-stroke auto-ignition relied on a 

lack of turbulence at EPC – meaning that the mixture and exhaust did not mix creating exhaust 

hot spots (kernels) that would act as the ignition epicenters. 

In terms of whether CAI is possible in the KTM EXC 250 TPI, the answer is without doubt yes 

– but does this mean that the project provides exact answers and solutions, no it doesn’t. What 

the project has produced though, is a fundamental structure exploring the components and 

understanding of the process leading up to CAI. The work conducted has a solid structure 

based in fundamental principles and there is confidence that with further development and 

improved input data the project could successfully enable the functioning of a modern two-

stroke CAI engine, doing so with confidence and understanding. 
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Chapter 9 – Further Work  
 

 

1. Further investigation of combustion fundamentals, the polytropic index, MFB and the 

derivation & application of vibe a and m, with the aim to improve and refine the 

combustion model 

 

2. Explore methods in deducing in cylinder conditions, one key area of focus is to 

improve the calculations for in cylinder conditions, two proposed methods could 

include,  

 

a) Honda EPC temperature & Auto-Ignition Temperature 

 

Equation 39 - Honda Cylinder Temperature (Ishibashi, 2000) 

𝑇𝑇𝑇𝑇 =
(𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇)

(𝜂𝜂𝑆𝑆+ + (2𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇)) 

Equation 40 - Auto-Ignition Temperature (Ishibashi, 2000) 

𝑇𝑇𝜃𝜃∗ = 𝑇𝑇𝑇𝑇(𝜀𝜀∗)𝑛𝑛−1 

 

b) “A Novel Model for Computing the Trapping Efficiency and Residual Gas 

Fraction Validated with an Innovative Technique for Measuring the Trapping 

Efficiency” (Manente, et al., 2008 Small Engine Technology Conference)– 

Recent paper exploring and validating new techniques for predicting in cylinder 

conditions  - improvement upon Blair’s methods (Blair, 1994).  

 

3. Get an engine running, work towards a new cylinder design but in the meantime a 

simple butterfly can be put on the exhaust. 

 

4. Looking further into thermal management of engine components, ask what can be 

done?!, can cylinder heads be ceramic coated? Could a secondary water jacket be 

used? 

 

5. Think towards extremes, can auto-ignition be extended through a twin cylinder 

design to better control and time the reciprocal fluid dynamics. 
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Appendices 
 

 

Appendix A - 1D Simulation Model 
 

A.1 - Software Package 
 

 

Figure 90 - Software Package 

A.2 – Dat2T (Data Entry) 
 

A.2.1 – Introduction 
 

 

Figure 91 - Dat2T Overview 
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A2.2 – Engine 
 

 

Figure 92 - Dat2T Engine Data 
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Figure 93 - Dat2T Combustion Chamber 1 

 

Figure 94 - Dat2T Combustion Chamber 2 
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A.2.3 – Exhaust Port 
 

 

Figure 95 - Dat2T Timing Calculator 

 

 

Figure 96 - Dat2T Exhaust Port 
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Figure 97 - Dat2T Exhaust Port Display 

 

 

Figure 98 - Dat2T Exhaust Valve Timing 
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A.2.4 – Transfer Port 
 

 

Figure 99 - Dat2T Transfer Port Data Entry 
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Figure 100 - Dat2T Transfer Port Display 
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Figure 101 - Dat2T Window / Scavenging Calculator 

 

A.2.5 – Inlet Port 
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Figure 102 - Dat2T Reed Valve Data Entry 

 

Figure 103 - Dat2T Reed Valve Display 
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A.2.6 – Exhaust System  
 

 

Figure 104 - Data2T Exhaust Data Entry 

 

Figure 105 - Dat2T Exhaust Display 
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A.2.7 – Inlet System  
 

 

Figure 106 - Dat2T Inlet System Data Entry 

 

Figure 107 - Dat2T Inlet System Display 
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A.2.8 – Combustion 
 

 

Figure 108 - Dat2T Combustion Data Entry 
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A.2.9 – Temperatures  
 

 

Figure 109 - Dat2T Temperature Data Entry 
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A.3 – EngMod2T (Simulation) 
 

A.3.1 – Start Screen 

 

Figure 110 - Engmod2T Start Screen 

A.3.2 – Run Screen 

 

Figure 111 - Engmod2T Run Screen 



116 
 

A.3.3 – Exit Screen 

 

Figure 112 - Engmod2T Exit Screen 

A.4 – Post2T (Post Processor) 
 

 

 

A.4.1 – Plot Options 

 

Figure 113 - Post2T Plot Options 
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A.4.2 – Plot Display 

 

Figure 114 - Post2T Plot Display 

A.4.2 – Excel Data Import 
 

A.4.2.1 – File Import 
 

 

Figure 115 - Post2T Excel File Import (Space De-limited file) 
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A.4.2.2 – Data Editing 
 

 

Figure 116 - Post2T Excel Data Import Editing 

 

A.4.3 – Validation 
 

 

Figure 117 - Post2T Excel Validation (Vacas, Authors Own) 
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Appendix B - Excel 
 

B.1 – Original Data 
 

 

Figure 118 - Original KTM Data (KTM, 2017) 

 

Figure 119 - Original KTM Data (KTM, 2017) 
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B.2 – Data Sheet 
 

 

Figure 120 - Excel "Data" Sheet (Vacas, Authors Own) 

 

B.3 – Measurement & Units 
 

 

Figure 121 - Excel Measurements & Units Sheet (Vacas, Authors Own) 
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B.4 – Combustion Chemistry 
 

 

Figure 122 - Excel Combustion Chemistry Sheet (Vacas, Authors Own) 

 

B.5 – Pivot Charts 
 

 

Figure 123 - Excel Pivot Chart (Temperature) (Vacas, Authors Own) 
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B.6 – Graphs 
 

 

Figure 124 - Excel Log PV Graphs (Vacas, Authors Own) 

 

B.7 – Combustion Timing Experiment 
 

 

Figure 125 - Excel Combustion Timing Experiment Sheet (Vacas, Authors Own) 
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B.8 – Versioning 

 

Figure 126 - Excel File Versioning (before OneDrive) (Vacas, Authors Own) 

 

 

Figure 127 - Excel File Versioning (before OneDrive) (Vacas, Authors Own) 
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B.9 – Low Load / High Load 
 

 

Figure 128 - Excel Low Load Example (20%) (Vacas, Authors Own) 

 

 

Figure 129  - Excel Low Load Example (100%) (Vacas, Authors Own) 

 

 

 



125 
 

Bibliography & References 
1. A. Wyczalek, F., 1991 International Congress and Exposition. Two-Stroke Engine Technology 

in the 1990's, Detroit: SAE. 

2. A.Blank, D., 2007 World Congress. Radical Ignition Combustion Studies with Hydrogen in a 
Two-Stroke DI-HCRI Diesel Engine. Detroit, SAE. 

3. A.Boretti, A., 2002 SAE Motorsports Engineering Conference and Exhibition. Parametric 
Design of FIM WGP Engines. Indianopolis, SAE. 

4. Ambler, M. & Zocchi, A., 2001 Small Engine Technology Conference and Exhibition. 
Development of the Aprilia DITECH 50 Engine. Pisa, SAE. 

5. Anschuetz, D., 2018. [Interview] (12 January 2018). 

6. Antonelli, E., Nuccio, P., Dongiovanni, C. & R.Marzano, M., 2004 Small Engine Technology 
Conference. A New GDI 2-Stroke Engine to Meet Future Emission Limits: The Design and 
Prototype Architecture. Graz, SAE. 

7. Araki, M. et al., 2008. A CNG Two Stroke Cycle S.I. Engine Using Intermittent Low Pressure 
Fuel Injection from Scavenging Ports, Gunma: Dept of Mechanical Engineering, Gunma 
University. 

8. Asai, M. & Ishibashi, Y., 1996 International Congress & Exposition. Improving the Exhaust 
Emissions of Two-Stroke Engines by Applying the Activated Radical Combustion, Detroit: SAE. 

9. Asai, M. et al., 1993. Combustion Controller for a Spark Ignition Type Two-Cycle Engine. 
Japan, Patent No. US 5697332 A. 

10. Asai, M., Ishibashi, Y., Isomura, S. & Kudo, O., 1993. Two-Cycle Engine With an Exhaust 
Control Device. Japan, Patent No. EP 0606095 A1. 

11. Asai, M. et al., 1996. Two-Cycle Internal Combustion Engine. Japan, Patent No. EP 0831214 
B1. 

12. Asai, M., Kurosaki, T. & Okada, K., 1995. Analysis on Fuel Economy Improvement and Exhaust 
Emission Reduction in a Two-Stroke Engine by Using an exhaust Valve, Saitama: Honda R&D 
Co., Ltd.. 

13. Asgari, O., Kazemzadeh Hannani, S. & Ebrahimi, R., 2012. Improvement and experimental 
validation of a multi-zone model for combustion and NO emissions in CNG fueled spark 
ignition engine. Journal of Mechanical Science and Technology , 4(26), pp. 1205-1212. 

14. B.Heywood, J., 1988. Internal Combustion Engine Fundamentals. New York: McGraw-Hill. 

15. B.Millet, J., Maroteaux, F. & Ravet, F., 2007 8th International Conference on Engines for 
Automobiles. Modeling of HCCI Combustion by One Step Reaction Function: in View of 
Assisting the Optimization of Engine Management System. Capri, SAE. 

16. B.Poola, R., Nagalingam, B. & V.Gopalakrishnan, K., 1994 Fuels & Lubricants Meeting & 
Exposition. Performance of Thin-Ceramic-Coated Combustion Chamber with Gasoline and 
Methanol as Fuels in a Two-Stroke SI Engine. Baltimore, SAE. 



126 
 

17. Badami, M., Nuccio, P. & Andriano, M., 1999. The Influence of Crankcase Clearance Volume 
on Two-Stroke S.I. Engine Performance. Politecnico di Torino, 1999 SAE Small Engine 
Technology Conference. 

18. Bartolini, C. M., Caresana, F. & Pelagalli, L., 2004 Small Engine Technology Conference. 
Development of a Two-Cylinders-Two-Stroke Gasoline-Direct-Injected Engine. Graz, SAE. 

19. Benajes, J. et al., 2012. The Potential of Highly Premixed Combustion for Pollutant Control in 
an Automotive Two-Stroke HSDI Diesel Engine, Valencia: CMT-Universitat Politècnica de 
València. 

20. Bergman, M., Enander, N. & Lawenius, M., 2013. CFD Scavenging Simulation and Verification 
of a Sequentially Stratified Charged Two-Stroke Engine, Huskvarna: Husqvarna AB. 

21. Bermudez, V. et al., 2016. Comparative Analysis of Particle Emission with Two Different 
Injectors in a CAI 2-Stroke Gasoline Engine, Valencia: CMT Motores Termicos Universidad. 

22. Blair, G., 1991 SAW1 Mech E EXCHANGE LECTURE. The Two-Stroke Cycle Engine, Proscribe or 
Prosper?. Portland, Queen's University Belfast. 

23. Blair, G. P., 1994. Design and Simulation of Two-Stroke Engines. 1 ed. Warrendale: SAE 
International. 

24. Boretti, A. & Jiang, S., 2015. Two Stroke Direct Injection Jet Ignition Engines for Unmanned 
Aerial Vehicles, West Virginia: West Virginia University. 

25. Brynych, P. et al., 2014. System Optimization for a 2-Stroke Diesel Engine with a Turbo Super 
Configuration Supporting Fuel Economy Improvement of Next Generation Engines, Prague: 
Czech Technical Univ. 

26. Chen, R., Milovanovic, N., Turner, J. & Blundell, D., 2003 SAE World Congress. The Thermal 
Effect of Internal Exhaust Gas Recirculation on Controlled Auto Ignition. Detroit, SAE. 

27. Ciju, P., Pradeep, V. & Ramesh, A., 2013. Air Assisted Direct Cylinder Barrel Injection of 
Gasoline in a Two-Stroke S.I. Engine, Madras: Indian Institute of Technology Madras Chenai. 

28. Duret, P., 2001. A New Generation Of Combustion Processes For The Future?. 1 ed. Rueil-
Malmaison: Editions TECHNIP. 

29. Duret, P., Dabadie, J. C. & Colliou, T., 1995 Small Engine Technology Conference. Application 
of IAPAC Fuel Injection for Low Emissions Small Two-Stroke Engines, Milwaukee: SAE. 

30. Duret, P. & Venturi, S., 1996 International Congress & Exposition. Automotive Calibration of 
the IAPAC Fluid Dynamically Controlled Two-Stroke Combustion Process, Detroit: SAE. 

31. Fasolo, B., Doisy, A.-M., Dupont, A. & Lavoisier, F., 2005 SAE World Congress. Combustion 
System Optimization of a New 2 Liter Diesel Engine For EURO IV. Detroit, SAE. 

32. Ferrara, G., Balduzzi, F. & Vichi, G., 2012. An Innovative Solution for Two-Stroke Engines to 
Reduce the Short-Circuit Effects, Firenze: Universita degli Studi di Firenze. 

33. Fujikawa, T. & Ohtsu, M., 1990. Development of Automatic Exhaust Valve Control Device of 2 
Stroke Engines, Kobe: Kawasaki Heavy Industries, Ltd. Japan. 



127 
 

34. G.Groff, E., 2016. Automotive Two-Stroke-Cycle Engine Development in the 1980-1990’s, 
Milwaukee: SAE. 

35. Gambino, M. & Iannaccone, S., 2001 Small Engine Technology Conference and Exhibition. 
Two Stroke Direct Injection Spark Ignition Engine for Two Wheelers. Pisa, SAE. 

36. Gentili, R., Frigo, S., Cozzolino, F. & Zanforlin, S., 2001 Small Engine Technology Conference 
and Exhibition. Influence of Engine Parameters on ATAC Behaviour in a G.D.I. Two-Stroke 
Engine. Pisa, SAE. 

37. Gentili, R., Frigo, S. & Tognotti, L., 1994 International Congress & Exposition. Development of 
a Pumpless Air Assisted Injection System for Two-Cycle, S.I. Engines. Detroit, SAE. 

38. Gimelli, A., Boza, F., Fontanesi, S. & Saveri, E., 2011. 1D and 3D CFD Investigation of Burning 
Process and Knock Occurrence in a Gasoline or CNG fuelled Two-Stroke SI Engine , Modena: 
University of Modena and Reggio Emilia. 

39. H.Gadallah, A. et al., 2009. Effect of In Cylinder Water Injection Strategies on Performance 
and Emissions of a Hydrogen Fuelled Direct Injection Engine, Tanta: SAE. 

40. Hanabusa, H. et al., 2013. Study on Homogeneous Lean Charge Spark Ignition Combustion, 
Nagoya: Nagoya Institute of Technology. 

41. Hancock, D. et al., 2008 World Congress. A New 3 Cylinder 1.2l Advanced Downsizing 
Technology Demonstrator Engine. Detroit, SAE. 

42. Harker, N., R.Denbraven, K., Johnson, J. & Findlay, A., 2008 Small Engine Technology 
Conference. University of Idaho’s Clean Snowmobile Design Using a Direct-Injection Two-
Stroke Engine. Milwaukee, SAE. 

43. Heywood, J. & Chun, K., 1987. Estimating Heat-Release and Mass-of-Mixture Burned from 
Spark-Ignition Engine Pressure Data. Combustion Science and Technology, 54(1), pp. 133-
143. 

44. Honda, 1997. Press Information FACT BOOK. [Online]  
Available at: http://www.honda.co.jp/factbook/motor/CRM250AR/199701/crm97-005.html 
[Accessed 04 02 2018]. 

45. Hong Jo, S., Do Jo, P., Gomi, T. & Ohnishi, S., 1973. Development of a Low-Emission and High-
Performance 2-Stroke Gasoline Engine (NiCE), Milwaukee: SAE. 

46. Hooper, P., Al-Shemmeri, T. & J.Goodwin, M., 2011. Advanced modern low-emission two-
stroke cycle engines. Proceedings of the Institution of Mechanical Engineers, 1(1), pp. 1531-
1543. 

47. Ichihashi, S., 2016. Applying Combustion Chamber Surface Temperature to Combustion 
Control of Motorcycle Engines, Tochigi: Keihin Corp.. 

48. Iijima, A., Watanabe, T., Yoshida, K. & Shoji, H., 2006 Small Engine Technology Conference 
and Exhibition. A Study of HCCI Combustion Using a Two-Stroke Gasoline Engine with a High 
Compression Ratio. San Antonio, SAE. 

49. IiJima, A., Yoshida, K. & Shoji, H., 2005 Powertrain & Fluid Systems Conference and 
Exhibition. A Comparative Study of HCCI and ATAC Combustion Characteristics Based on 



128 
 

Experimentation and Simulations - Influence of the Fuel Octane Number and Internal EGR on 
Combustion. San Antonio, SAE. 

50. I., n.d. Paris. s.l.:s.n. 

51. Ishibashi, Y., 2000. Basic Understanding of Activated Radical Combustion and Its Two-Stroke 
Engine Application and Benefits. International Spring Fuels & Lubricants Meeting & 
Exposition Paris, France, pp. 1-13. 

52. Ishibashi, Y. & Asai, M., 1998 International Congress and Exposition. A Low Pressure 
Pneumatic Direct Injection Two-Stroke Engine by Activated Radical Combustion Concept, 
Detroit: SAE. 

53. Ishibashi, Y., Asai, M. & Nishida, K., 1997. An Experimental Study of Stratified Scavenging 
Activated Radical Combustion Engine, Saitama: Honda R&D Co., Ltd.. 

54. Ishibashi, Y., Isomura, S., Kudo, O. & Tsushima, Y., 1994. A Trial for Stabilizing Combustion in 
Two-Stroke Engines at Part Throttle Operation. HONDA R & D Technical Review , Volume 6, 
pp. 80-88. 

55. Ishibashi, Y. & Morikawa, H., 2010. A Macroscopic Understanding of the Controlled Auto-
Ignition for Vehicle Engines, Saitama: Honda R&D Co Ltd. 

56. Ishibashi, Y. & Nakano, Y., 1993. Cooling System for Spark-Ignition Two-Cycle Engine. Japan, 
Patent No. US 5701851 A. 

57. Ishibashi, Y., Nishida, K. & Asai, M., 2001. Activated Radical Combustion in a High-Speed High 
Power Pneumatic Direct Injection Two-Stroke Engine. In: P. Duret, ed. A New Generation of 
Engine Combustion Processes For The Future?. Rueil-Malmaison: Editions TECHNIP, pp. 141-
152. 

58. Ishibashi, Y. & Sakuyama, H., 2004 Fuels & Lubricants Meeting & Exhibition. An Application 
Study of the Pneumatic Direct Injection Activated Radical Combustion Two-Stroke Engine to 
Scooter. Toulouse, SAE. 

59. Ishibe, N. & Ohira, T., 1995. Combustion Analysis and Its Optimization in Two-Stroke Engines, 
Hokkaido: Suzuki Motor Corp.. 

60. Ivansson, N., 2003. Esimation of the Residual Gas Fraction in an HCCI-engine using Cylinder 
Pressure, Linköping: Linköping University. 

61. J.Callahan, B. et al., 2002 Small Engine Technology Conference. Simulation of Dynamic 
Operation of a Single-Cylinder Two-Stroke Engine. Kyoto, JSAE. 

62. J.Fleck, B. et al., 2004 SAE Motorsports Engineering Conference and Exhibition. Validation of 
a Computer Simulation of a High Performance Two-Stroke Motorcycle Racing Engine. 
Dearborn, SAE. 

63. J.Shayler, P., W.Wiseman, M. & Ma, T., 1990 International Congress and Exposition. 
Improving the Determination of Mass Fraction Burnt. Michigan, SAE. 

64. James, K., Chen, R. & Turner, J., 2010. Ionisation and Ionisation Rate of a Two-Stroke HCCI 
Engine Fuelled with E85 for Control Feedback, Loughborough: Loughborough University. 



129 
 

65. Javier Lopez, J. et al., 2015. Evaluation of the Potential Benefits of an Automotive, Gasoline, 
2-Stroke Engine, Valencia: Universitat Politècnica de València. 

66. Kelly, K., Kennedy, S. & Spagnoli, J., 2000. Performance of an Advanced Synthetic Diesel 
Engine Oil. Paris, France, International Spring Fuels & Lubricants Meeting & Exposition. 

67. Klein, M. & Erikson, L., 2005. Utilizing Cylinder Pressure Data for Compression Ratio 
Estimation. Laxenberg, IFAC. 

68. Kong, S.-C., D.Marriott, C., D.Reitz, R. & Christensen, M., 2001. Modeling and Experiments of 
HCCI Engine Combustion Using Detailed Chemical Kinetics with Multidimensional CFD. 
Detroit World Congress, SAE. 

69. KTM, 2017. Data. Mattighofen: s.n. 

70. Kumar, S. et al., 2009. The Effect of Diesel Fuel Properties on Engine-out Emissions and Fuel 
Efficiency at Mid-Load Conditions, Oak Ridge: Cummins Technical Centre. 

71. Kusano, K. & Hitoshi, K., 1990. Development of Programmed-Fuel Injection for Two-Stroke 
Cycle Racer Engine, Saitama: Honda R&D Co Ltd,.. 

72. L.Duret, P., Girard, A. & Elmaleh, A., 1997. World Overview of New Generation Two-Stroke 
Engine Activities from Patent Analysis, Paris: IFP. 

73. Laget, O. et al., 2013. Preliminary Design of a Two-Stroke Uniflow Diesel Engine for 
Passenger Car, Paris: IFP Energies nouvelles. 

74. Lavy, J., Angelberger, C., Guibert, P. & Mokhtari, S., 2001 . Towards a Better Understanding 
of Controlled Auto-Ignition (CAITM) Combustion Process from 2-Stroke Engine Results 
Analyses. Pisa, SAE. 

75. Lavy, J., Raux, S., Esterlingot, E. & Guibert, P., 1994. Thermodynamical AND Optical Analyses 
Of Controlled Auto-Ignition Combustion In Two-Stroke Engines, Paris: IFP. 

76. M.Bartolini, C., Caresana, F. & Vincenzi, G., 2001 Small Engine Technology Conference and 
Exhibition. Experimental Analysis of a Two-Stroke Direct Injection Engine Prototype. Pisa, 
SAE. 

77. Manente, V., Tunestal, P. & Johansson, B., 2008 Small Engine Technology Conference. A 
Novel Model for Computing the Trapping Efficiency and Residual Gas Fraction Validated with 
an Innovative Technique for Measuring the Trapping Efficiency. Milwaukee, SAE. 

78. Mattarelli, E., Rinaldini, C. A., Cantore, G. & Agostinelli, E., 2015 SAE Int. J. Alt. Power. 
Comparison between 2 and 4-Stroke Engines for a 30 kW Range Extender. Detroit, SAE. 

79. Milovanovic, N. et al., 2005 SAE World Congress. Enlarging the Operational Range of a 
Gasoline HCCI Engine By Controlling the Coolant Temperature, Detroit: SAE. 

80. Milovanovic, N. & Chen, R., 2001 International Spring Fuels & Lubricants Meeting & 
Exhibition. A Review of Experimental and Simulation Studies on Controlled Auto-Ignition 
Combustion, Orlando: SAE. 

81. Mitianiec, W., 2003 SAE/JSAE Small Engine Technology Conference & Exhibition. Reduction 
of Exhaust Gas Emission in a SI Two Stroke Engine with Direct Fuel Mixture Injection. 
Madison, SAE/JSAE . 



130 
 

82. Mitianiec, W., 2008 Small Engine Technology Conference. Pneumatic Fuel Injection in a 
Coupled Two-Stroke Engine. Milwaukee, SAE. 

83. Morikawa, H., 2010. A Further Approach to Controlled Auto- Ignition Using a Sequence of 
Low-Temperature Combustion-States, Saitama: Honda R&D Co Ltd. 

84. Morikawa, H., 2011. Studies of self-ignition combustion using a series of low-temperature 
combustion cycle. Honda R & D Technical Review, 23(1), pp. 70-76. 

85. Morikawa, H. & Ishibashi, Y., 2007 World Congress. An Experimental Approach to the 
Controlled Auto-Ignition. Detroit, SAE. 

86. Motorcity, 2010. Motorcity. [Online]  
Available at: http://www.geocities.co.jp/MotorCity/5167/f-honda.htm 
[Accessed 15 01 2018]. 

87. Nierkerk, 2018. Engmod2T. SA: . 

88. Nino, E., F.Gajdeczko, B. & G.Felton, P., 1992 International Fuels and Lubricants Meeting and 
Exposition. Two-Color Particle Image Velocimetry Applied to a Single Cylinder Two-Stroke 
Engine. San Francisco, SAE. 

89. Nishida, K., Kimijima, T., Sakuyama, H. & Murakami, Y., 2007. Enlargement of Auto-Ignition 
Regions by Applying a Stratified Charge Concept. Nigata, JSAE. 

90. Nishida, K., Sakuyama, H. & Kimijima, T., 2005. Two-Cycle Engine. Japan, Patent No. US 
7685989 B2. 

91. Nishida, K., Sakuyama, H. & Kimijima, T., 2009. Improvement of Fuel Economy Using a New 
Concept of Two-Stroke Gasoline Engine Applying Stratified-Charge Auto-Ignition, Saitama: 
Honda R&D Co.,Ltd. 

92. Nuti, M., 1986 International Congress and Exposition. Direct Fuel Injection: An Opportunity 
for Two-Stroke SI Engines in Road Vehicle Use, Detroit: Piaggio Group. 

93. Nuti, M., Pardini, R. & Caponi, D., 1997 Internation Congress & Exposition. FAST Injection 
System: PIAGGIO Solution for ULEV 2T SI Engines, Detroit: SAE. 

94. O Zur Loye, A. et al., 1996. Premixed Charge Compression Ignition Engine with Optimal 
Combustion Control. USA, Patent No. US 6915776 B2. 

95. Ognik, R., 2005. Approximation of Detailed-Chemistry Modeling by a Simplified HCCI 
Combustion Model. Capri, SAE. 

96. Oguma, H., Ichikura, T. & Iida, N., 1997. A study on Adaptability of Alternative Fuels for Lean 
Burn Two-Stroke ATAC Engine, Keio: Keio University. 

97. Oike, I. & Hiasa, T., 1996. Exhaust Controller for Spark-Ignition Type Two Stroke Internal 
Combustion Engine. Japan, Patent No. US 5829394 A. 

98. Okada, K. et al., 1995. Driveability Evaluation of Two-stroke Engine at Part Throttle 
Operation Using Torque Map. HONDA R & D Technical Review, Volume 7, pp. 24-29. 

99. Onishi, S. et al., 1979. Active Thermo-Atmosphere Combustion - A New Combustion Process 
for Internal Combustion Engines, Detroit: Nippon Clean Engine Reasearch Institute Co., Ltd.. 



131 
 

100. Oswald, R., Ebner, A. & Kirchberger, R., 2010. High Efficient 125- 250 cm3 LPDI Two-
Stroke Engines, a Cheap and Robust Alternative to Four-Stroke Solutions?, Graz: Graz 
University of Technology. 

101. Pohorelsky, L. et al., 2012. Air System Conception for a Downsized Two-Stroke Diesel 
Engine, Prague: Czech Technical Univ in Prague. 

102. R.Hansen, K., S.Nielsen, C., C.Sorenson, S. & Schramm, J., 2008 SAE International 
Powertrains, Fuels and Lubricants Congress. A 50cc Two-Stroke DI Compression Ignition 
Engine Fuelled by DME. Shanghai, SAE. 

103. R.Svarcas, L. & S.Brenner, M., 2005. New Powervalve Additive Technology Suitable 
for Two-Stroke Engines Containing Powervalves or Exhaust Port Modifiers. Wickliffe, JSAE. 

104. Rassweiler, G. & Withrow, L., 1938. Motion Pictures of Engine Flames Correlated 
with Pressure Cards, USA: SAE. 

105. Romani, L. et al., 2015. Development of a Low Pressure Direct Injection System for a 
Small 2S Engine. Part II - Experimental Analysis of the Engine Performance and Pollutant 
Emissions, Florence: University of Florence. 

106. Schmidt, S. et al., 2004 Small Engine Technology Conference. GDI with High-
Performance 2-Stroke Application: Concepts, Experiences and Potential for the Future. Graz, 
SAE. 

107. Takashi, 2003. crm250ar_geocities. [Online]  
Available at: http://www.geocities.jp/crm250ar_website/ 
[Accessed 10 03 2016]. 

108. Trassi, P. et al., 2015 SAE Int. J. Engines 8(4). Development of a Low Pressure Direct 
Injection System for a Small 2S Engine.Part I - CFD Analysis of the Injection Process, Detroit: 
University of Florence. 

109. Tsushima, Y., Akamatsu, S. & Takada, Y., 1999 Symposium on International 
Automotive Technology. Fuel Economy Improvement and CO2 Reduction of Motorcycle 
Gasoline SI Engine and Its Simulation, Asaka: JSAE. 

110. Turner, J. et al., 2010. Project Omnivore: A Variable Compression Ratio ATAC 2-
Stroke Engine for Ultra-Wide-Range HCCI Operation on a Variety of Fuels, Hethel: Lotus 
Enginnering. 

111. Vacas, J., Authors Own. Authors Own. Authors Own: Authors Own. 

112. van Niekerk, C. G. J., 2000. Effect of the Tailpipe Geometry on a Two-Stroke Engine's 
Performance Prediction, Pretoria: University of Pretoria. 

113. W.Blundell, D. & H.Sandford, M., 1992 International Congress & Exposition. Two 
Stroke Engines - The Lotus Approach. Detroit, SAE. 

114. Wakabayashi, S. et al., 1993. Throttle-Valve Control Apparatus for Spark-Ignition 
Two-Cycle Engines. Japan, Patent No. US 5495836 A. 

115. Wakabayashi, S. et al., 1994. Throttle-Valve Control Apparatus for Spark-Ignition 
Two-Cycle Engines. Japan, Patent No. US 5495836 A. 



132 
 

116. Wijesinghe, J. & Hong, G., 2008 SAE International Powertrains, Fuels and Lubricants 
Congress. Experimental Investigation of Spark Assisted Auto-Ignition Combustion in a Small 
Two-Stroke Engine. Shanghai, 2008. 

117. Winkler, F., Oswald, R., Schoegl, O. & Foxhall, N., 2016. Characterization of Different 
Injection Technologies for High Performance Two-Stroke Engines, Graz: Graz University of 
Technology. 

118. Winkler, F. et al., 2015. Layout and Development of a 300 cm³ High Performance 2S-
LPDI Engine, Graz: Graz University of Technology. 

119. Yamazaki, K. et al., 1996. Introduction of the Motorcycle "EXP-2" for Granada-Dakar 
Rally. HONDA R & D Technical Review, Volume 8, pp. 56-63. 

120. Yamazaki, R. et al., 1993. Combustion Controller for a Spark Ignition Type Two-Cycle 
Engine. Japan, Patent No. US 5507263 A. 

121. Yui, S. & Ohnishi, S., 1969 Mid Year Meeting. A New Concept of Stratified Charge 
Two Stroke Engine Yui and Ohnishi Combustion (YOCP), Chicago: SAE. 

122. Zhao, F. et al., 2003. Homogeneous Charge Compression Ignition (HCCI) Engines: Key 
Research and Developement Issues. 1 ed. Warrendale: SAE International. 

123. Zhao, H., 2007. Hcci and Cai Engines for the Automotive Industry. 1 ed. London: 
Woodhead. 

 

 

 

 

 

 

 
 

 

 

 

 

 



133 
 

Nomenclature & Abbreviations  
 

Nomenclature & Abbreviations 
Symbol / 
Acronym 

Definition Unit / Value 

𝜃𝜃𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Radians 
𝜃𝜃𝐷𝐷 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Degrees 
𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 m 
𝐿𝐿 𝑅𝑅𝑅𝑅𝑅𝑅 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ (𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡 𝑒𝑒𝑒𝑒𝑒𝑒) m 
𝜋𝜋 𝑃𝑃𝑃𝑃 3.14159265359

∗ 
𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅𝑅𝑅 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  
𝑉𝑉𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑇𝑇𝑇𝑇𝑇𝑇 m^3 

∅𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 m^3 
𝑉𝑉𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 m^3 
𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 m^3 
𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑡𝑡𝑡𝑡 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 m^3 

𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 (𝐵𝐵𝐵𝐵𝐵𝐵) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝐵𝐵𝐵𝐵𝐵𝐵 m^3 
TDC Top Dead Centre  
BDC Bottom Dead Centre  
𝑊𝑊 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊  
𝐹𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  
𝑥𝑥 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷  
𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃  
𝑊𝑊𝜃𝜃 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑃𝑃𝑃𝑃𝑃𝑃 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐽𝐽 
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TPO Transfer Ports Open  
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TPC Transfer Ports Closed  
EPO Exhaust Ports Open  
EPC Exhaust Ports Closed  
BD Blowdown (From EPO to TPO)  

ATAC* Active Torque Amplification Chamber  
ATAC Active Thermo Atmosphere Combustion  
HCCI Homogeneous Charge Compression Ignition  
CAI Controlled Auto-Ignition  

HCSI Homogeneous Charge Spark Ignition  
HCSAAI Homogeneous Charge Spark Assisted Auto-Ignition  

HCAI Homogeneous Charge Auto-Ignition  
SCAI Stratified Charge Auto-Ignition  
AR Active Radical Combustion (Honda two-stroke CAI)  
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