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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 CAIl 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 maijority 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. CAIl “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.



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 CAl 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
CAl 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 CAl 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 CAl operational window (almost until idle).

1997 ——= 2007

Figure 1 - CAl Direct Injection (Ishibashi, et al., 1997) & (Nishida, et al., 2007)



1.2 — Outline

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

CAl 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 CAl engine and comparing it with those from

its closely related S| 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 CAl.
Chapter 7: Auto-Ignition Calculations

This chapter covers the final considerations and calculations to predict the possibility

of auto-ignition.

10



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.

11



Chapter 2 — Project Planning and Management

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

Gateway Task 1-2014|2-2014|3-2014|4-2014(1-2015|2-2015|3-2015|4-2015|1-2016 |2-2016|3-2016 | 4-2016
General Reading & Research

Review of Initial Thoughts

1* Academic Guidance (Set & Non-set)
Focused Research

Resource Planning

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)

Gateway Task Jan-17|Feb-17 | Mar-17 | Apr-17 | May-17 | Jun-17 | Jul-17 | Aug-17 | Sep-17 | Oct-17| Nov-17 | Dec-17
2% Interim Proposal (for Industrial Partners)

Academic Guidance (Set & Non-set)

Focused Research

3* Resource Acquisition (Physical/Non Physical)

Geometric Analysis of Parts

Concept Investigation (CAD)

Dissertation Report Write Up

Combustion Modelling
4 Interim Oral Examination (Viva 1)
5% Interim Report (for Industrial Partners)

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.

12



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 CAIl — 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 CAl 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.

13
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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 CAIl
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.
1%?:;.}:”:‘3:!':.111] I;II::F:ID‘:dJMF

Hibgats Fressuns

Diaghragm & of Inlifplpw

ldle Control Leved
@ [ Throttie Stop Scrow
'l-l'EN:Inu =[Engine| 4}

Figure 3 - CRM250AR CAl 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 CAl 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-

14



stroke CAl 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 CAl temperature as well as indicating how changed with AFR Figure 3 (Ishibashi,
2000).

AR | sl
(Charging Efficiency | 35%  35%)
'Delivery Ratio 44%|  48% 1m0
Trapping Efficiency | 80%|  73%| w1080 /‘\.
:Relative Charge . 49 %] 4% % 1080
Scavenging Efficiency 70 % 80% K
In-Cylinder AFR %7 147 8 '™
Auto-ignition Temp. | 1047K| 896K 5 100
IMEP 473kPa| 449kPa B 100
‘opmi BkPa| 23kPal = 0 12 14 16 2
[BNEP | 377kPa| 346 kPa N-CYLNDER AFR

Figure 4 - CAl 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.

600 b I
b A000rpm
—_ L A/F for Min. BSFC
) . = hip L T
< 50 " Conv. Combustion ‘f\ y rConv. Combustian
Z .b el | B .
E ““ [3] .‘1
2 ag tree el 400 f N T [ — A
R i S !‘"’/ @ \ s ’
= 10 S ar Combustion AR Coébustio -_-—/
3200 L
O 0.1 0.2 0.3 0.4 05 O 0 0.2 0.3 0.4 05
Pme (MFa) Pme (MPa)

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

15



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,

AR Combustion

T irregular 60 -
. Combustion Irregular
’é\ 50 ”’//::”:Z%' ’g 50 1 Combustion
S
K 40 - ”;:/,,f;z,%% < 40
2
~ 30 - s € 30+
o e
3 g
g 201 20
5 5
= 10 A F 10
0 -
100
7 8 8
Throttle % 10° Throttle 4 x 10°

20 -
Opening (%) Opening 06)°° 02

Engine Speed (rpm) Engine Speed (rpm)
(1) Torque Characteristics of (2) Torque Characteristics of
AR Combustion Engine Conventional Combustion 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.

Ne = 4000rpm

AR Engine Prmi = 2.3 bar Original Engine
. By . BY
8 4] B al
o 2¥F o Z-MWWW
w (1Y)
=0 =0 et
Cycle Number, 1div. 20cycles Cycle Number , 1div. 20cycles
Pmi = 1.4 bar
« B
5.]
& 2}
£ ol o

Cvcle Number . 1div. 20cvcles Cvcle Number ., 1div. 20cycles

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.

16
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Figure 8 - CAl 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 CAIl 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 CAl two-strokes, in-particular the development path taken by Honda from circa 1993-
2010.
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1993

1994

1995

1996

1997

1998

“Combustion Controller for a Spark Ignition Type Two-Cycle Engine” (Asai, et al.,
1993)
Source: Honda Motor Co Ltd (Patent (US5697332A))

“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)

“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

“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)

“An Experimental Study of Stratified Scavenging Activated Radical Combustion
Engine” (Ishibashi, et al., 1997)
Source: SAE

“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

2004

2007

2009

2010

“Basic Understanding of Activated Radical Combustion and Its Two-Stroke Engine
Application and Benefits” (Ishibashi, 2000)
Source: SAE

“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

“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

“Improvement of Fuel Economy Using a New Concept of Two-Stroke Gasoline
Engine Applying Stratified-Charge Auto-Ignition” (Nishida, et al., 2009)
Source: SAE

“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 CAl.

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

A*-B*-C*-D*

A* _Hcsl (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* _Heal (Homogeneous Charge Auto-Ignition), low < mid load

The engine operates as a CAl 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-lgnition), low < mid load

The engine operates as a CAl 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.

Air Cleaner ARRBE DR
O {(x107)
: 10 AR
MPa 9
. 25
ﬁ 7
= 6
g S Spark Assisted Auto-Ignition
B a
& 3 7
i ARIIRSAIR
1
0
Irregular _4_,_ 5 6 7 & 9
Crank Casa Combustion LY -AEERE (1000 rpm)

Figure 9 - CAl 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”

t | t t 1
Ignition Ignition

Figure 10 - CAl 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 - CAl AFR Effect (Ishibashi, 2000)

5. CAl Temperature and Engine Speed
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Figure 12 - Auto-Ignition Temperature (Ishibashi, 2000)

18

20

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 CAIl, 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.

ARC System Diagram
@ Throttle angle sensor signal

@ Sensor-equipped carburettor 1]
e ECU

O CDI outpct

@ Servo motor

® ARC butterfly valve
@ Metal catalyzer

® Engine speed sensor signal

é HONDA FES125 PANTHEON

Figure 14 - Honda Pantheon 125 AR (Honda Motor Co Ltd)
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Figure 15 - Water Temperature Effect on CAl (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 CAl, even just a difference of 20 degrees Celsius can
shift the lower limit of CAl by as much as 1000rpm. This information points towards thermal

management being another component in CAl 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 CAl. Direct injection naturally complements CAl 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 CAl 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 CAl 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. CAl Process Flow Chart
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Figure 17 - CAl Process Flow Chart (Asai, et al., 1996)

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

Figure 17 displays the basic layout (theory) of Hondas CAl 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 CAl 250cc trail bike directly on its longstanding
S| 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 CAIl 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 CAl (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 CAl widely (Zhao, 2007), (Lavy, et al., 2001 ), (Onishi, et al., 1979)
and (Ishibashi, et al., 1994) have all discussed this aspect of two-stroke CAl — 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 Sl)

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.

HEMI-SPHERE CHAMBER HEMI-FLAT CHAMBER BATHTUE CHAMBER

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 - CAl Photo Images (Lavy, et al., 2001 )
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Figure 24 - CAIl 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 CAl 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 CAl but that it is

seriously limiting to the engines performance.
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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 CAIl engine — it is obvious just how extreme the exhaust throttling needs
to be for CAl.

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 CAl 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;

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

o 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 Schniirle
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

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.

96 T

.S

A

Figure 27 - Crank Slider Diagram (Vacas, Authors Own)
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From Figure 27 it can be stated that:
S=(R+L)—(RcosB.)— (Lcosb,,q)

Which becomes,

Equation 1 - Piston Displacement

RZ
S=((R+L)—(Rcosb)) — (L(0-5((§)(5in2 6cr))))

The cylinder volume at any crank angle can be described as,
Ve = Combustion Chamber Volume = 23.5cc (Measured)

Vsvo = Swept Volume Realtive to Crank Angle = S((0.5@ o) (2))

Therefore,

Equation 2 - Cylinder Volume
Veyr = Cylinder Volume = Vi + Vg

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

PPa=Pbar*105
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Cylinder Pressure Comparison
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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)

‘r’ =
v VsvPat
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Volumetric Efficiency
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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

PV Diagram 4000rpm - 20%
4000000 .
3 Scavenging
3500000
3000000

2500000

2000000

Pressure (Pa)

1500000

1000000

500000

1

0
0 0.00005 0.0001 0.00015 0.00q2 . 0.0003
Volume (m~3) E c T c

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;

e 1-2: This is the compression stroke and can be considered both isentropic (reversible
& no heat loss)

e 2-3; This is the combustion process and is considered a constant volume process
with heat addition.

e 3—4; This is the isentropic expansion process.

e 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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PV Diagram - 2000rpm
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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

PV Diagram - 8000rpm
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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

W = Fdx

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

This can be expressed as,

W = PAdx

W = PdV

When calculating per degree this gives the following equation,

Equation 5 - Work Per Degree Step

(P + Py)

Wy = (T)(Vz - V1)
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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)

+1806
221800 W

———)
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IMEP
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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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IMEP Error Comparison -Sensitivity Analysis
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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
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Figure 36 - Ideal Cycles (Blair, 1994)

47



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.

Log PV - 3000rpm 100%
3
2 Scavenging
5
g 4
5
ITDC Log V/Vmax | BDC

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;

e 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.

e 2-3; This is the combustion process and is considered a constant volume process
with heat addition.

e 3—4; This is the isentropic expansion process.

e 4--1; This is a constant volume heat rejection process.
Two extra points have been added (5 & 6) and these can be summarised below;

e 4-5; This is where blowdown (BD) occurs and is from when the exhaust ports open
until the transfer ports opens.
e 5-6; This scavenging period, from when the transfer ports open to when the transfer

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

LOG PV Sensitivity Analysis
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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,
PV =C

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

[T} ([ 1]

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,

changeiny Y, —-Y;

=5l = =
ft = stope changeinx X, —X;

Hence,

Equation 7 - "n" Slope

n-n

"TX,-x

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,
PV =C
Stated as,
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PV™ = Constant

Becomes,

P V' = P V3

n

Taking logs,

Finally, “n” can be shown as,

Equation 8 - Polytropic Index "n"

Another representation for “n” can be shown as,

_ (—(Log(Py) — Log(Py)))
(Log (V) = Log (V)

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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Polytropic Index
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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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Polytropic Index - Compression

Index Value "n"

Crank Angle (degs)

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 rpom 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.

Polytropic Index - Expansion

180

Index Value "n"

Crank Angle (degs)

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 rpom points (naturally due to noise), Figure 44 shows this scenario very clearly.
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-10 1.19343| STEP 10 0.58508

X CHANGE -9 116553 9 0.87207
Q \ -8 117270] ¥ CHANGE &8 2.32444
| \7 117360 O 7 .0.58869
= 5 = SOC — s -0.44605
8 SOC — 4 181734 & -4 3.38911
S -3 273941 &S 3 2.92973
™~ -2 5.76380 Q -2 -4.24943
R Al sl oy 1| 238727
DC o| -28.77978 [DC o| -16.84592

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,

PV™ = Constant

Where,
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Giving,

P1V1n=P2V2n

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

“P,,,” 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

APcomp = P — Pop

Pressure Difference (Pa)

-200

Pressure Difference 2500rpm

350000.0000
300000.0000 \
250000.0000
200000.0000 |,
]
150000.0000 i
SOC , EOC
00000.0000 §
0000
2.000N
v ToroveY ———
-150 -100 -50 0 50 100 150

-50000.0000
Crank Angle (degs)

2500rpm -100% = = =2500rpm - 20%

200

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 “AP,,,,,,” starts to increase / decrease and thus the start and end

of combustion can be identified, this method is supported by (Klein & Erikson, 2005).
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Figure 46 - Pressure Difference Noise (Vacas, Authors Own)
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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.
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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.
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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)
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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)
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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 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.
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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)
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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).
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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.
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Figure 60 - Polytropic Index Comparison (compression) (Vacas, Authors Own)
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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

Ignition Timing
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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

N
RPM Per S d=—
er Secon 0

Equation 12 - Second Per Revolution

1
Seconds Per Revolution = VRN

60)

Finally Stating,

Seconds Per Revolution
Seconds Per Degree = 360
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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

rpom — and logically the less efficient low load combustion shows a consistent increase in delay

time other than at high rpom where both low and high load combustion processes are faltering.
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Figure 64 - Delay Comparison (Vacas, Authors Own)
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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)

]
d
MFB = —Zggg ¢
ZSOC dQ
Considering the first law of thermodynamics,
dQ = dU + pdV

dU =m=x*C, *dT

dQ = mC, + pdV

Considering the ideal gas law,

pdV +Vdp =m=* R *dT

Which can be seen as,
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pdV + Vdp
R

If considering a constant volume combustion process, where dV = 0,
dQ =m* C, *dT + pdV
dQ = mx*C, =dT

0=

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

Vd
oc (e (52))
MFB = d
s (e (2))
Or,
g — 20c(Co * Vep)

2566(Cy » Vdp)

The first method implemented involved the extra pressure due to combustion “AP.,,,;”, 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)

mfbe _ (Zgoc APcomb)

MFB = =
mfbtotal (Zggg APcomb)
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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)

mfbe _ (Zgoc VCyl APcomb)

MFB = =
mfbtotal (Zggg VCylAPcomb)
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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 2" 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.
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Figure 67 - MIFB 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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MFB & Pressure Difference
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Figure 68 - MFB & Pressure Difference (Vacas, Authors Own)
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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.

74




MFB50% Comparison (20%)
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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

1]

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.

0.6 -

04 |

MASS FRACTION BURNED, X,,
MASS FRACTION BURNED, X,

0o ———

0.0 0.2 0.4 0.6 0.8 1.0
FRACTION OF DURATION, y

FRACTION OF DURATION, vy

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);

o 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.

e 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)

9 m+1
MFB=1—exp<—a(—) >
04
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5.10.1 — Method & Calculations

The prescribed burn rate can be re-arranged,

9 m+1
exp(—a(—) >=1—MFB
04

0 m+1
In exp( —a (—) ) =In(1 — MFB)
64

9 m+1

—-a <9—d) = In(1 — MFB)
a (6%)"1“ = —In(1 — MFB)

g M1
In <a (9—) ) = In(—In(1 — MFB))

d

m+1

Ina +In (9—) = In(—In(1 — MFB))
d

]
Ina+(m+1)In (9—) = In(—In(1 — MFB))
d

This can be now viewed in its final form as the equation of a straight line,
Equation 17 - Vibe Graph Equation
0
In(—In(1 — MFB)) =(m+ 1)In (9—> +Ina

d

Y=MX+C
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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”.
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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
“2.6604-17, 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

9 m+1
MFB=1—exp< —a(—) )
Oa
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Figures 72 and 73 show plots comparing the original KTM values compared with both the
initially calculated MFB50% (method 1, 142) 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 naive to draw a conclusion from this,

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

Showing the example condition of 10% rich:
¢ =1.1(10% rich)
1.1CgH 5 + 12.5(0, + 3.76N,) >»> aC0, + bCO + cH,0 + dN,

88=a+b
19.8 = 2¢
99 =c¢

25=2a+b+c

25=2a+b+99

149 = 2a+b

(2a+b) — (a+b)

a+0=47

b=88-—a
b=41

80



6.2 —Mass Calculations and Purity

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

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

Equatlo” 19 - FUE’I Mass Per ReVOIUtIOn
< )

could be given by,

Subsequently the air mass

Equation 20 - Air Mass Per Revolution

— (mfAFRstoich)
(@)

mgq

The air and fuel mass could be described as,

Equation 21 - Air & Fuel Mass Per Revolution

Mgy = Mg + M

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)

Mg

ncharge =
tr

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

made that,

Mg = My +mf
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Concerning the mass of trapped charge “m,,”, it can be stated that,

My = Mg +mf +mrg

Where “m,.;” is the mass of residual gas.

Therefore,

Which becomes,

mg +me + myy =
charge

Defining residual gas “m,.;" as,

Equation 23 - Residual Gas Mass

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

Myg = (Trga) — (mg + mf)
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Figure 74 - In Cylinder Mass (Vacas, Authors Own)
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6.3 — Specific Gas Constants

The ideal gas law sates,
PV =n*R,T
n* = number of moles

R, = Universal Gas Constant J/KmolK

Or,
PV = mRT
m = mass in KG
R = Specific Gas Constant PerKG — Dependant upon gas
And,
PV =n*R, = mR
If,

n* = 1Kmol

It can be said that,

M = Molecular weight in KG

Therefore,

1R, = MW (R)
Equation 24 - Specific Gas Constant
Ry
R =
MW

R = Specific Gas Constant
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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

Molar Weight
Total Number of Moles

Hence for the mixture this could be given as,

M Wmix

iXaqug —
9 MNpix

MW,

Equally for the exhaust,

M Wexh

MWexh avg = mnexh

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

defined as,

Equation 26 - Specific Gas Constant (unburnt)

Ry Ry
Rynp = ncharge MW, + Hexn MW
m e

iXaqp g Xhavg

Where,
Meyn =1— l_[charge
And the universal gas constant,

R, =8314]/K .K

Subsequently the burnt gas constant can be described as,
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Ryn = ——2
bun_MWe

xhavg

And the average specific gas constant,

Rovo = 3 (s
WI T 2\ MWy, + MWy,
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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,

PV

Equation 27 - Initial Temperature Calculation
T —_—
mR

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)

i
= ai1+ai2T + al‘3T2 + al‘4T3 + al‘4T4

= I}
< |2

Where “L:p,i" is the specific heat of a species at constant pressure, with the units “cal/gmol.K”,
is a polynomial coefficient from the JANAF NASA tables, “T” is temperature and “Ru” the

ai
universal gas constant.

Re-arranging this equation gives,

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

Cpi = Ry(ai14+a:T + anT? + ;T3 + i, T*)

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

Cp,f = Af1+Af2t + Af3t + Af4_t + t_2

Where,

L T
~ 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,

Cp,f = 4180 * ~p,f

Therefore, converting to constant volume can be shown by,

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

((mncsmsév,csms) + (12-5 (1C~v,02 + (3-76C~v,N2))>)
(mncgprs + (12.5(1 + 3.76)))

VAV i =
Converting to J/KG.K,

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

CUAVmL'x

C =
'UAlex MWmlx avg
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Where “mn” is the molecular count and “MW,, ” the average molecular weight of the

ixqug

mixture.

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

¢ _ (mncoz (fv,coz) + (mncoﬁv,co) + (mnHzoﬁv,Hzo) + (mny,Cyn2)
VAV exh (mncoy + mngo + mMnyyo + mMny,)

Converting to (J/KG.K),

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

_ CUAVexh

CVAVexh - MW,
e

Xhavg
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Chapter 7 — Auto-lgnition 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 2/3s 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 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

C‘VAVmix 1- C‘VAVmixz

Omix = ( > ) G +mp) (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)

“Tmix 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)

CUAVexh 1- CUAVeth

Qexn = ( - ) me) ()

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)
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With both sets of heat energy defined it can be stated that when,

Equation 37 - Heat Energy Balance

X X
> Omie | = [ ) Qern | =0

Tmix Texn

“Tepc”, the cylinder temperature at exhaust port close is equal to “X”, i.e. the temperature of
equilibrium between the two mixtures,

Tepe =X

Exhaust Gas Temperature
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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 “T,,;”, subsequently for equation “T,,;,” 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 “Tg,,.".
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Figure 82 - Temperature at Exhaust Port Closure (Vacas, Authors Own)

Figure 82 shows the calculated “T,,,.” 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 (T g+) is given by the following

polytropic change formula:

Ty = Ti(e")™ 1

where,
&" is the specific gas volume at auto-ignition timing (9* ). n

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 9*, 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)

Vl)n—l

Tz = Tl (E

Importantly the three different exhaust port closure points were defined as follows,

e 1:106° — 5° BTDC - approximately the height of the exhaust valve in its standard
lower position (up to 5500rpm).

e 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

o 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 n from the indicator diagram in compression should be used”. The work
conducted in chapter 5.7 discussed various methods for calculating n including looking at acute rate
selection in compression (prior to SOC) - but it was also clearly noted that there was a trend to the n
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.

Polytropic Index - Expanded Range Selection 20%
15

1.45
14

1.35

=
w

1.25

Index Value "n"

1.2

1.15

= = = QOriginal Range - 20%

Expanded Range - 20%
1.1

0 2000 4000 6000 8000 10000 12000
RPM

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 n 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 n, this comparison is shown in Figure 85 “Temperature - "n"

Variation Sensitivity (Vacas, Authors Own)”.
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Polytropic Index - Expanded Range Selection 100%

15
1.45
1.4
£ 135
o
=
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x
O]
T 1.25
£
1.2
1.15
Expanded Range -...
11
0 2000 4000 6000 8000 10000 12000
RPM
Figure 84 - Polytropic Index (compression) Expanded Range Selection - 100% (Vacas, Authors Own)
Temperature - "n" Variation Sensitivity 2000rpm 20%
1200
1000
. 800
x
g
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]
o
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400
—_—'n"=1.22 "n"=1.32 "n" Per Degree 200
0
-120 -100 -80 -60 -40 -20 0

Crank Angle (degs)

Figure 85 - Temperature - "'n" Variation Sensitivity (Vacas, Authors Own)
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Figure 85 “Temperature - "n" Variation Sensitivity (Vacas, Authors Own)” shows three different
values of n 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.

Temperature (K)

1200

1000

800

600

400

200

Temperature - 5° BTDC

= = =Valve Normal - 20% Valve Shut - 20%

2000 4000 6000 8000 10000
RPM

12000

Figure 86 - Temperature - 5° BTDC 20% (Vacas, Authors Own)
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Figure 87 - Temperature - 5° BTDC 100% (Vacas, Authors Own)
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2000 4000 6000 8000 10000 12000

RPM

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.
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600

Temperature (K)

400

200

Temperature - 5° BTDC "n" Variation

—\

Valve Shut - 20% (calculated "n") Valve Shut - 20% (KTM "n")

2000 4000 6000 8000 10000 12000
RPM

"

Figure 89 - "n" Variation 20% (Vacas, Authors Own)

These graphs all points towards CAl 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 CAl 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 CAl. 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 CAIl 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)

_ (Te —Tf)
(154 + (2Tf —Te))

Ti

Equation 40 - Auto-Ignition Temperature (Ishibashi, 2000)

Ty« = Ti(e")" !

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

Dat 2T Post

ra

Figure 90 - Software Package

A.2 — Dat2T (Data Entry)

A.2.1 — Introduction

Select Subsystern to Edit

Praoject File Mame ExC250 Low Load
|E><C250 Low Load.eng Edit Engine | Existing Engine | Mew Engine |
|E><C250 Low Load.exp Edit Exhaust Port | E xisting Exhaust Port | New Exhaust Port |
|E><C25U Lows Load trp Edit Transfer Port | Ewisting Transfer Port | Mew Transfer Port |
[EXC250 Low Load o Edit It Port | Esisting Ilet Pot | New Inlet Por |
ExC250 Low Load.exl Edit E=haust Type and Data Existing E xhaust System Mew Exhaust Spstem
P g

|E><E250 Low Load.inl Edit Inlet Type and Data | Ewisting Inlet Spstem | Mew Inlat Spstem |
|E><E250 Low Load.cbd Edit Combustion Data | Euisting Combustion Data | Mews Combustion D ata |
|E><E250 Low Load.tmp Edit Temperature D ata | Evizting Temperature Data | Mew Temperature Data |

Save Project
With Mew Help
MHame
Pipe, Duct STA

and Paszage Pack Archive =
Check it |

Figure 91 - Dat2T Overview
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A2.2 — Engine

W Engine Data: EXC250 Low Load.eng

Induction Type
Waturally Aspirated Crankcase Scavenged %
Turbocharged Crankcaze Scavenged

Supercharged Crankcase Scavenged

~
~
Turbocharged Esternally Scavenged ~
Supercharged Esternally Scavenged .

~

Turbo Supercharged Extermally Scavenged
Basic Engine Type
Industrial [Fan Cooled) €

Performance [&ir/ W ater cooled)

Piston Layout
Corwensional Parallel Fiston  (+

Stepped Pistan

Friction Loss Model
fietion Loss Mods Lozz Coefficient and Slope

Plain Bearing Coafficient
[0'to 150000)
Roller Bearing
Losz Slope

UszerDefined € | [150ta +150)

CrankCase Comprazsion Ratio

Crarkcase Compression Ratio 1.452

" Tranzfer volume included in ratio CrankCase
) Compression
* Transfer volume excluded from ratio Calculator

Firirg Order

Single cylinder engine oy

Figure 92 - Dat2T Engine Data

Combustion Type
Spark |gnition

Compression [anition

Glow Flug

Enaine Layaut

Inline Engine
“ee Engine

Flat Engine

W

Basic Engine Data

MHumber of Cylinders.............. 1 Cylinder Y olume: IW
EE340 ngine Yolume: ’m
Stroke (). ..o, ,w BoredShiake: ’W
Conrad Lenath [mim)............. ,ﬁ Corrod/Stroke: ,W

Bare [rmm)..

Cambustion Chamber

Compression Ratio................ 11.000

(" Trapped Ratio
* Geometric Ratio

Combustion
Chamber
Pigton Dome Radius [rmm].... 140.00 Calculator

Simulation Data

Max Power RPM................. lm
Target BMEF [bar]... Calculate 10,36
Exhaust Prezsure Transducer.... lw
Inlet Pressure Transducer.......... lw
Mumber of lteration Cycles........ |—12
Thrattle Qpening [Dto 1)............ lw

Mechanical Design
and B alancing

tean Piston S peed

20 mi's
]W ft A

16 m#s - Industrial
20 m/'s - performance
25 m/#z - high perf
30 myi's - extreme drag

Accept and Save
Exit without Saving

Save Engine in New
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Combustion Chamber Schematic

Calculated Squish Clearance | 1-800 - Expected Cranking Pressure
Squish Band'width | 5382 m EED
Squish Band &rea Ratio ,W ,W s
Maximum Squish Velocity ,W m

at | 12000 DegbTDC
andat | 8500 R

Trapped Yolume at TDC | 24.887 68

m
m
A3
Pt

Figure 93 - Dat2T Combustion Chamber 1

Combustion Chamber Schernatic

Calculated Squish Clearance 2085 mm EpetedlEatbinalhicests

Squish Band Width | 0001 mm 8451 KPa
Squish Band Area Ratio | 0.000 1371 psi

Maximum 5 quish Welocity | 0.001 mds
at | 12.000 [DegbTDC

and at 8500 RPM

Trapped YWolume at TDC | 24.887 s}

LEERERE

Figure 94 - Dat2T Combustion Chamber 2
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A.2.3 — Exhaust Port

Calculate Part Tirning from Piston Position

Deck height is amonnt piston is from cylinder top at TDC

Port Open Height
{ from cylinder top -

FPort Full Open
| _from cylinder top

Port

(this can be fall
stroke or less)

O
B e B

Positive deck height: - piston stops below the surface

Meqgative deck height - piston sticks out above the surface

Figure 95 - Dat2T Timing Calculator

Type of Exhaust Port Luwsiliarny Parts
¥ Single Type
" Bridged Type

" Profiled Type

" No Ausiliary Ports

& Auiiary Ports

Power Valves
" Mo Power Valve
¢ Contralled Power Valve

" Pneumatic Power Yalve

|Number of Port Wwindows | 1

|Number of Auzliary Port Windows | 2

| Port window Open (deg ATDC) Cale || 86725

| Port win Full Open (deg ATDE)  Cale || 180.000

| Flaw Width 2t tap of windaw (rmm) | 50.000

| Flow “fidth at battam of windave (mm] | 48.000

| Top Edue Radius (0 = Straight] (mm) | 60000

|Bnttnm Edge Radius [0 = Straight] [mm] | 32.500

|Top Comer R adiug [mm) | 9.500
|Bottom Carmer Radius (mm) | 18.000
|F’assage Length [mm) | £0.000

|F'assage End Diameter (mm]  Calc | 33.500

|Exit Fioof Angle of Main Fassage (deq) | 17.000

Figure 96 - Dat2T Exhaust Port

| Partindow Dpen (deg ATDC) Calc| | 87.906

|Aux Port Full Open [deg ATDC]  Cale | 110,875

| Flovs “idth of Top of indow (mm) | 17.000
| Flow “idth of Baot of Window (mm) | 16.000
| Top Comer Radius of Port [mm) | 2.000
|Bullum Comer Radiuz of Fort (mm) | 2.000
|Heighl of Auiliany Pazsage [mm) | 11.000
|W’idth of Auiliary Paszage [mm) | 11.500
| Comer Radius of Fazsage (mm) | 2000
|Exil Foof Angle of Passage [deg] | 17.000

Help
Dizplay Only
Save and Display
E it withaut 5 aving

Save Data to New
File

Port Edge Height from Cylinder top surface

Deck Height (mm .

Paort Height Fram kop {mm)
ar

Port Open Duration (deg)

Degrees after TDC.......

Help
Calculate

Cancel

[ |
[ emize |
=N

Power Valve Data

Controlled Timing at RPM's

Nurnber of RPM Paints | 3

1

2

3

Auwiliary Ports

" Mo Power Valve

{* flzo Aux Port Power Yalve

7 Only Aux Port Power ¥ alve

Preumatic Power Yalve

Paowervalve clozed (deqg)

RPH

EO00.O
28000
10000.0

Timing [deq)

105.000
BE.725
BE.725

Walve Shaft Diameter [mm]
Yalve Travel [mrn)
Diaphragm Diameter [mm)
Diaphragm Stiftness [gémm)
Diaphragm Preload (g)
Spiing R ate [9/mm]

Spring Preload [mm)

Display Powervalve
Curve
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Port Schernatic and Data et

‘width percentage of Bore [%) | 8.4

Paszage to ‘Window Area Ratio (%) | 732

Tatal Effective Part Diameter [mm) | 462 Pritit | Exit |

tain Exhaust Part Ailiary Exhauzt Part

| Timing (deg 4TDC) | 86.725 | Timing [deg ATDC] | 87.908
| Open Duration (deg) | 186.550 | Open Duration [deg) | 194.183
| Exhaust Part Height from Top (rm) | 33150 |Au>:iliary Fart Height from Tap [mrn) | 33.900
| Eshaust Port window Height fmm) | 32.852 | Ausiliary Port Window Height (mm) | 13.500
| Effective Port Diameter [mm) | 401 | Effective Part Diameter (mm] | 230

| Total Main Port Area [mm™2] | 1260.5 | Tatal Ausiliary Part Area [mm™2] | 445

Figure 97 - Dat2T Exhaust Port Display

Powervalve Characteristics X

m

106
|

101 !

| _pv-Timing

|

96 |

iiExPort Open

Degrees ATDC

"

86

E

6000 6500 7000 7500 8000 8500 9000 9500 10000

Figure 98 - Dat2T Exhaust Valve Timing
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A.2.4 —Transfer Port

W Transfer Port Data: EXC250 Lows Load.trp

I Total Mumber of Transfer Port *indows [Max=10) I 5

—Port Set1 —Port Set 2 —PortSet 2 —Port Set 4 —Port Set &
INumber of indows [1ar 2] I 2 I 2 I 1
| Transfer Part Open ATDC Calc || 121177 Calc || 121177 Calc || 117.124
| Transfer Port Fully Open ATDC Cals || 180.000 Cale || 180,000 Cale || 180.000
IFIow ‘wiidth at Top of window [mm] I 24.000 I a0.000 I Z3.000
IFIow \wiidth at Bottom of indow [mm] | a0.000 | 30.000 | 23000
I Top Corner Radiug of Window [mm) I 3.000 I 3.000 I 3.000
I Bottamn Corner Radiug of wWindow [mm) I 4.000 I 4.000 I 3.000
I Rl &ngle of Paszage from Horisontal [deg) I 13.000 I 12.000 I £8.500
I Length of Transfer Paszage [mm) I 57.000 I 87.000 I 57.000
IArea Ratio between Window and Paszage Entry I 1.200 I 1.200 I 1.200
IArea Fiatin between wWindow and Passage Exit I 1.000 I 1.000 I 1.000
@« Shap = Shap & Shap
ITransfer Pazzage Inlet Configuration ® SaEe ® SamEe @ e
" FRound " Found " Round
" Open " Open  Open
Tranzsfer Paszage Shape Configuration " Shaight " Straight 7 Shaight
& Tealup & TeaCup & TeaCup
Scavenging Model Help
€ Unifiow £ vamb © QUBCR ' LoopSaw Save Data in Mew M
" SCRE © Yaml2 " Deflector " Honda RS12504 A= Display Orly
 Yami * Yaml4  Smal  Aprilia RSWw125 Save and Display

Figure 99 - Dat2T Transfer Port Data Entry

E it without gaving
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Part Schematic and Data

Sum Total of all the Parts

| Effective Owverall Port Diameter [mm) 43.3

| Total Area of all Ports [mm ™2 | 1611.8

| Tatal Wolume of all Ducts [cc) | 150,03

Figure 100 - Dat2T Transfer Port Display

| Timing (deg ATDC) | 121.18 | 12118 | 117.13
| Open Duration (deg) | 117.65 | 11765 | 12574
| Part Height fram Top (mm] | 58.400 | 58.400 | 56.500
| Part window Height {mm] | 13602 | 13.602 | 15.502
|Effective Part Diameter mm] | 301 EE REX:

| Total rea mm™2) | 7097 | 7743 BEE
| TotalVolume (co) | 67.91 | 7410 | a2

E =it
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Transfer Port Cylinder Entry Design

Figure 101 - Dat2T Window / Scavenging Calculator

A.2.5—Inlet Port

Input Daka
Parti Partz Part3 Part4 Parts
all | |
sl
Thetas || | |
ThetaB
Boost | Yes " Yes * ‘es
Fort | & g * Mo " Mo

Wwindow Chordal Width
| | |

Flow Width

Help

Calculate

Display
Accepk

Cancel

Ll
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Type of Inlet Part Curved Stopper Plate

" Piston Part

(¥ Case ReedValve ™ Yes

P

Cylinder Reed VWalve & Mo

" Rotary Disc Valve

" Rotary Shaft Valve

" Rotary Drum Valve

" Piston Port Reedvalve

" Malnlet Port
| Mumber of Petals | 2
| Thickness of Petals [rmm) | 0.370
| wickh of Petals {mm) | 27.450
| Free Length of Petals [mm]

| 32.000

t‘(oung's Modulus of Petal Material (GPa) | 20.800

| Density of Petal material (kgm™3]

CrankCase Reed Valve controlled Inlet Port: EXC250 Lowe Load.ipo X

Murmnber of Sides
" 1 Sided Block

(" 2 Sided Black
* 4 Sided Block

Select Modulus

|1 380.000 Select Density

| 7.250

| D' amping fFactar for first mode | 0.500

| Dramping factor for second mode | 0125

| Reed block included angle [deg] | 25.000

| Diameter of rubber block [mm] | 38.000

| Reed port width in block [mm) | 25.300 Sav?:il:;ar&z;qoeNew
| Reed Part length in black (mm) | 25.000 = |
| Cormer radius of portin block [mm) | 4.500 Displas Orip

| Maximum Tip Displacement [mm]

Exit without 5 aving

Figure 102 - Dat2T Reed Valve Data Entry

Part Schermatic and Data

Fieed Petal Matural Frequencies
Frequency RPb

Figure 103 - Dat2T Reed Valve Display

[1stMode [ 226 [13834
| Effective Port Diameter [mm) | 330 |2nd Mode | 1420 | 85204
| Window Area mm"2) | 11965 [3dMode | 3976  [2385%8

Fieed Petal Recommended Frequencies
Frequency FiFk

[1stMode Min | 106 | 6375
|‘IstM0deMaH | 134 |BD?4
E it
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A.2.6 — Exhaust System

Tuned Exhaust Pipe Data: EXC250 Low Load,exl

Tuned Pipe Dimensions
Mumber Of Su[eﬁ;n:ﬂt;]m Tuned Pipe ’57
Starting Diameter ,W
Length 1 IW Diameter 1 ,W
Length 2 IM Diameter 2 ,W
Length 3 lm Diameter 3 ,W
Length 4 IW Diameter 4 ,W
Length 5 lw Diameter 5 ’W

Total | 1285.00

Figure 104 - Data2T Exhaust Data Entry

Schematic of Tuned Pipe: EXC250 Lowr Load

Tail Pipe Dimenzsions Atrnozphernic Dutlet
Murmber Of [SMeg::lﬁr%t]s in Tail Pipe ’17 & Radiused
Starting Diameter IW £ Shap
Length 1 ,W Diameter 1 IW Remove a Segment
Add a Segment
Create new Type
Help

Deszign Blair Type
Pipe

Save a5 a new File

Display
Save and Display
E it without zaving

Tatal: 295.00

#76.0

0. 500.0 260.0

#112.0 #1120
#28.0 #28.0
___________________ 1&-!°_______4_______________| —
155.0 3400 295.0

Tuned Length from piston face to end of reverse cone (mm): | 1345.0

“olume of pipe from piston face to end of reverse cone [ccl: | 63813

Print

Pipe to Cylinder Yolume Ratio: | 2564

Piston to end of Header as a percentage of tuned length (%) | 43.57

Piston to end of Diffuser as a percentage of tuned length () | 63.20

Figure 105 - Dat2T Exhaust Display
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A.2.7 —Inlet System

Inlet System Data: EXC 250 High Load.inl

Throttle Pipe Dimenzions Culinder Fipe Dimengions Open End
Numnber OF Segrents in Throttle Pipe 5 Murnber OF Segments in Cylinder Pipe 2 " Radiuzed
[Man=11] [Max=11]
" Sharp Edged
Starting Diameter B3.000 Starting Diameter 39.000 & Belmauth
Length 1 2.000 Diarneter 1 50.000 Length 1 71.500 Diameter 1 38.000 T f Thrott
ype of Throttle
Length 2 2.000 Diameter 2 47.000 Length 2 | 40500 Diameter 2 39.000 ™ Slide
Length 3 2.000 Diarmeter 3 44.000 " Plate
Length 4 | 100.000 Diarneter 4 41.000 {* Buttertly
Length& | 40.500 Diarmeter 5 33.000 Spirdle Diameter
4.000
Save as aMew
File: M arne:
Help
Dizplay
Save and Dizplay
Total: | 14E.580 Tatal: | 11200 . ;
i E it without zaving
Create Mew Inlet
Figure 106 - Dat2T Inlet System Data Entry
Schernatic of Inlet Pipe
ﬁ%.h gd1.0 $39.0 $38.0 839.0
| _ e o F____ _|._ 28 || L._. _0o&8 _ _. B R - S I i
H.JHII 100.0 40.5 7.5 40.5

Figure 107 - Dat2T Inlet System Display
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A.2.8 — Combustion

Figure 108 - Dat2T Combustion Data Entry

w Combustion Data: EXC 250 High Load.chd
Combusztion bodel todel Parameter: — Fuel Type
& Bumiate Prescribed Combustion Effeciency [0-11 0.870 " Regular  Methanol  © AV-Gas
" Adjusted Wisbe Function iomethans Ratio (0-1) [ 0.000 :E:::;”;d . :f:;am'  Unleaded / Ethandl mis
" Turbulent Moded Murnber of BPM points in mapl 19  Uniaded 100 © JPB
" Leaded 110
—RPM — Timina [deg)y [ AFR —Delay [deqgl— [~ Duration (deg]  —Yibe & —ibe M Stochiometric AFR
1 |2nun.un | £.40 | 16.57 | 1.40 | 47.00 | 11.63 | 224 ( | 14.28
2 |2EDU.DD | 11.90 | 16.12 | 1.00 | 44.00 | B.00 | 1.25
3 |3nnn.un | 11.90 | 16.82 | 0.90 | 44.00 | 21.70 | 287 Sﬁ:ﬁ:}zﬂh
4 |3EDU.DD | 1290 | 15.56 | 1.90 | 43.00 | 18.26 | 247 Help
5 |4nnn.un | 13.20 | 16.43 | 220 | 47.00 | 18.33 | 240 Remove & row |
& [4500.20 IREE [1555 EEE IGEE [ a5 [22 4|P'°”imi”gtuwes
7 |5mn.un | 14.30 | 15.64 | 3390 | 50.00 | 13.00 | 1.99 w
Ewit without savmgl
& IEEDD.DD | 14.90 | 16.65 | 2490 | 4800 | E.76 | 0.68
E| |snon.uu | 14.80 | 16.12 | 280 | 54.00 | 1311 | 1.78
10 IBEDD.DD | 1380 | 15.81 | 1.80 | 54.00 | 17.92 | 24
11 |?nun.un | 11.20 | 16.46 | 4.20 | £0.00 | 11.71 | 1.75
12 I?EDD.DD | 10.90 | 15.99 | 2490 | 56.00 | 17.16 | 247
13 |anan.un | 5,40 | 16.73 | 1.40 | 4800 | 14.69 | 227
14 IBEDU.DD | 5.90 | 16.13 | 1.90 | 51.00 | 14.55 | 222
15 |snun.un | 2.40 | 16.19 | 340 | 51.00 | 10.33 | 1.35
16 |925n.un | 1250 | 1591 | 450 | 5300 | 11.20 | 1.64
17 |950IJ.DIZI | 15.40 | 15.75 | 5.40 | 54.00 | 10.87 | 1.85
18 IS?ED.DD | 18.00 | 16.65 | 4.00 | 54.00 | 12.03 | 20
13 |1nunu.nu | 2350 | 15.07 | 10.50 | E5.00 | 13.48 | 203
20
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A.2.9 — Temperatures

Ternperature Data: EXC 250 High Load.tmp

Exhaust Pipe WWall Temperature

{* Constant Wall Temperature

" Temperature RPM function but constant along length

" Temperature an BPM function and vamving along length

|In|et Part Wwall Temperature [C] || 20,000
|I:ranku:ase wall Temperature [C) | 3000000
|Tlansfer Part vwiall Temperature [C) | 80,000
| Exhaust Part Wall Temperature (C) | 250.000
| Exhaust Wall Temperature at Max Fawer RPM (C] | 350,000
| Piston Crawn Temperature [C) | 220,000
| Combustion Chamber Wall Temperature [C) | 220,000
| Cylinder Liner termperature [C) | 150,000
|Atmc-3|:-heric Temperature [Std=20) [C) | 20,000
|.@«tmospheric Pressure [Std=101.325] (kPa) | 101.325

Inlet Conditions
. Calculate for Altitude
{* Static Inlet Pressure

Altitude [m) 0
Altitude [f) 1]

" Dynamic Inket Pressure

Figure 109 - Dat2T Temperature Data Entry

Eshaust Pipe Wall Temperature at BPM's

10

Murnber of FPR Paintz

RFM

Save Data to Mew
File

Temperaturel

Help |

Select Default Values

Accept and Save

Exit without S aving

Temperature?

Temperature3

114



A.3 —EngMod2T (Simulation)

A.3.1 — Start Screen

Project Mame: EXC250 Low Load Engkdod?T Beta, Wersion/3,3.0
Run Type Beep after run Output data to new File? Shaw Front Page Show Port Data
(* Individual Runs " Yes " Yes (% ves (¥ ‘es

" Batch Run * Mo * Mo o Mo Exit Program
Help
Display Graphics

" Wes

* Mo

User Controlled Runs
{* Use Project Files For Tirming and AFR data

" Manually Input Timing and &FR data

Mumber of RPM points: 10

REM 1 [ zo00
Remz: [ 2500
RPM3: [ 3000
ReMa4 [ 3500
RPMS: [ 4000
RPME: [ 4500
ReM7: [ 5000
RPME: [ 5500
RM S [ 6000
RPM 10: ’TDL‘,

Figure 110 - Engmod2T Start Screen

A.3.2 —Run Screen

EXC250 Low Load 000 rpm

Pexport

Ptrport

A
0
4]
[
g
b
ki
[
4
3
I
@
v
I
A

TPc =
120 180
Crank Angle (Deg)

Figure 111 - Engmod2T Run Screen
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A.3.3 — Exit Screen

B File Edit State  Help

End of Simulation - Choose next option,

End of Analysis of: EXC250 Low Load

Exit EngMod2T

Rerun Engiod2T with

1 min
Figure 112 - Engmod2T Exit Screen

A.4 — Post2T (Post Processor)

A.4.1 — Plot Options
Load Result Files and Select Plot Settings

Choose type of Trace §
Selected Result Files

new data

Flat A1l Export

Pressure Triaces + Fressure Traces
Cancel
Mesblrss (@ Plat Al Export Mach _Carcd |
Temperature Traces Traces Plat
hclleces . Clear all Data
Purity Traces r
Clear all Plots
Efficiency Traces -
Combustion Traces Help
Load Traces -
Mass Fi -~ Graph Appearance
as3 Flow
Fine »-grid Fine -grid
Turbacharger -
g ™ Yes " Mes
Diigplay Port Event L::es & Mo & Mo
es .
-
e Graph Limits
Dizplay Grid * Calulated
Add Fil
Yes o '€ " Supplied
Mo i

Mass Flow R ate Scale Factor
Flat Reference

Y-minimum  X-minimum

Firing Order (*° " Mass Flow Rate ka/s
TDC " Masz Flow Rate kg/s x 10
BDC " Masz Flow Rate kg/s » 100
EPD % Mass Flow Rate kg/s » 1000

Figure 113 - Post2T Plot Options

*f-masimunm

Hemarimunm
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A.4.2 — Plot Display

36
32
28

24

16

iz

Pressure Ratio, Mach Index, Purity or Temperature

80 180 270 360

Figure 114 - Post2T Plot Display

A.4.2 — Excel Data Import

A.4.2.1 — File Import

Formulas

-
[ D ENE D [ wstcomecions )
= L L& ® (5]
Get. From From  From Table/ Recent  Existing F— Sort Filter Textt
Data~ Tedt/CS¥  ‘Web Ramge  Sources Connections - z Calum
&l [ Edit Links Al T Advanced
Import Data *
« v > ThisPC > WindowsB_OS(C) > 2Stroke > EXC250Lowlosd > v ©|  Sesrch EXC250Low Load »
Organize ¥ New folder
EXC250Lowloa ™ Marme Date modified Type Size -~
Felevant Handa [ EXC250 Low Load.dat 10/05/20180%27  DATFile 79KB
Working Capies [7] EXC250 Low Load.des 10/05/201803:27  DESFile 12KE
Microsoft Excel ] Exc250 Low Load.spo 10/05/201803:27  SPOFile 100 KB
|7 EXC230 Low Load_2000.0ut 10/05/201803:27  OUTFile 66 KB
@ OneDrive - Univer |7 EXC230 Low Load_2000.cht 10/05/201803:26  CETFile 103 KB
0 This b ] ExC250 Low Load_2000.cy1 10/05/201803:26  CYLFile 145 KB
- |7 EXC250 Low Load_2000.dme 10/05/201803:26  DMEFile 66 KB
0 3D Objects =
|7 BXC250 Low Load_2000.eff 10/05/201803:26  EFFFile 29KB
I Desktop |7 EXC250 Low Load_2000.epa 10/05/2018 03:28 EPAFile 102 KB
=] Decuments |7 BXC250 Low Load_2000.ipa 10/05/201803:26  IPFile 76 KB
J Downloads |7 BXC250 Low Load_2000.mch 10/05/201803:26  MCH File 52 KB
b Music |7 BXC250 Low Load_2000.nse 10/05/201803:26  NSEFile 42 KB
= Pictures [ BXC250 Low Load_2000.pur 10/05/201803:26  PURFile 80KB
B vid [ EXC250 Low Load_2000.pud 10/05/201803:26  PVD File 24 KB
ideos -
= [ EXC250 Low Load_2000.tpa 10/05/201803:26  TRAFile 76 KB
- il 085 (Y [ Fr o801 cwar | aad 2000tk AR 2M R N2.2A7 TOT File AR KR ©
File nome: | |aiFiles v

Toos Gonce

Figure 115 - Post2T Excel File Import (Space De-limited file)
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A.4.2.2 — Data Editing

S5 [ Praperties Ly Lo
é_j [‘23 LT advanced Editar |:| x B B

fl ’_'_l % Data Type: Text *

2 Merge Queries - D\}

[ Use First Row as Headers = "2 Append Queries +

Close & Refresh Choose  Remove  Keep Remowe split  Group Manage  Data sour
Load~  Preview = 1 Manage Columns = Columns = Rows~ Rows * Column~ By l)z Replace alues Cambine Files Parameters = settings
Close Query Manage Columns Reduce Rows  Sort Transform Combine Parameters  Data Sour
¥ |- [ cotumn1 - |48 comn2 [~ | A% column3 || A% coumna -
P 1 2000 RPM
g || 2 1 0 0 NumCylNumTurbo NumSuper
Sy 1 NumCrankCase

4 2 2 NumPipln Boostottle

5 0 NumColin

6 ¢ 0 NumBoxin NuminOrifice

7 3 NumTrPip

8 2 1 NumPipEx

9 0 NumColEx

10 0 NumBoXEX

1 1 NumOutPipEx

12 0 NumExSil

13 0 NumExSilPlen

14 | 5000000 [Tracel

15 | 50.00000  ETracel

16 | REED

17 |106.0

18 [106.0 254.0 116.0 244.0

19 | Deg  Pilrace(1) PlTrace(2) Pin(1) Disp(1)/0 Perank(l) P 1) Pur(l 2) Pl 3) Poylll)  Pex(l) PXTrace(l) PXTrace(2) PexOut(2)

20 | 0.000000
21| 1000000
22 | 2000000
23 | 3.000000
24 | 4.000000

0.897570
0.898125
0.898974
0.893870
0.500789

1.000261
1.000115
0.899802
0839707
0.999543

0.898221
0.898873
0.899765
0.900646
0.901536.

0.078643
0.078431
0.078048
0.077550
0.076933

0.8881...
0.8889._.

0.8899._.
0.8909...
0.8920...

Figure 116 - Post2T Excel Data Import Editing

A.4.3 — Validation

4000rpm Comparison — Cylinder Pressure

Pressure {bar)

40

35

30

25

20

10

-200 -150 -100

— 4000 rpm

-50 0
Crank Angle {degs)

—A4000rpm Sim 2

50 100

—A4000rpm Sim 1

Figure 117 - Post2T Excel Validation (Vacas, Authors Own)
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Appendix B - Excel

B.1 — Original Data

1 jcrank angle [*

A

J

K

L

cylinder pressure [bar]

5

PO N P iy Uy ey ey D ~
_O\amwmmhwmaommwmmhwm

2000 rpm 2500 rpm 3000 rpm 3500 rpm 4000 rpm 4500 rpm 5000 rpm 5500 rpm 6000 rpm 6500 rpm 7000 rpm . 7500 rpm: 8000 rpm 8500 rpm 9000 rpm 9250 rpm 9500 rpm 9750 rpm 10000 rpm

Figure 119 - Original KTM Data (KTM, 2017)

-180 0912  0.30%  0.885 0,823 0.807 0836 0.8YS  0.878  0.645 0783 0776 0734 0891 0724 072 0722 0.826 0778 0.808
-179 0913  0.808  0.883 0828 0.603 0888 06Y3 0876 0847 07 077 0727 0.8 0716 0718 0735 0.841 0.76 0.308
-178 0,912 0.914  0.834 0835 0.738  0.876 0.87  0.474  D.B44 | 0767 0769 0.722 0674 076 0716 0.745 083 0766 0.303
-177 0913 0.815 0.3 0.643  0.73% 0.87  0.867 0875 0844 0762 0764 0715 0LET4 0703 0.7z 0,758 0.84 0,778 0.514
-176 0.925  0.923 0.9 0,649 0734 0.863 0864 0.873 0847 0755 0758 0708 0.8l 0.703 072 0762 0843 0772 0.91
-175 0,934 0,923  0.899 0855 0787 0.858 0655 0.872 0644 0751 0762 0701 0477 0701 0717 0757 0.648 0763 0.305
-174 0.941  0.822 0.8 0861 0784 0852 0847 0864 0646 0751 0757 0701 0873 0694 0715 0765 0.858  0.766 0.91 [
-173 0948 0.821 0.8 0868 0.783 0847 0.843 0.86  0.844 0755 0,733 0.698 088 0678 0716 0,739 0.843 0768 0.817
-172 0.954  0.919 0.9 0.875 0783 0.843 0839 0.858 0843 0.763 0,75 0.6%3 0891 0663 0714 0,743 0.B45 0768 0.92
-171 0953 0815 0.897 0882 0785 0841 0.831 0.86 0,838 079 0743 06927 078 0672 0714 0736 0.845 0767 0.827
-170 0.965  0.811 0.9 0,685 0734  0.841 0825  0.858 083 0776 0749 0693 0.8F7 0676 L7088 0735 0.841 0765 0.93
-169 0968  0.509  0.803  0.892  0.799 0844 0617 0852 0624 078 0745 0.692 0BT DLE98 0.7 0,733 0.833  0.763 0.93
-163 0973 0.304 080 0893 0811 084 0.811 0,85  0.823 0789 0747 0698 0875 0755 0692 07327 0.827 0759 0.816
-167 0971 0.802 0.9 0,901 0.825 0.84 | 0805 0848 0815 0794 0748 0697 0878 0601  0.678 0732 0821 0757 0.807
-166 0.963  0.899  0.895 0,892  0.842 0836 0.799 0.84  0.809 0799 0755 0.695  0.B73 0.826 0.67 0,723 0Bl 0.758 0.91
-165 0.96  0.901  0.835  0.889  0.855  0.83 0797 0.833 0737 0.8 075 0.634 0887 0.832 0667 0.703 0806 0.743 0.303
-164 0.343 0.8 0898 0.883 0.87  0.834 0794 0826 0801 0.79 0752 0.6%6 08T 0,829 0664 0,704 0.804 0,738 0.807
-163 0,943 0,308  0.889  0.887  0.881 0845 | 0789 0.817 079 0795 0752 0701 0.864 0825 0.658 0692 0.804 0733 0.898
-162 0943 0.312 0883 0885 0887 084l 0792 0811 0731 078 0748 0701 0.854 078 0.655 0635 0.804 0735 0.883
-161 0343 0.321  0.887  0.882 0.3 085 0732 0804 0789 0798 0735 0704 0844 | 074 0651 0704 0806 0,728 0.87
-160 0.348 0,93 0.878 06083 0911 0859 0789 0.801 078 0.787 0755 0.7 0841  0.733 0.6 0707 0.B0B 0721 0.859
-159 0.951 094 0875 0886 0922 0883 0788 0731 0.F73 0782 0752 0703 0848 0776 0662 0708 0738 0721 0.856
-158 0957  0.851  0.874 0,887 0929 0872 0788 0785 0767 0.7/ 0748 0706 0.847 0805 0.654 0704 0.794 0723 0.848
-157 0,955  0.952  0.874 0888 0934 0876 | 0792 0785 0754 0769 0747 0706 0.8S3  0.B08  0.651 0705 0.8 0.713 0.896
-156 0.964 097 0.878 089 0.934 0882 0789 0785 0766 0768 0748 0705 0859 0.736 0661 0.71 0.8 0.718 0.836
-155 091  0.875  0.874 0892 0934 0889 0.601 078 0739 0764 0,742 0.7 0862 0795 0664 0711 0788 0.70S 0.828
-154 0.961  0.981  0.873  0.894 0935 0895 0602 0787 0752 0764 0744 0703 0852 0788 0.6R3 0707 | 0.793 0702 0.825
-153 0,959 0,985  0.874  0.894 0833 0904 | 081 0783 0749 0.7l 0741 0705 0.85 0782 0655 0703 0.796 0.7 0.812
-152 0954  0.984  0.88 089 0.931 091 0817 0782 0732 0749 0,745 0707 0848 0773 0654 071 0737 0707 0.81
-151 0953  0.984  0.884  0.863 093 0917 083 0789 0754 0743 0754 0705 0839 0772 DeEl 0712 0797 0L 0.813
-150 0,948 0.978  0.891 0878 0529 0937 0644 0791 0753 0732 0788 0701 0.839 0785 0675 0714 0.786 0717 0,824
-143 0,947 0.369  0.895 0877 0828 0931 0851 0798 0777 073 0778 0702 0842 0VEE 0676 0717 0.787 0715 0.832
-148 0.944  0.957 091 0874 0929 0932 0661 0804 0789 0731 0788 0693 0839 0779 0681 0717 0785 0712 0.835
-147 0,946 0.348 092 06871 0973 093  0.866 0615 0795 0728 0791 0686 0837 | 0799 0733 0725 0785 0.705 0.836
Full load - Cylinder pressure Full load - Other data 20"THR - Cylinder pressure 20°PTHR - Other data * ]
Figure 118 - Original KTM Data (KTM, 2017)
A B C D E F G H | 1 K
I Fuel consumptiorambda, measureql_environment  T_airbox T_crankcase |T_exhaustgas IMEP WEP Ignition MFBS0%
[rprm] [kg/h] [-] "l el cl "l [har] [bar] feal [foal
2000 234 0.881 222 7 50.34 253 4.91 4.43 -2.4 10.2
2500 2.9 0.306 22.2 27 43.97 277 5.596 5.11 -11.9 6.3
3000 3.43 0,923 22,3 27 50.22 305 6.43 5.97 -11.3 5.5
3500 4.46 0,938 22,3 27 50.33 344 7.46 6.84 -12.9 5.1
4000 5.18 0.946 223 27 50.34 367 7.82 7.18 -13.2 5.7
4500 5.85 0,939 223 27 50.83 34 7.52 6.88 -14.9 6.4
5000 £.81 0,934 2.3 27 51.23 393 8.24 7.51 -14.9 6.1
5500 763 0,951 2.3 27 51.44 07 8.91 8.12 -14.9 6.8
6000 g.a8 0.906 22.3 27.54 51.95 430 9.17 8.27 -l4.8 7
6500 9.76 0.923 22.3 28 52.42 451 9.73 8.91 -l3.8 7.3
J000 11.15 0.887 22.3 28 53.32 478 10.14 9.29 -11.2 10.9
7300 11.41 0,913 22,3 28 53.44 510 10,23 3.41 -10.9 13
a0on 12,13 0,928 22,3 28.2 54,12 567 10.7 9.86 -5.4 18.8
as00 12,59 0,905 223 29 54,96 607 10,73 9.85 -5.9 18.2
S000 13,19 0,902 223 29 55.68 618 10,57 9.64 -8.4 1.1
9250 13,29 0,918 2.3 29.18 56,67 595 9.81 8.96 -12.5 13.3
9500 12,89 0,927 2.3 a0 577 S6d 8 721 -15.4 151
9730 1203 0.933 22.4 30 58.43 531 6.62 5.71 -18 1e.1
10000 10.95 0.969 22.4 30 59.33 506 5.98 4.95 -23.5 13.2
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B.2 — Data Sheet

oM oN 0o oF 0 DR DS or ou ov. oW DX ot 174 [ EB

EC

ED

[

£

£

EH

SHE rank Angle (degs) LOGP (Pa) -20%

Comp 33 0745037189 576395 577576 580953 583219  584%80 58198 SGADJ3  6866d6 589363 SAU6 50180 503890 509180
comp 82 -O7SI0ISIL 57797 579137 581981 564862 585914 563129  585G54 58842 590217 591445 552799 SOSSS4 600753
comp 31 0772151069 579650 580855 583645 586528 587674 584739 SE7510 580097 592163 50355 5362 GOERls  60SI0
comp -0 -079SI0MTL S8l SA2S62 58597 SGOLSG SA9193 56522 SAODM2  SOLTAD 5998 SOSL29 5639 590043 60930
comp 99 0798533381 58982 584186  S87011 589362 591009 588001  SO0AYL 593344 505665 506745 599182 GO0USA  AOATIY
comp 26 -DALITSTEGS  S@d62l  SASEA2 589655 SOLSM 592599 S99l SO2S6 G036 597077 SO7AAL 59731 602129 606918
comp 97 080575 586249 587512 50033 593120 59423 591603 594141 596755 599883 509621 GOI78  603%8 60912
comp 26 -DAWLSEZ2%5  Se7667 49126 591981 Sod|l2 595347 5939 S9SA09 599525 60475 GOISLL 603407 GO49EL 61137
comp 95 0851292729 589509 550800 593601 59643l 597557 59483  SO7A0S 600009 601995 603346 60472 607037 61319
comp 24 -DAG4ISE0SS  SPLL92 592428 G95260 S90S 599076 596489 599069 GOLT03 603647 G045 606077 G091 6L4SSH
comp 93 08773006 592753 59442 596867 599695 600869 598091  S00595 603354 60549 606700 607831 6A0BE0 615063
comp 22 -DAOULSTOSS  S43S  S956M6 599435 60l 60230 599612 G02243 GMAETS 607122 GOBZ’S  6O97BL 611869 6L66SS
comp 21 -0ome3seS7 595904 597174 593996 602973 604017 60LO1 603830 606513 603604 6095 6LISEl 613723 618182
comp 0 -0SlSI6053  SI7HM9 96735 GOIS19 60407 GOSHT3 602690  B0S73  GMOELTL 610072 611200 619245 6ASlS2  6L7EA
comp [l9 -0827501508 598909 60023 603007 60583 607011 604289 BO6B%6  6M96I8 611608 612772 6L4SI1 616578 621877
comp -6 -D9wSIESEE  GO0STE  GOI703  GOMS7 607 GORMA3 60920 G083LG 61069 619091 64595 616065 6896 629634
comp 47 095130266 601799 603165 605937 608785 609868 607225  B09764 612450 614635 616101 617432 619760 62533
comp 416 -0Seeeo772 6039 GM4SI6 607313 610185 641281 608579 611214 613928 6143 67557 61868 621814 626670
comp B 09735618 60893 605877 608668 61153 612626 609947 612571 615305 617516 618718 620380 623056 62783
comp 4 -0Sm1SES7  60STE7 607126 609940 612853 643912 61135 513900 61658l 618636 69852 621927 624408 628187
comp d3 -09%IEI 60EYTL 608303 61764

615195

616340

610571, 622183 B.23640)

comp G0 toatsiss saisse 1m0 e1sis s s 20228
camp o oot 51280 Gl cloms  slesm  sloMo 520 o
comp & vosecioi s sasr  izes:
amp 7 o s 25583
comp o caisisessas
amp 5 -osmssics
comp 4 -Lossomie
amp 5 -Losoosasas
comp 2 -toszaness
comp 1 dossensm
e O looooioy  eimas  eas;2s  soviai  G2eems 62679 623722  Gassr  samis s ssores  6siess
o0 1 Losssin
e 2 tosostess
o 5 Losoosous
e o o
o s Losassouss
.

Figure 120 - Excel "Data" Sheet (Vacas, Authors Own)

B.3 — Measurement & Units

597155

595415

536167

503075

635543

502778

6.26406

6.36229

[ eoares
cisme 663
comess

Goss

s

G150

sazrs:

581505
584311
586911
5968
589150
sanez
593141
594946
595052
597327
599003
601068
602776

614551

530780

LOG V/VMAX 2000 rpm 2500 rpm 3000 rpm 3500 rpm 4000 rpm 4500 rpm 5000 rpm 5500 rpm 6000 rpm 6500 rpm 7000 rpm 7500 rpm 8000 rpm 8500 rpm 9000 rpm 9250 rpm 9500 rpm 9750 rpm 10000 rpm

576868

600451

630145

1 Measurements Supplied Data
2 |Bare (m) 006634000 N lrem] 2000 2500 3000 3500 4000 4500 5000 SS00
3 |1/2 Bore (m) 003317000 Fuel consumption [kgfh] 207 21 223 25 277 337 428 482
4 |Bore Area imt3) 000335653 Lambda, measured [-1 0852 0895 0955 0951 0942 0895 0854 0865
5 |strake tm) 007200000 T_environm ent ol 223 23 223 23 223 23 223 23
£ |R(m) 003600000 T_airbox ro 28 2818 28 ) 28 -]
7 |Rod Length (m) 012500000 T_crankcase [°r] 5762 5716 5705 5683 567 5692 5696 5665
& |PIp) 314159265 T_exhaustgas ro 35 295 304 333 360 377 383 897
9 |Head Yolume (2] (n*3) 000002350 IMEP [bar] 437 443 487 517 544 513 | 555 | 571
10 |Volume atBOC (V1) (m*3) 000027237 MEP [bar] 989 409 454 48l 506 479 513 535
11 |Geomeric Compression Ratin 1159023141 Ignition Fre] B4 A5 128 -19 418 d22 128 S
12 |Combustion Chamber Yalure 000003050 MFBS0% [c4) 118 8 78 10 1 1268 121 137
13 |Displacement 3 000024887 000025
14 |Piston Dome Yolume (r3) 000000700 038 034 033 036 038 04 042 046
15 |Piston Pasition Tolerance m 000000010
16 |Volume Change @ Max Megative Position 000000000 4379 4432 | 4875 517728395 5443471698 5.195| 5556 5721
17 |Fiston Weight incRings [KG) 022400000 2000 2500 3000 3500 4000 4500 5000 SS00
18 | Budgeon Fin veightinc Circlips (K&} 005500000 S88 566 577 606 633 650 65 670
13 [P 314159265
20 |air Density K6/m3 1.20000000
bl
2 Speed Conversion
23 RPM RADS/SEC | RPM/SEC SEC/RPIM SEC/DEG 2000 2500 3000 3500
24 2000 2094395102 3333333333 003 633333E05 Km 457 443 | 487 | 517
25 2500 2617993578 1166686667 0024 & E6EE7E-0S Calcaulated 4399 4452 4897 5200
26 3000 3141592659 50 002 555556605 Ermor 0025 0022 002F 0031
27 3500 3665191429 5533333333 0017142857 4.7619E-05
F2] 4000 4188790205 66.66666667 0015 416667605 4379276724 4432 4875 5177
29 4500 471238898 75 0013333333 3.7037E-05
30 000 5235967756 3.33333333 0012 333333605 0009276724 0.002 0005 0.007
3 5500 5759586532 9166656657 0010909091 3.0303E-05
32 000 6283185307 100 001 277778E-05
33 6500 6606784083 1083353333 0009230769 25641E-05
34 7000 7330382858 116 6666657 0008571425 2.36095E-05
3s 7500 7685 3961634 125 0008 222222605
36 000 837.758041 | 1333333333 00075 2 08333E-05
37 500 5901179185 141 6666667 0007058824 196070E-05
38 3000 242 4777961 150 0006665667 1 35185E-05
39 2250 9636577348 154 1666667 0006486485 1.6010E-05
a0 2500 954 8376736 1563333333 0006315789 1.75439E-05
a1 9750 1021017612 1625 0006153806 1.7084E-05
a2 10000 1047 197551 166 6656667 0006 166667E-05

6000
577

0769
223

5715
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56
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5513
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Figure 121 - Excel Measurements & Units Sheet (Vacas, Authors Own)
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B.4 — Combustion Chemistry

A

[4 [ E F 3 H | 1 K L

Universal Gas Constant

Coeffiecients (Thermodynamic Properties)

Fuel afrl afh2 af*3 afhg afhs a6 afr? 2000 rpm 2500 rpm 3000 rpm
6314 Isooctane [(BH18) 055313 18162 -97767 20402 -0.03095 60751 20232 RPLI 2000 2500 3000
Larnbda 085151 089523 093453
Fuel Equival ence Ratio 1174384329 1117031977 1070056606
Coeffiecients (Thermadynamic Properties) 1715 1631 1562
Species Molar Mass ainl 32 2if3 2t a5 a6 ain? Carbon Dioxide {a) 5.095466407 6010466580 6809037698
Carbon Dioxide 4401 24008 0005735 -EEE0F 202600 G33E16 45578 D051 Carbon Monaxide (b) 4350808225 2905734435 175141515
Water 15.01528 4.0701 000111 41SE06  -3E00 SOEAR 90280 03227 Wwater (c) 1056045506 10.0532824 9.630500454
Carban Monoxide 2801 3701 000162 369E-06  2E09  24E13 14356 29555 Hitrogen 47 ¥ 47
Hydrogen 100794 3.0574 0002677 -SEED6 S52E09 -18E12 9889 22997
Owyzen 15999 36256 000188 706E-06 -68E09 216E-12 10475 43053
Hitrogen 280134 36748 000121 232606 -63E10 23613 -106L2 2358 a+b 9395074632 B93651019 B.SE0452848
02 32
1s00ctane 11432 2 2113891792 2010656479 1926101891
13 1056595696 100532624 9630509454
Zatbec 25 5 3
R*unhb R*bun R~av 2a+h 1443054108 149467176 1536939055
277 295 286 a 5.095466407 6010466564 6809037698
b 4950608225 2925784435 175141515
2000 2500 3000
277 Fuel Consumption (Kg/hrh 207 21 223
295 Fuel Mass (Kg/Rev| 000001725 0000014 1:23889E-05
286 AFR iStoi chit) 146 126 146
Airlass 0.000214453 0000182985 0000169036
Air+Fuel Mass 0000231703 0000196985 0000181425
Charge Purity 087 0&2 086
Exhaust Purity k
Total Mass 0.000266525 0.000240226 0000210858
Exhaust Gas Wass 3462226E-05 4 32406605 255342E-05
Molar Weight Mixture (avera 3050521957 3042591802 5036085443
Molar Weight Exhaust (avers 2765798984 279470737 28 20711563
2000.00 2500.00 3000.00
Reunb 2762191826 277 6165389 276 7667012
Rebun 3005178308 2974908962 294.748322
Reay 286.660217 2653720095 284 2935796
Atmospheric Pressure 101325 101325 101325
AirDensity 0038567324 0039567324 0L038567324
Reference Mass 0000184716 0000184216 0000184216
Delivery Ratio 1445771182 1304042636 1145170749

B.5 — Pivot Charts

Figure 122 - Excel Combustion Chemistry Sheet (Vacas, Authors Own)
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Figure 123 - Excel Pivot Chart (Temperature) (Vacas, Authors Own)
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B.6 — Graphs
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Figure 124 - Excel Log PV Graphs (Vacas, Authors Own)

B.7 — Combustion Timing Experiment

2000 2500

IGN (BTOC) - Prescribed -84 -13
soc ] -8
E0C 4z )
Duration 47 47
Delay 34 s
2000 2500
Time Elapsed (Delay Period) 0.0002833 0.0003333

2000 2500
Time Elapsed (Ouration of Combustion) 0.0039167  0.0031333

2000 2500
IGN (BTOC) - Prescribed -84 -13
s0c -3 -6
EOC 28 22
Duration El 28
Delay 54 7

2000 2500
Time Elapsed (Delay Period] 000045 | 0.0004667

2000 2500
Time Elapsed (Duration of Combustion] 0.0025833  0.0018667

2000 2500
Pressure Difference 12201812 12373414
Wisual 12123798 12319632

2000 2500
Pressure Oifference 13233528 13209234
Visusl 123591 12803533

3000 3500

-12.3 13
-8 -7
36 06
44 43
4.8 43

301 3500
00002722 0.0002333

3000 3500
00024444 0.0020476

3000 3500

-12.a -n3
-6 -4
23 27
23 3
6.4 73

3000 3500
00003833 0.0003762

3000 3500
0.00161M 00014762

3000 3500
123328 1237231
12365885 12236624

3000 3500
13102586 13089273
123608393 13009572

A0
0.0002042

4000
0.0019583

4001
0.0003252
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0.0013333
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12413856
12330508

4000
13113585
12350777

4500
0.0001926

as00
0.0077407

4500
0.0003037
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4500
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H | J

Pressure Difference Method

5000 5500 6000

-2.8 -5 -3
-7 -7 -6
43 4 46
S0 48 54
53 45 5

S04 55 6000
0.0001333 0.0001364 0.0001383

5000 5500 6000
D.00EEE7 0.00WS45  0.0005

Visual Method
5000 5500 6000

-28 -5 -3
-3 -3 -3
23 23 3z
3 32 35
a8 85 n

5000 5500
0.0003267 0.0002576 000027768

5000 5500 6000
0.0010333 0.0009697 0.0003722

5000 5500 6000
12466729 12426733 12416412
12346738 12331262 12330478

5000 5500 6000
13227122 13107309 13252725
1280432 12678226 12754763

-12.9 -7
-8 -4
46 55
54 50
43 67
Time

6500 7000
0.0001256 0.0001535

6500 7000
0.0013846  0.0014236

6500 7000
-123 0.7
-3 -4
33 a3
36 a7
33 BT
Time

6500 7000
0.0002538 0.0001535

6500 7000
0.0009231 Q.00
" - comp™

6500 7000
12571487 12454567
12430599 12434567
"n - exp”

6500
13146489 12868334
12775612 12268573

-1 -85
-z [1
5S4 48
56 48
B as

7500 S0
00007778 00001771

7500 8000
00012444 0.001

7500 8000
-0 -85
-z z
@ 33
a3 3
8 05

7500 8000
0.0007776  0.0002168

7500 8000
0.0003556  0.0008458
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7500 8000
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LogWitmar
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a0 an
4.3 53

8500 9000
9.608E-05 0.0009033

8500 9000
0.0007843 0.0007407

8500 9000
12916188 1296M00
12735357 12461383

8500 9000
13343883 1333991
12548734 12948242

Figure 125 - Excel Combustion Timing Experiment Sheet (Vacas, Authors Own)
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B.8 — Versioning

P
Marre

5 250EXC_Burning_Data v2

5 250EXC_Burning_Data

3 250EXC_Burning_Data_KTh_Original
P 250EXC_Combustion_Data

P 250EXC_Combustion_Data_23_11_17
| 250EXC_Combustion_Data_29 11_17
3 250EXC_Combustion_Modelling

| High Load

f Lowe Load Update 070213

A Loww Load Update160218

i Loww Load Update200278

i Loww Load

Status

PELEEOEREOEEEEEOE

Diate modified

281172 M 7 1347
26107207 18:39
28045205 2048
14127207 08:51
2aMam7 Iz
2811727188
231N T 1557
071272M7 11250
07027208 20:38
16/02/2ME8 1877
20402728 02
010372018 02:44

Type

Microsoft Excel W,
Microsoft Excel Y.
Microsoft Excel Y.
Microsoft Excel Y.
Microsoft Excel W,
Microsoft Excel W,
Microsoft Excel W,
Microsoft Excel W,
Microsoft Excel W,
Microsoft Excel W,
Microsoft Excel W,
Microsoft Excel W,

Figure 126 - Excel File Versioning (before OneDrive) (Vacas, Authors Own)
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Figure 127 - Excel File Versioning (before OneDrive) (Vacas, Authors Own)

Size

2620 KB
512 KB
118 KB

4,706 KB

3,812 KB

3,820 KB

2,600 KE

€5 KB

1,967 KB

2,006 KB

3,306 KB
420KE

123



B.9 — Low Load / High Load

P

Crank Angle (degs)

-180
-1
| -178
-1
-176
-1¥5
-174
=173
-172
-1
-170
-169
-168
=167
-166
-165
-164
-163
-162
=161
-160
159
-158
-157
-156
-155
-154
-153
-152
-151
-150
-143
-148
-147
-146
-145
-1a4
-143
-142
141
-140
-133
-138
-137
-136
-135
-134
-133

P

Crank Angle {degs}

0.4912
0.313
0.912
0.313
0.925
0.334
0.941
0.348
0.954
0.353
0.365
0.388
0.373
0.371
0.363

0.95
0.343
0.943
0.543
0.943
0.348
0.351
0357
0353
0.964
0.361
0.981
0353
0.954
0353
0.348
0347
0.544
0346
0.346

035

095
0345
0543
0343
0543
0333
0.5341
0342
0543
0345
0.343
0356

05200
09120
08110
05140
09150
09210
09290
09370
09480
09550
09640
05700
09750
09300
05780
09770
09630
09550
09460
09430
08420
09450
09460

0.908
0.908
0.914
091
0.923
0.923
0.922
0.921
0.913
091
0.311
0.909
0.304
0.902
0.893
0.9
0.3
0.908
0.912
0.321
0.93
0.94
0.9%1
0362
087
0375
0.981
0385
0.984
0584
0.978
0363
0.957
0546
0.933
0337
0.933
0335
0.94
0544
0.953
0357
0.981
0362
0.982
0963
0.95
0.36

08320
09340
09360
09370
09430
09470
09490
05440
05400
08370
05300
08270
09220
09180
09130
09140
09130
05140
05180
09250
08350
05430
09550

0.885

0.921

0.94%
0.355
0,964
0.573
0.981
0.3687

0.93
0368
0.986
0.362
0.373

097

0.5220
0.9280
0.9350
0.9450
0.9430
0.9430
0.9420
0.5400
0.9380
0.5360
0.5320
0.5340
09350
0.9300
0.9300
0.9280
0.9230
0.3160
03110
0.9040
0.5950
0.5520
0.8310

Figure 128 - Excel Low Load Example (20%) (Vacas, Authors Own)
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0876

0.87
0.863
0.858
0.852
0.847
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0.841
0.841
0.844

0.84

0.84
0836
0.838
0.834
0.845
0.841

0.85
0.853
0.863
087z
0876
0.882
0883
0.835
0504

0.91
0317
0327
0331
03932

033
0.931
0328
0.328
0327
0323
0323
0323
0325
0.924
0323
0.924
0326
0.325

033

1.0370
10270
100
1.0020
0.9910
0.9800
0.5740
0.9530
05430
0.5440
0.5380
0.5360
0.9300
0.9250
09180
09140
09080
0.3140
0.9020
0.9040
0.5040
0.5080
03180

0.87%
0.873
0.87
0.887
0.864
0.855
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0.839
0.831
0.825
08T
Q.81
0.805
0.733
0.797
0.73d.
0.783
0.732
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0.7839
0.788
0.788
0732
0.7839
0.6
0.802
n&
0.817
083
0.8dd.
0.851
0.861
0.866
0.874
0.862
0.89%
0.1
0.93
0.545
0.958
057
0.968
0573
0.972
0.575
0.381
0.575

W

10340
1.0000
10770
10650
10610
10430
10410
1.0260
1.0190
10100
05340
05510
09660
09560
09410
09280
09180
09090
09050
08950
08870
08730
a7
08680
08640
08610
08620
08610
08660
08720
08520
08350
08960
08970
09030
09220
09380
09430
09550
09620

11670
11670
11640
11650
11660
11600
11530
11460
11380
11320
11240
11150
11050
10930
10840
10750
10660
1.0490
1.0360
10230
10110
10010
03830

z

an

Pressure (bar) -20%
2000 rpm 2500 rpm 3000 rpm 3500 rpm_ 4000 rpm 4500 rpm 5000 rpm 5500 rpm 6000 rpm_ 6500 rpm 7000 rpm 7500 rpm 8000 rpm 8500 rpm 9000 rpm 9250 rpm 9500 rpm 9750 rpm 10000 rpm

v

0.783
0.775
0767
0.782
0.755
0.51
0.751
0.755
0.763
0.783
0778
0.78
0.783
0.734
0.733
0.8
0738
0.735
0,738
0.733
0787
0.782
0778
0763
0.788
0764
0,784
0.761
0,743
0743
073z
0734
0731
0728
073
0723
073z
0734
0.741
0741
0,748
0752
0.F?
0.781
0,734
0803
0.305
0.814

z

0776
0771
0.763
0.78¢
0.753
0.762
0.757
0.753
075
0.743
0.743
0.746
0.747
0.743
0.755
0.75
0.752
0.752
0.748
0.755
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0.748
0747
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0742
0,744
07H
0,745
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0.788
0776
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0733
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0.824
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0.829
0842
0.853
0866
0.88¢
03

a4

Pressure (har) -100%
2000 rpm 2500 rpm 3000 rpm 3500 rpm 4000 rpm 4500 rpm 5000 rpm 5500 rpm 6000 rpm 6500 rpm 7000 rpm 7500 rpm 8000 rpm 8500 rpm 9000 rpm 9250 rpm 9500 rpm 9750 ram 10000 rpm

1.0880
1.0780
L0870
L0960
1.0960
1.0980
11040
1.1060
11010
1.0960
1.0840
1070
L0750
L0670
L0560
1.0520
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1.0020
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10710
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10520
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0.727
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=
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11520
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0724
0716
0.718
0703
0703
0.701
0,694
0678
0663
0672
0676
0638
0755
0.801
0526
083z
0523
0825
0.7Es
0.4
0733
0778
0805
a0
0798
0735
0.7Es
07z
07
o7z
0.7eS
0766
el
0733
08268
0834
0.817
0803
0797
0731
0.7Es
0788
0.7Es
0734
0793
08
0.301
0802

D

10510
10600
10850
10510
10540
10370
10250
1050
1.0040
0.3960
03520
03520
0.9860
0.9860
0.9860
0.9850
0.9820
1.0030
1080
1050
1.0260
10340
10410

AE

0.718
0.716
072
072
0717
0.715
0.716
0.714
0.714
0.708
0.7
0.632
0.678
0.67
0.667
0.664
0.658
0.655
0.651
0.BBE
0.662
0.654
0651
0.681
0664
0.EB3
0655
0.654
0661
0.E7E
0676
0.681
0733
0.801
0862
0.863
0868
0.934
0323
0.861
0822
0.851
0326
0.543
0333
0.323
0321

AE

10930
1.0990
L1080
L1210
11000
1.0980
11010
1.0960
10770
1.0630
1.0680
10670
L0590
L0350
L0270
1.0160
1.0160
1.0350
1.0310
1.0220
1010
10220
1.0260

Figure 129 - Excel Low Load Example (100%) (Vacas, Authors Own)
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10320
10330
10230
10180
10130
10150
10020
09890
09790
09670
09620
09600
09550
05700
05780
08670
09520

AG

0.826
0.841
0.834

0.8
0.843
0.548
0.853
0.543
0.845
0.845
0.841
0.833
0.827
0.8z1
0.516
0.806
0.80d
0.804
0,80
0.806
0808

26

1.0850
1.0080
11080
11130
11230
11160
11100
11070
11180
11180
11150
11060
11010
11080
1.0950
1.0860
10790
1.0790
1.0700
1.0620
1.0830
1.0700
1.0580

AH

AH

11470
11380
L1490
L1530
11480
11370
11420
11490
11410
11230
11380
11400
11320
L1320
L1320
11190
11120
1.1060
1.0980
1.0910
1.0980
1.0980
10920

Al

0.541
0.636

0.54
0.642
0.833

0.341
0.643

A

1150
11570
L1590
L1560
L1600
L1600
11580
11500
11340
11280
11570
11410
L1480
L1420
L1380
11450
11450
11390
11360
11350
11230
11250
11240
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Nomenclature & Abbreviations

Nomenclature & Abbreviations
Symbol / Definition Unit / Value
Acronym
Or Crank Angle Radians
0p Crank Angle Degrees
R Crank Radius m
L Rod Length (eye to eye) m
T Pi 3.14159265359
ES
004 Rod Angle
Ve Combustion Chamber Volume TDC m”3
Dgore Bore Diameter mA3
Vsy Swept Volume m”3
Veye Cylinder Volume m”3
Vsve Swept Volume Realtive to Crank Angle m~3
VevL ooy Cylinder Volume BDC m~3
TDC Top Dead Centre
BDC Bottom Dead Centre
w Work
F Force
X Distance
P Pressure
Wy Work Per Degree ]
Pyar Pressure bar
Pp, Pressure Pascals
n Polytropic Exponent
SocC Start of Combustion
EOC End of Combustion
MFB Mass Fraction Burnt
m Vibe Function Exponent
a Vibe Function Exponent
04 Sum of Crank angle from SOC to EOC
N Revolutions Per Minute
my Fuel Mass Per Revolution KG
fc Fuel Consumption KG/Hr
mg, Air Mass Per Revolution KG/Hr
AFRgi0ich Stoichiometric Air Fuel Ratio
) Fuel Equivalence Ratio
A Lambda
Ny Volumetric Ef ficiency %
Dat Atmospheric Pressure Pa
R, Universal Gas Constant 8314 J/KG. K
Mg Mass of Air + Fuel KG
Menarge Charge Purity
Myg Mass of Residual Gas KG
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My Mass of Trapped Charge KG
MWmixa,,g Average Molecular Weight of Mixture g/mol
MW i Molecular Weight of Mixture g.mol
Nynix Molecular Count of Mixture g.mol
MWexha,,g Average Molecular Weight of Exhaust Gas g.mol
MW, Molecular Weight of Exhaust Gas g.mol
Nexh Molecular Count of Exhaust Gas g.mol
Ry, Specific Gas Constant of Trapped Charge Jkg K™
Meyn In Cylinder Exhaust Gas Purity 1 —Meparge
n Number of Moles
M Molecular Weight KG
T Temperature K
C~p’f Specific Heat Constant Pressure (Fuel) J/Kmol.K
t JANAF Exponent T
1000
Af Coefficients for Fuel Enthalpy and Specific Heat
AP.omp Change in pressure due to combustion Pa
Py, Prise rise due to change in volume Pa
Cyi Specific Heat Constant Volume (Species) Jkg K™
Ravg Average Specific Gas Constant Jkg K™
Rynp Specific Gas Constant Unburnt Mixture Jkg K™
Ryun Specific Gas Constant of Burnt Mixture Jkg K™
Coz Specific Heat Constant Pressure j/Kmol.K
MNcgpis Molecular Count of Isooctane g.mol
MNcoo Molecular Count of Carbon Dioxide g.mol
mneo Molecular Count of Carbon Monoxide g.mol
mny,o Molecular Count of Water
mnyy, Molecular Count of Nitrogen Oxide
EPAVexh Average Specific Heat Constant Pressure (Exhaust)
Coav,,, Average Specific Heat Constant Pressure (Exhaust)
EvAszx Average Specific Heat Constant Volume (Mixture) j/Kmol.K
Coav,.. Average Specific Heat Constant Volume (Mixture) J/KG.K
évAVexh Average Specific Heat Constant Volume(Exhaust) j/Kmol.K
Coav,p Average Specific Heat Constant Volume (Exhaust) J/KG.K
Qumix Heat Needed For Temperature Rise (Mixture + 1K)
Tnix Temperature of Mixture K
Qexn Heat Given Out Dropping 1K (Exhaust) J
Toxn Start Temperature of Exhaust Gas K
X Equilibrium Temperature Between Mixture K
+ Exhaust Gas
Tepe Temperature of in Cylinder Mixture at Exhaust Port Close K
20% Refers to throttle position 20% / low load
100% Refers to throttle position 100% / high load
BTDC Before Top Dead Centre
ATDC After Top Dead Centre
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
CAl Controlled Auto-Ignition
HCSI Homogeneous Charge Spark Ignition
HCSAAI Homogeneous Charge Spark Assisted Auto-lgnition
HCAI Homogeneous Charge Auto-lgnition
SCAI Stratified Charge Auto-Ignition
AR Active Radical Combustion (Honda two-stroke CAl)
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