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Abstract

The performance of a new engine configuration is asses$edefgine type is
unique — details of similar engines have not been found in the opextuliee The
primary goal of this new engine design is to improve engineaity. It consists of
two opposed pistons in a single cylinder controlled by two synchronousdd tim
crankshafts at opposite ends of the cylinder. It makes usar offset to create the
required piston motion aimed at engine efficiency improvemetht®ugh
thermodynamic performance gains. In particular, the engine emipilbyxpansion.

It also features a greater rate of volume change aftebwstion than a conventional
4-stroke engine for the same crank speed. The engine is a pisted, gpark

ignition petrol engine.

Thermodynamic and friction modelling using Matlab predicted naieficies in the
order of 38%. Solid modelling and Finite Element Analysis werpleyed to build
a prototype engine. Several facets of the engine build proessdted in the
prototype differing from the design specifications. The originatld model was
used to recalculate the predicted engine performance based on thg/perot
specifications. Deficiencies and errors in the original Mattaolel were revealed by
testing of the prototype and the data obtained allowed the origirttdiMaodel to
be reviewed. Modelling parameters used in the Matlab model sidsequently re-
evaluated allowing the Matlab model to be adjusted to refiecpérformance of the

prototype.

Some constructive results were obtained with regard to thHermpamnce of the
Matlab model. To date the engine has not been able to ‘powdfr’ iTdee engine has
overwhelmingly high friction relative to the original Matlab mbgweedictions.
When motored, the engine can maintain a consistent burn and the theamacly
cycle delivers about half the originally predicted torque, whighloads’ the
powering motor. This torque represents about 40% of the torque retuinector

the engine as measured in the prototype testing.



Future work could address the thermodynamic deficiencies and réthfica, but

the engine as designed and constructed shows little potential iabl@ engine.
However the Matlab model and thermodynamic cycle have positikibutés as
guantified by the engine test. Minor changes to the model strumtgkr@ppropriate
specification of parameters determined from the prototypgeati@sved the model to
accurately reflect the performance of the prototype. Then nieature of the
thermodynamic cycle, full expansion was confirmed by the modetddupe the
extra work predicted relative to a conventional cycle, therédbwiag for improved
efficiency if that work was obtained without excessive addifiariion losses. The

Matlab model and thermodynamic cycle may have future agits.
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Chapter 1 The Investigation Defined

1.1 Overview

The broad aim of the project was to assess the performancenei aengine
configuration. This engine type is unique, entirely conceived ohbyauthor and
has not previously been reported in the open literature. It con§isig mpposed
pistons in a single cylinder controlled by two crankshafts at oppesie of the
cylinder. It makes use of crank offset to create the requisgdrpmotion aimed at
engine efficiency improvements through thermodynamic performaages.gin

particular, the engine employs full expansion, 100 percent exhawsingaag with

no residual gas and a higher rate of volume change in the power sbropared to
a conventional engine for the same engine speed. The enginetsngppided, spark

ignition, petrol engine.

The task entailed the application of existing modelling tectesignd the creation of
new techniques to conceive, assess, build and test a prototype frghe express
purpose of investigating the potential for improving the effigjed internal
combustion engines.

A particular goal of the project is to assess the viabibtythe engine design

presented and its potential applications.

1.2 Introduction

This project is motivated by the desire to identify techniquesnprove engine
efficiency. Theoretical efficiency limits are far hight#ren those achieved by
conventional engines so there should be reasonable prospects for effigieecy

improvementsTypically engine efficiency is quoted at wide open throttleQ(TY



where the engine is operating at peak pressures and consequektlyheamnal
efficiency. For petrol engines, the WOT efficiency achieved is typyaalithe low to
mid 30% range but the theoretical thermal efficiency of the Gttbe is well over
50% for a compression ratio tolerated by petrol engines. For exatmgléneoretical
thermal efficiency of an Otto cycle at a compression rati@0ol is 61% (Cengel
and Boles [1]).

The expected thermodynamic cycle efficiency improvementshéonéw engine are
based on changes in the cycle form relative to that emplayecbnventional

engines. Figure 1.1 shows additions to the conventional Otto dyalerdflect a

cycle that represents full expansion. The additional arear uheecurve represents
the idealised increase in work per cycle. Some of thatiadditwork is offset by

added pumping losses. The project aims to identify the net adeaatehe use of
the cycle using full expansion.

Isentropic

Additional Work from
Full Expansion

Figure 1.1 — p-v diagram of theoretical full expan®n cycle.

The following equations describe the theoretical advantagdl axpansion.



From Figure 1.1

V

the expansion ratid,ER) = -
V3
and the compression rafGR) = Y
V2
From first principles,
efficiency, h = 1- % (Q= hed
for m= mass,
G = specific heat at constant pressure
andc, = specific heat at constant volume
h=1- me(-L-l B -[l-)
mg(%- T)
From the ideal gas law,
L.V
Tl Vl
giving
ER),
T, :% T (%= v)

From the isentropic compression and expansion,
T (/-9
T,=T,” (ER

T2 :Tl, (CR)(/l)
therefore,

T, :%’ T (ER"™

(1)

(@)

3)

(4)

(5)

(6)

(7)

(8)

(9)



giving

c C
h=1--2 (10)
C, EEFRQ; Tl, (ER)(/ 1) -II (Ca( 1)
(ER) |
h=1-/ (CR) (11)
((E:FI%/ (R

In comparison to the theoretical ideal Otto cycle efficienic§1% for a compression
ration of 10:1, the full expansion theoretical cycle produces anesftig of 69.5%
for a compression ration of 10:1, an expansion ration of 30:1 and a rafecific
heats of 1.4.

1.2.1 Project Motivation

An increasing awareness of the consequences of energy use rigngmes a
contemporary social issue. It is reflected in Global Warmaogcerns as a
consequence of Green House Gas (GHG) emissions. Internal dambeisgine
emissions are a significant contributor. The Australian Greeunsél Office [2]
reports that transport contributed 14% of 2005 GHG emissions in Aasfrak vast
majority of this was from internal combustion engine powered 1e=hi60% of total
emissions in that year were reported from stationary powerrajére to which
internal combustion engines also contribute. These figures indiGtattleast one

sixth of the GHG produced in Australia is from internal conmbuastngines.

Many government agency and corporate web sites present ttanahbsity of

internal combustion engine fuels in varied lights. OPEC [3] camsmteport having

4



added reserves in the period 2000-2005 which exceeded the cumulative production
up to that time. ASPO Australia [4] reports Australian aderges have peaked and

that it ‘serves as a microcosm of a world entering the péatai Many media and

web publications reflect varied opinion about the peak oil phenomenon. Most
dispute arises about the extent of yet undiscovered resemesistently though, the

tone is that pressure is developing on the supply side resulting intexpecreases

in oil prices in the near future.

In spite of the mounting pressures building against the use ohahteombustion
engines, they dominate the automotive field. This refldwg inherent suitability
based on their many favourable traits, suggesting that the prosé of internal
combustion engines will continue. Consequently, any improvements imeeng
efficiency will become a requirement via supply and demand ecanprmciples

and through regulatory control of emissions through the politicalrayste

Engine efficiency is becoming a more prominent factor in automobile
manufacturer’'s decision making. Ford Motor Company released a [Bport2006
outlining its approach to environmental concerns. It referred taaaeehnological
developments associated with improved efficiency and reducedienss Ford’'s
CEO, BiIll Ford is quoted to sayWe are more convinced than ever that our long-
term success depends on how our Company addresses issues $utdi@sitange,
energy security, ..., noise and innovative use of renewable resoamd materials”.
Significant focus over recent years has lead to various temjinal advances in
engine control resulting in efficiency gains. Features suchaaable valve timing
and its associated control have appeared recently in production sefiiogepreface

of Variable Valve Actuation 2000 [6] refers to the predicted outah current
variable valve timing technology to be camless valve actuéaming to efficiency
improvements. In general however, little attention has beed paiengine
configuration alternatives although several concepts have been dal/édoparious
extents in the past. Saab [7] researched a variable dismateengine using
mechanical means to change the compression ratio. Austrét@ph Sarich

invented an engine configuration alternative, the orbital engihe.Power House



Museum [8] has a site referring to the orbital engine developtirastines and

outcomes.

The opposed piston engine introduced in this work is an alternatig;nee
configuration that, through its unique engine geometry attemptddiess certain
deficiencies of the thermodynamic cycle as employed in comraitiengines.
Specifically, the new configuration adopts a full expansion that @ extract the
proportion of the energy still available in a conventional enginenwwhe exhaust
valve opens. At WOT this represents approximately 20% of the watd by the
thermodynamic cycle in a conventional engine. Furthermore, aigkshaft offset
(in which the crankshaft centreline is displaced from the cyliméatreline), the
piston motion used in the opposed piston engine creates a fastdrahémge of the
engine volume after combustion thereby reducing the gas temgenatarshorter
time than for an equivalent conventional engine. This is interidededuce
conductive heat losses during the power stroke, improving thermodynamic
efficiency. This earlier reduction in temperature is expetdeallow the engine to
burn a pure charge without an increase inxNfoduction. All these features are

potential benefits of the new engine.

The opposed piston engine concept is investigated in this work through
thermodynamic and friction simulations, finite element analgEithe main engine

components and experiments performed with a prototype configuration.

1.3 Research Objectives

Broadly, the project explores an alternative approach to improvimernal
combustion engine efficiency. The particular goal of this rebeams to assess the
viability of the proposed engine design. It extends to addredsingechniques and
tools used for engine efficiency research.



Efficiency gains can be achieved by two main processes

Improvement in thermodynamic cycle efficiency and

Reduction in losses.

The thermodynamic model used is described in Section 3.2.2. dfextpMatlab

simulation model employs an existing engine simulation programtewriby

Ferguson [9]. The original software by Ferguson was earéiest¢ribed into Matlab
code by Buttsworth [10].

The program considers the following features of thermodynamicrpgance,

Equilibrium combustion products calculation based on temperature and pressur
using the simplified approach of Olikara and Borman [11].

Heat loss from the working gas using a user-defined hesfféracoefficient.

Burn time set by an input constant following the approach of Fengs.

Gas loss via blow-by estimated using a first order sysigpnoaimation with a

user-defined rate-constant.

The losses model created specifically for this applicatatufes,

Ring friction

Piston friction including dynamic effect and reaction loads
Friction based on Stribeck theory

pumping losses

bearing and belt losses

Achievement of the prescribed goals for the project requiredtloeving additional

Processes,

A GUI suitable for the large number of input variables and whiidwa quick

feedback to the user of input changes



Modelling of the proposed engine design in Solid Modelling softwaredate
required build details

Modelling of the proposed design in FEA software to confirm ipgéegrity
Building a prototype and associated test equipment

Testing of the prototype to obtain performance data

Review of modelling in light of test results

Analysis and recommendations

The details of the processes used above are given in S8&ion

1.4 Model Refinement

This project produced experimental results from the testingeoptototype engine.
The results broadly showed that some significant deficiencietedxin the original
Matlab model used to design and predict the performance of theeel@hapter 6
details the changes in the Matlab model using information obtdirmed the
prototype test. Chapter 3 reports on the approach to the task of ingptled engine
using information that was available at the time that madgllvas initially
performed. Subsequent information from the prototype test alloeserad of the
modelling assumptions and input parameters to be revised to nwnaizly reflect
the measured performance of the engine. Chapter 6 reports chahges to the
Matlab model. Chapter 7 addresses the validity of the ingggdumptions and
parameters used in the model and assesses the appropriaterf@ssmaidelling
initially used. In early chapters, the model is describedvaaious stages of
development. In all references to the Matlab model outputsiesence is made to
the modelling (pre-experimental or post-experimental). If naeefse to the model

version is made, the aspect referred to does not altee&etwodels.



1.5 Conclusions

This project aims to assess the performance of an origimgihe configuration. It
extends to exploring the techniques and tools required for that purpose

The performance data obtained from the prototype test will alowssessment of
the viability of the engine configuration concept and provide feediatkvill allow
the validity of the modelling techniques used and/or improvemenketmodelling

assumptions and specifications.

The following chapters address the processes of the project roktiypdand

outcomes.



Chapter 2 Literature and Resources Review

2.1 Introduction

This chapter reports relevant information obtained from a litexataview of
previous work that used the same or similar techniques as thaseddefiChapter 1.

The four main mechanisms contributing to the new engine configurate:

opposed piston;
crank offset;
full expansion; and

100% scavenging;
and the literature review initially proceeds under these hgadi

In addition, the modelling techniques needed in the design appraaeheviewed.
The computer modelling formed the base from which subsequent desigiomiec
were made. This part of the project was substantial in coatahsignificance. In

this regard, the literature review identifies existinginfation in the areas of
I.C.E. thermodynamic modelling;
friction and losses modelling; and

computational modelling techniques and applications.

The results of the literature review for each topic is esklrd in the following

sections.

10



2.2 Background

2.2.1 The Engine Concept

A literature review revealed no similar engine has been presémtéhe open
literature to date. Web, journal and text searches faildohdoa similar engine. A
significant number of engine concepts were revealed byetirelses and varied from
refinements to the conventional 4-stroke theme to radical sessonly in literature
form. The number of arrangements of the major components of areereferred to
as the configuration, is essentially limitless. A wdb #iat displays common engine
configurations is published by diracdelta.com.uk [13]. Radical cordtpns that
proclaim extreme performance levels in power to weight andfmiesfcy can be
found on the web. One sample is the ‘Massive Yet Tiny Engine’jhddh claims a
power to weight ratio 40 time that of a conventional 4-strokanyvconcepts were
only seen in literature form, but many others have been built anith @szvice in

one form or another.

Searches based on engine efficiency revealed that seeehaliques have been
employed to increase engine efficiency with varying degressiafess and varying
side effects. Some radical improvements to engine efficiaagg been claimed by
inventors such as Malcolm Beafd@5] He has named his alternative porting
arrangement, the ‘6-stroke’ engine. That same term has begbys¢her inventors
claiming to make use of the heat exhausted in a conventional eBgute Crower
[16] claims to have proven that by adding an extra revolution to a ctoned-
stroke engine by modifying the valve timing, the energy of thawsthheat can be
returned to useful work by injecting water. Commonly, a reductiopower to
weight is referred to as the primary counter-effect ofngts to significantly

improve engine efficiency.

The Toyota [17] Prius uses a modified conventional light vehicle égilinder

engine operating at a higher compression ratio than a conventionale egi

11



reduced inducted volume at WOT is achieved through valve timing. In a
conventional engine, a reduced volume results from throttling and direchlices
the engine pressure before ignition and throughout the cycleveetatithe pressure
for a full inducted volume. The increased compression ratio inPthes engine
returns the pressure to an equivalent full inducted volume presslitheaexpansion
stroke partially reflects the full expansion theory describedeicti&h 2.2.4. The
engine subsequently produces about 60% of the power of the original @iechodi
engine. The power to weight ratio is reduced and the enginégfficis increased.
The power train uses high technology control and electric drivegdhalt in net
vehicle efficiency about 40% higher than equivalent sized vehithlescombination
of battery stored energy delivered by the electric motor samebusly providing
drive with the IC engine provides the prius with accelerati@rasteristics similar

to a similar sized conventional light passenger vehicle.

Other engine configurations have become viable automobile engihesWankel
Rotary engine has been thoroughly developed by Mazda [18]. It produges ve

impressive power to weight figures but is notoriously ineffiti

2.2.2 Opposed Pistons

Opposed piston engines appear frequently as an alternative engjige \dbere the
pistons essentially move in opposition. Hugo Junkers [19] invented an dppose
pistonengine in the late fBcentury. His basic concept has been employed in many
applications with a trend towards very large capacity iratatis. The application of
such a configuration has found a niche as a large diesel eng@endst common

installations are marine.

12



2.2.3 Crank Offset

In literature searches, Crank Offset is often referrindn¢oangular displacement of
one crank arm relative to others in a multicylinder engineeaaiy ‘V’
configurations. It is also referred to in the meaning used inptioiect, that is the
displacement of the centreline of the cylinder from the cranksteitreline.
Academic research in this area has been carried out ipatte In all instances
found, the application referred to a friction reduction technighés i® achieved by
aligning the crankshaft so as to have the connecting rod more pardiie cylinder
through the high pressure portion of the power stroke. Myung-Rae Chd2¢t a
showed that reduced normal reaction force of the piston on the ayiadleeduced
engine friction in certain scenarios. This technique has the ippdtect for heat
loss reduction, maintaining the temperature difference betweeibuint gas and

cylinder wall for a longer time.

2.2.4 Full Expansion

The only reference to full expansion in literature as a topmrefious investigation

was restricted to the Toyota Prius engine modification atiG@e2.2.1.

2.2.5 100% Scavenging

No specific reference to complete scavenging was found initdratlire review.
Scavenging in two and four stroke engines is addressed in detall Engine
references. The significant point revealed is that resigas| the gas left from the
previous cycle due to incomplete scavenging, is used to ‘dihgahtoming charge.
This reduces the maximum temperature reached during burningutaseéquently

reduces the total volume of nitrous-oxide compounds x(N@roduced. These
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compounds contribute to one form of engine emission pollutants, icyartsmog

as described in Thermodynamics, an Engineering Approach [1].

In two stroke engines in particular, no control over inducted gaxleihausted
without being burnt is possible over the complete engine speed Fdtigrugh it is
often thought that the burning of oil in two stroke engines has te#ukir demise
due to emissions control legislation, it is the exhausting of unhydrbcarbons that
is responsible, as described in Michigan State Universggarch [21].

Four stroke engines are able to control the exhausting of unburntagagpropriate
valve timing and is one of the many advances in modern engine tegindh

conventional engines, the exhaust port is closed well before iddgates have an
opportunity to escape resulting in a necessarily significant wlafiresidual gas.
Ferguson [9] applies residual gas analysis in his engine siorufaogram and this

in turn is adopted by the Matlab model.

2.3 Applications of Thermodynamics to I.C.E.

The fundamental principles of thermodynamics define theoreticais|for the
efficiency of internal combustion engines. Two key characiesisf IC engines that
determine thermodynamic efficiency are compression ratio andbtin (shape) of
the thermodynamic cycle. Ferguson [9] describes various approdohéise
identification of engine efficiency in his booknternal Combustion Engines,

Applied Thermodynamics.

Compression ratio is limited by fuel characteristics and pr@serdind engine
materials mechanical properties. In petrol engines, compressionis limited by

detonation.

The form of the cycle, as represented by Figure 1.1, istaldde achieved by this

engine design concept. A full expansion of the combustion gasewisyed. In this
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context, “full expansion” means expanding the combustion gases td loca
atmospheric pressure and for this to occur, the swept volumee gicter stroke
must be larger than the swept volume of the induction stroke. udgs the ‘extra’
energy that is expelled from a conventional engine when the exhatis ppened
while substantial pressure still remains in the engine. Kphlimsion has the capacity

to add about 20% to the thermal work done in the engine cycle a WO

Full expansion is not employed as standard practice in conventionaksrmgicause
they inherently induct the same volume as they expand. Thatsaftmwa larger
power to be produced from that larger inducted volume and resultsghex ipower
to weight ratio. That is probably the optimum configuration for a muégrcle
where the engine weight is a contributor to the overall effigi@fi¢he vehicle. This
project is orientated towards optimising engine efficiency; tieipated decrease in
power to weight ratio that accompanies the new configuration viouitcthe engine

to stationary applications in the first instance.

2.4 1.C.E. Thermodynamic Modelling

Several avenues were revealed for a source of a thermodymaodiel in the
literature review. Undoubtedly, sophisticated software is eyaol by engine
manufacturers researching this field. The author required agonothat could be
used in the Matlab application that the rest of the computeelnentpbloyed. Several
references to an ‘Engine Simulation Program - ESP’ weredfolihe Stanford
Engine Simulation Program [23] and an associated text by Lumley [22] a
examples. The author chose an existing engine simulation progratenwoy
Ferguson [9]. The original software has been transcribed intaeode by David
Buttsworth [10] of USQ.
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2.5 Friction Analysis

Several references were found for the use of the Stribesglg@n (see Section 3.3)
as the basis of a friction regime analysis, although nofspegfierence to its use in a
computer model was found. The friction analysis uses the Mathiaelrto calculate
the reaction loads on the piston during the cycle and appliesrtbhec&tDiagram to
produce the resultant friction forces. The total friction lo$s®sa bearing, pumping
and ancillary loads are estimated based on proportions of lossesdder existing
engine configurations in relevant texts. Ferguson [9] and Storjepit2ided data

for this purpose.

2.6 Computational modelling techniques and applicat lons

Ertas and Jones [24] describe the basics of modelling whécé bwilt upon in this
project. To readily reach an optimum configuration for any desirgguguhe main
Matlab script sets up a GUI interface. This technique alldvesnbany required
engine specifications to be altered in an intuitive fashion tieguin a faster and
better understanding of the effect of changes to input spewfisatind their

relationship with output data, in particular, engine net efficy.

Matlab was used as the model input through the GUI, for the maldelations and
output. It consists of a suite of files called from the GUhgis set of predefined
input data files to establish an optimum configuration for ther@itequired (see
Section 3.4). Subsequent to the information obtained from thetypet test, the
Matlab model was modified. This allowed the model to be mralternative

configurations by input options at the start of the main GUI Tilee modifications

allow the program to run with the original input assumptions and under the

modifications that allow the model to correlate with the prgtetiest results.
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2.7 Solid Modelling and FEA

The project did not attempt to assess the suitability gcefeness of the two
software applications used for the solid modelling and FEA analfsie proposed
engine. ProEnginer and Ansys were used as they are the appbcaviailable from
the University’s resources. For all intents and purposes thegvacttie same result

as any contemporary equivalent.

2.8 Conclusion

The literature review established a complete basis for pdowpeavith the design. It

exposed no specific source of an equivalent idea or design.

Several features of the necessary project methodology arel basexisting
techniques, computer programs and established practices. Thist pmjgines and
expands on them to the degree required to produce a conclusion abougittad or

design concept and the computer modelling used to establish ifye deteria.

The Matlab based modelling and subsequent solid modelling and FEAtaitecim
Chapter 3.

17



Chapter 3 Project Methodology and Engine Design

3.1 Introduction

The overall project task requires a succession of subtasksconiygeted in order.

This sequence was broadly:

Create a computer model to predict the engine performanceeafications.
Solid model the engine to produce part drawings, confirm functionality
provide geometry for FEA.

FEA analysis to confirm component life.

Source materials, components and workshop services.

Employ USQ workshop facilities to fabricate some components.

Fabricate remaining components.

Assemble and install with dynamometer on test bench.

Produce prototype performance data from engine test.

Compare computer model performance specifications withdsslts.

Assess and report.

The BEng undergraduate course has provided all of the associatedrexjposllow
the above integrated process to be completed. Prior experietiwe afthor enabled
him to fabricate the majority of the engine components. The US$tksiwop
fabricated the components outside the capability of the equiptoewhich the
author had access. Familiarity of the author with common engine comipone
allowed ready recognition of alternatives for off-the-shelingeand for fabrication

techniques.
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3.2 Software Modelling

3.2.1 Overview

The primary computer model used to analyse the engine is writtstatiab. This
allows the initial concept to be refined and specified. Itgraré several functions
including, physical parameter analysis, thermodynamic analiygison and other
losses analysis, optimisation and visualisation of the cycle.ifphe is achieved
through a created GUI, allowing fast and effective changespuit specification

with immediate user feedback.

3.2.2 Thermodynamic Model

The primary performance characteristic of internal combustigines are governed
by the fundamental physics of thermodynamics. The project empioyxiating
engine simulation program written by Ferguson [9]. The origiolihare has been

transcribed into Matlab code by Buttsworth [10].

The main script calls the appropriate files of the Matlabrengimulation program
where required. Several parameters used in the originahMatigine simulation
program are redefined to reflect the specific idiosyncrasieshe new engine
configuration. The thermodynamic model outputs the net work done in oreeaset!

is the starting point for the efficiency analysis.

3.2.3 GUI Input

To readily reach an optimum configuration for any desired outputntie Matlab

script sets up a GUI interface. This technique allows thaymaquired engine
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specifications to be altered in an intuitive fashion resulting faster and better
understanding of the effect of changes to input specifications aidrétationship
with output data, in particular, engine net efficiency. Setgdefault input data
specifications are assembled as files commencing withriesgéec...”. The main
file, ‘slider_bar_input’ requires a default set of data fromirgut data specifications
file. That file is called on line 31 of ‘slider_bar_input’. Tee¢ the default data used,

one can alter the file name called on line 31.

=) |<Student Version> Figure No. 1 ggl
File Edit Wew Insert Tools Window Help
= =]
1 Spec | Current
EXIT Chosen 4 Spec
. 230"

Burn Start{deg) :eu 3 >, B0
: 600 :

Burn Duration !ZD = 000 B0.0

7.0
Upper OffSet :-ZEI 5 2 =70
445

Upper ConRod IQU - 00 445
: %2

Upper Throw :WD = 00 26.2

70
Lower OffSet :ZEI . 2 -7.0
41.8

Lower ConRod IQU 5 S 415
: .0

Lower Throw :‘WD . i 26.0

86.1

Crank to Crank !aD o %00 86.1
: 187

E:x-port Height ;] = it 168.7

34
Crank Lag{deg) :40 3 bon 3

Figure 3.1 — Matlab Gui Input
The mouse pointer is displayed as cross-hairs stpthiat Matlab ‘ginput’ is active. The eleven input
specifications are named with their ranges andultsfdisplayed.

To follow the function of the Matlab program, see the Matlab pscri
‘slider_bar_input’ in Appendix B for details. A structure chartisissat the
beginning of Appendix B. Comments are included to assist in follotriagViatlab
code. Figure 3.1 shows the GUI input Matlab figure. The Matlabtitméginput’
takes the mouse pointer position (the crosshairs) click, esdsuits relative position
on the scale bar for the particular engine specification choseacdlculates the
displayed value of the specification and repositions the indicaitoie’ to confirm

the new value. It initiates a new calculation of the BatEngine Simulation Model.
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Figure 3.1 shows the default values on the right as sbeisdript code. The ‘Exit’
and ‘Current Spec’ buttons close the window and calculate thentgpecifications
respectively. It shows the minimum and maximum values of theerangd the names

set for each specification.

The next stage of the Matlab model is initiated by the ‘ginputuse click or the
‘Current Spec’ button. The program takes the list of input spatifns as displayed
and calculates the engines component position using first pringgametry (see
Section 3.2.5). Together with data from ‘enginedata’, the gegnwives the
required input for the engine simulation section of the program whigts ghe
engine thermodynamic cycle outputs. ‘slider_bar_input’ calls aéfikss including
files used by the engine simulation program in its original fokfany of the
variables used between the files are made available to éaets figlobal variables.
At the beginning of Appendix B, a broad outline of the file connectigityhown in

a Structure Chart. The variables names are self explgnator

The program uses the Matlab function ‘ode45’ to achieve the reqoteggtation in
the engine simulation program. The program steps through the nyofeeidegree-
of-crankshaft-rotation increments. It generates engine pressace aher
thermodynamic properties for the cycle at each incrementeThégputs are used by
‘slider_bar_input’ to calculate the connecting rod loads and resutiifigder-to-

piston reaction loads that are used to calculated pistorofriisses.

Other losses are calculated in various files and assemblslitlier ‘ bar_input’ to be
displayed in the GUI. The primary objective is the engine iefiy, which is
calculated from the engine simulation program outputs adjusted l®gldsgure 3.2

shows the GUI after the program has completed calculatimhseturned outputs.
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Figure 3.2 — Matlab GUI displaying outputs

The right hand half of the screen displays outputsumerical form for the simulation run from the
last input specifications. The position plots fack piston are shown as the blue and black plots.
Other features are described in Section 3.2.4

The right hand side of the screen displays the outputs. Withiqaratiie user can
intuitively learn what input changes produce what output changesrirhary goal

is maximum efficiency. A variation to any input specification rades the output.
Some changes will result in impossible combinations. For exareplecing the

‘Crank to Crank’ dimension will bring the crankshafts and consequédrglyistons
closer together. If other specifications are not compliantpiten position lines on
the output plot will overlap meaning the pistons will contact aterfiere with each

other. The output side of the screen is enlarged in Figure 3.3.
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Figure 3.3 — GUI output

The Gui output screen is described in Section 3.2.4
The two plots represent each piston position thinoug
the cycle. All numerical values required to asgéss
performance of the input specifications are disptay

At the bottom of the image, ‘P.C.’ referring to Piston Clasthe piston separation
in millimetres at their closest point immediately before éxhaust port closes. The
Matlab script serves as a tool and is not ‘debugged’ to the eitantit can
accommodate any inputs and achieve physically achievable outpdt®sl not for
example require P.C. to be positive. Other specificationdeaset that would also
produce impossible combinations. The user is required to andlgseutput to

assess its viability.

23



The ODE solvers used in the engine simulation program can notsabeayplete
their calculations if the inputs exceed specific limitstcoES may result from the
integration process having ill-defined boundaries or the input sB@INS

attempted result in an unsolvable set of equations. The conseguenthe program
are that either the program is put into an endless loop or & takenpractical length
of time to produce results. It can also produce error symbols iresiiéts displays.

Once again, the user is required to assess the appropriatétiesslata.

The ODE solver can also display an error message in the Maitakspace
indicating that the results may not be accurate because ofdaktlmitations in the

function. This is also not evident on the GUI display and requsesassessment.

3.2.4 Features of the GUI output

The prime purpose of the GUI is a graphical display of the pistoromadidut it also

shows various required numeric outputs. The following refergoré 3.3,

In the top left hand corner, the specification file useshiown.
In the top right hand corner, the general specifications for thelaiion that
are defined in the Matlab file, ‘enginedata’ are shown. Tdreyindependent of
the specification input by the GUI (initially read from ‘anginespec...’ file).
Inducted volume, compressed volume and expanded volume are shown as
numeric values and as positions in the cycle by verticéddines.
The ‘burn start’ (ignition) position is shown as a vertical ebtine.
The following cycle features are displayed;
o A.C.R. (Actual Compression Ratio = inducted volume/compressed
volume).
o A.E.R. (Actual Expansion Ratio = expanded volume/compressed
vol).
o E.V.D.R (Effective Variable Displacement Ratio = A.HRC.R.).

o C.R.Ign (Compression Ratio at ignition).
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Exhaust port height (the exhaust port upper surface position relatitree t
piston positions) It is used to position the piston plots to commenhke alose

of the exhaust port.

The primary output data is displayed in the centre of Figiie 3

Int WORK (internal work per cycle in joules). Includes inductiom @&xhaust
work.

Int Eff (Internal Efficiency). Calculated from the engine slation program
Outputs modified by induction and exhaust work per cycle.

Net WORK (= internal work — losses).

Net EFF (Net Efficiency). Calculated from the energy regfliito produce the
internal work at the internal efficiency divided into the wetk.

The four phases of the cycle, Induction, Compression, Power @dmaLi& are also

illustrated in Figure 3.3 to depict their positions in tiele.

3.2.5 Piston Position, Velocity and Acceleration

Piston position is required throughout the Matlab program, which defiegsath of

the pistons allowing the position of other engine features includingpiek plug

ports and the exhaust port to be specified relative to the pistdms.emgine

simulation program requires specification of the piston dynamic®rder to

calculate engine volume and its rate of change. The piston positioised to
calculate piston speed and acceleration used to determine fiosies] The piston
position is calculated in the Matlab program using the georoéffigure 3.4.

25



The piston height is the critical parameter governing therdimesion of the piston.
From geometric considerations (Figure 3.4), instantaneous pistght hen be

expressed as a function of crank angle as,

h=Tsing +\/r2 - (Tcogg- 9’ (12)
Piston
Conrod, 7 i
Piston
Crank Height, /2
Angle, &
Crank
Crank Throw, T’ 1 /
o

Crank Offset, s

Figure 3.4 — Piston motion geometry

In the Matlab program, the position of the pistamghe position of the gudgeon
(wrist) pin centre-line. In the solid model (andfatype), the crankshaft separation
has the distance from the top of each piston tgtltgeon pin added to the Matlab

‘Crank to Crank’ specification.

The velocity and acceleration of the pistons iscuated where required in the
Matlab program by the ‘diff’ technique. The posit®are calculated at the defined
increment of one degree of crankshaft rotation #ad ‘diff’ function in Matlab
returns the difference between successive positibhgding by the time for one

degree of rotation gives a reasonable approximatiguiston velocity at that point.
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Repeating the ‘diff’ process on the velocity givl® acceleration. For a piston
position array of length 361 (one degree incremertd returning to the start
position), this differencing process results inedogity array of length 360 and an
acceleration array of length 359. The velocity andeleration arrays are returned to

length of 361 using the ‘interp’ function.

3.3 Friction and Losses Model

The net efficiency is the internal thermodynamicrkvdone by the engine less the
losses due to friction, pumping and the ancillatoesd divided into the net energy
available in the fuel burnt. The friction includine piston, ring and bearing friction.
Pumping losses define the work required to trarigperinducted gas into the engine
and expel the burnt gas. Ancillary losses areigésth to the synchronous belt drive

required to maintain the engines two crankshaftoastant relative speed.

The friction losses model is also implemented intlMa No appropriate existing
software could be sourced for this purpose and rttuelel used is based on
fundamental first principle physics of the loadsl aeactions within the engine on a
dynamic basis at each one degree of crank rotabymamic effects from the
angular momentum of the connecting rods are notsidered and this seems
reasonable because relative to the pistons in moti®@ connecting rods are very
light. Their dynamic effect was determined to bdittie influence. A more thorough
analysis would be achieved with the inclusion oé tdynamic effect of the
connecting rod and might be warranted in futureafgbe Matlab model. Figure 3.5

shows the force analysis used in the friction model
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Figure 3.5 — Forces Analysis for friction calculatins

The engine pressure is produced by the thermodynarodel. and the piston
accelerationgpision are produced by the Matlab piston motion modesdReng the

forces in the axial and normal directions gives,

Tsing+F - pA= Mo, Biscor (13)
N+Tcosg=0 (24)

Also,
F=nN (15)

Combining these equations produces, for the pistoning down,

ma+ pA

sing i1
ncosq

T= (16)

and for the piston moving up,

ma+ pA
__sing
ncos q

(17)
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The script written for the friction losses modeksighe model in Figure 3.5 in an

iterative approach in Matlab based on publishedfictent of friction data.

Several references were found for the use of thkbeSk Diagram as the basis of the
friction regime analysis. Figure 3.6 shows a Stikbdiagram used in Introduction to

Internal Combustion Engines [12]

0.001
]
01 Boundary‘ Mixed
T~
Coefficient \
of Friction “ \
0.01 |
|
|
i |
0.001 ‘

Sommerfield Number x 10

where m=viscosity
v = sliding velocity
& p = bearing pressure

Figure 3.6 — Stribeck diagram

Engine lubrication regimes defined in the Stribetiigram. The
diagram reflects the general nature of engineidmct Only the
piston skirts operate in full hydrodynamic condito in
conventional engines referred to here. Adapted febome [12]

The plot in Figure 3.6 was encoded in Matlab byasafing it into three subplots.
The two straight sections were referenced by ‘polghd ‘polyval’ of degree one.

The curved section was referenced by a ‘splinet@pmation.

The Matlab file, ‘pistfriction’ uses an iterativgparoach to calculate the piston
friction losses. An initial estimate is calculategisetting the coefficient of friction to
0.01. Using the engine pressure from the enginelaiion program together with

the piston acceleration and connecting rod angianigial normal reaction force is
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calculated according to Figure 3.6. The Sommerfraichber required to return a
coefficient of friction from the Stribeck diagramthen calculated. Depending on the
direction of the piston (away from or towards tmank) and the calculated normal
reaction, the program determines a temporary aoeffi of friction and returns to
the second iteration. By trial and error, only fiterations were necessary to achieve
friction forces within 0.1% of those achieved wétttarge number of iterations. Since
the file calculates these friction values on eveityation of the program by the input
GUI, reduced calculation time was useful in redgdine total time between input

changes and display of results.

The value of viscosity used equated to the gematal for SAE 50 oil at 12C. The

engine inducts oil and operates with 2-strokerothie crank cases.

The total friction work per cycle is calculated rfrathe sum of the instantaneous
friction force multiplied by the piston displaceniéncrement for each piston over

one crankshaft rotation.

3.4 Optimisation

The primary goal of the project is to produce agiea with improved efficiency
over conventional engines. Any one set of engeci§ications can be assessed
with the Matlab engine simulation program model. dptimisation feature allows
the engine simulation program model to be loopethva succession of input
specification files for varying sized engines. Tdées were assembled by trial and
error and are listed in Appendix B, followed by angple of the engine input
specification files, ‘enginespecoptsizechosen6’ #mel specification file reflecting
the dimensions achieved in the prototype, ‘engieegmtotype’. The various
specifications all maintain the same bore size ignidion timing. They are pre-run
in the engine simulation program to trim the speatfons to produce the same
maximum engine pressure. The comparison based acamstant maximum engine

pressure is performed with Matlab script, ‘compidata_ CEP’. An alternative
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comparison is done wusing a constant effective cesgon ratio in

‘compile_data_CCR’. These optimisation simulatiomere performed with the
original Matlab model. They were not repeated wiita revised (corrected) Matlab
model. The optimisation script collates the datal asplays a plot of thermal

efficiency and net engine efficiency.

Figure 3.7 shows the Matlab graphical display & dptimisation script. It shows
that an optimum efficiency is predicted for the cfieation numbered 6.2 in the
original Matlab model. The general trend of incregghermal efficiency is shown
in the top plot. The increase is the result of welo surface area relative to the
volume displaced by the engine reducing thermasdss It is also aided by an
increase in piston speed for a larger engine. TOmeparison is based on a constant
bore size. The net efficiency plot reveals thasmll specification settings (low
Spec number), the thermal efficiency is poor anthi@er specification settings the

friction losses dominate.

Efficiency Vs Inducted Volume for Various Eng Specs
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Figure 3.7 — Comparison of the original Matlab modeprediction of engine efficiency
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The optimisation program showed that configurationg broad range exhibit the

potential for optimum efficiency.

3.5 Matlab Model Plots

The Matlab model is used to display various outfatt as plots. These are used as
visualisation aids for verification of program outp, decision making and
presentation of data. Appendix C contains thedfsplot scripts. The plots scripts
require that ‘slider_bar_input’ is run first andsat of output data generated by the
GUL.

Conrod Inclination Vs Crank Angle after E.C.
350

300 - -

250 - -

200 - .
—— Upper
—— Lower
150 + B

00— 1

Inclination (deg (big end as origin reference))

Spec Prot 1 measured

0 ! ! ! !
0 90 180 270 360

Crank Angle after E.C. (Deg)

Figure 3.8 — Plot of both connecting rod inclinatios.

As an example of a visualisation plot, Figure $1®wes the plot of the connecting
rod inclinations over one crankshaft revolutione®ngles shown for the connecting
rod inclination are relative to a conventional @aran reference plain with the

cylinder oriented at 90 The lower crankshaft has a slightly shorter cating rod

32



and consequently shows a slightly higher maximuafination (same offset). The
plot shows that the inclination is extreme relativea conventional engine and is
expected to present the major drawback to the engomfiguration. The friction
model presented in Section 3.3 predicts that theti@n loads and resulting friction
are acceptable.

Piston Friction Vs Crank Angle after E.C.

ConRod parrallel Boundary Mixed
to cylinder axis Friction Friction

400 | SpecChosen 6
350
300
250
200

150 \

100

Friction (N)(temporal)

50
™M

| | | |
0 90 180 270 360
Crank Angle after E.C. (Deg)

-50

Figure 3.9 — Plot of lower piston friction for theoriginal Matlab Model optimised engine

configuration.

Figure 3.9 shows some interesting features. Ihésglot of piston friction (lower)
showing the areas where the three friction regiofethe Stribeck diagram apply.
The plot reveals that the piston friction is rarglythe hydrodynamic range. Either
the speed is low or the load is high for the majauf the cycle. The vertical lines at
approximately 160and 300 indicate the positions where the lower piston c¢jesn
direction. The friction is negligible for the cydimm 330 to 150 where the model
predicts essentially zero relative pressure orpth®n. This reveals that the friction
model predicts the normal reactions due to acdedeisare low compared to the

reactions created by the engine pressure whenathieecting rod is inclined. The
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graph dips just prior to the second “Connecting padallel to axis” line, showing
that at high piston acceleration and connectingimotination, the piston friction is
apparent. The part of the cycle showing essentzaty friction results from the very
low net piston force through the lower swing of tmankshaft. The ‘mixed friction’
zone displayed at about 6@sults from the hydrodynamic friction on the intian
stroke slipping into mixed friction at the maximueoonnecting rod inclination.
Because the crank offset is such that the conrgentith is at maximum inclination at
the end of the power stroke, even though the predsas dropped to a small fraction
of the maximum during the cycle, the very large rawiing rod angle produces a

very large normal reaction as the piston is deassel

3.6 Solid Modelling in ProE

The specifications obtained from the Matlab model@sed to construct a complete

solid model of the engines major components.

The first benefit of this process came when theded optimum configuration
proved to be impossible to construct. The interfeee resulting from the low
connecting rod/crank throw ratio resulted in tatddiroom for sufficient material in
the cylinder walls at the extreme piston positioratlequately support the piston. No
combination of crank throw configurations allowext & suitable arrangement using
a simple crank and connecting rod. Consequently,etigine simulation program
was employed to reconstruct the engine specifioativith an increased connecting
rod length. The resulting net efficiency necesgadecreased as it had been
previously optimised. The loss in efficiency modéllas approximately 2.5% net or
7% of the optimum efficiency. These changes weradihg achieved by the
established GUI.

Several ProE features are employed including passncalculations. The ProE
model gives an impressive image of the engineutiop the ‘mechanism’ feature

that displays the model working. Figure 3.10 is #mgine solid model assembly
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showing the cylinder and lower case as transpapants revealing the engine

internal components.

Figure 3.10 — ProE solid model of Engine Assembly

3.7 Engine Configuration and Features

At this stage, the details for the engine companamid their specification became
necessary. The exhaust port position was establislyethe Matlab modelAn
original intention to arrange the induction throughpoppet valve in the lower
cylinder was abandoned due to its complexity anplased by a reed valve
controlled induction port in the cylinder wall. Theain bearings were chosen as
deep groove ball bearings with the outer bearirggny an integral seal. Needle
roller bearings used in a production 2-stroke moesgine were selected for the
connecting rods. The crankshatft is supported onsute only allowing the big end

roller bearing to be assembled with a screw-in kcpain from the same production
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engine. The crank timing is achieved with a syonbus belt drive and idler
tensioner. Carburation and ignition was arrangeceqaired from off the shelf and
available components. Two spark plugs firing siagtously are employed. Relative
to a conventional engine, the longest burn patimdseased in the opposed piston
engine because of the necessity to have the spags putside the width of the
piston. This suggested that the burn time wouldsigeaificantly longer than for a
conventional engine. To reduce the burn time and tie opposed piston engine a
better chance of completing burn before the thegmanhics of the expanding gas
impeded combustion, the inclusion of two spark plag near opposite positions in
the cylinder wall was seen to be advantageouslist allows the engine to be
operated with either plug firing which would givense information about the burn
characteristics from the prototype test.

3.8 Sizing and Material Selection

As the primary dimensions set by the Matlab moeding the various parts in ProE,
required features and fabrication techniques becapparent. The two modelling
techniques interact. For example, the Matlab madek the weight of the piston in
the friction losses model. An initial estimate bat weight can be confirmed once
the piston size is determined from the ProE modgigulits ‘Analyse’ function. This

weight is returned to the Matlab model, which gates a revised net efficiency. The
data presented so far from the Matlab model is asethe ProE predicted piston
and connecting rod weight. In the final analydie &ctual piston weight measured

from the prototype pistons were returned to thel&iamnodel.

As the features of the ProE model developed, tegies for fabrication were
decided. The technique and material selection gadha hand. Selection
justifications for the major components are listedections 3.8.1 to 3.8.4. Details

of the modelled components are shown in Appendix E.
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3.8.1 Crankcases

The crankcases are a complex shapes but can leeltura lathe if some feature can
be welded. This promoted the choice of mild steethee material for the prototype

crankcases.

3.8.2 Cylinder (Barrel)

The cylinder needs considerable machining if madenfa single billet or
considerable cutting, machining and welding if bup from several components. A
single piece of hollow cast iron was sourced fag ttylinder which provided a
suitable bearing surface for the piston and easghmability for the extensive
machining required. Its thermal and physical propsrare suitable as evidenced in

its extensive use for light engine cylinders.

3.8.3 Crankshafts

The Crankshafts are a complex shape. Before thaienml selection was made, it
was confirmed that the workshop facilities wereeatol machine the shape designed.
The use of 4140 steel was confirmed when the woyksbported that it would have
no effect on the production of the crankshaftstrnetato a softer, lower strength

steel.

3.8.4 Pistons

ASM online handbook [25] originally confirmed thaltiminium alloy 4032 has been

developed as the preferred material for internattmastion engine pistons. It shows
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properties of high thermal conductivity with moderacoefficient of thermal

expansion and moderate strength. Aluminium 4032dcoot be sourced in bar stock
suitable to machine the pistons and casting wasidered impractical in this instant.
In choosing a substitute material, 4140 steel, msikl and aluminium 5068 were

assessed for general suitability. The followinddahsplays the general properties of

each.
Property Alum 4032 4140 mild steel | Alum 5068
(reference)

Coeff of Thermal 20 13 13 24
Expansion (m/m°C)
Thermal 155 43 50 127
Conductivity (W/m.K
@ 200C)
Hardness 120 HB 200 HB 120 HB 80 HB
Specific Heat 864 470 500 900
(J/kg.K)
Tensile Strength 90 700 450 152
(MPa @ 206C)
Density (g/cc) 2.68 7.75 7.70 2.66

Table 3-1 — Comparative properties of possible pish materials
Source: ASM On-line Handbook [25]

The first choice for a replacement material fornaihium 4032 was aluminium
5068. Its properties are not significantly differdrom 4032. Because the pistons
were to be machined, the structure supporting tidggon journal in conventional
pistons were not able to be created. Consequetiidy,fatigue characteristic of
aluminium in the situation was not able to be cderfitly predicted. 4140 steel was
chosen even though it has an inferior combinatiotih@rmal properties. Because of
its high strength, the piston could be constructeth very thin walls. The
deformation that resulted when modelled in ProBvedid for a higher fatigue life
then the aluminium model. The weight of the pistomdelled in ProE was less than

a version of an aluminium piston that reflected diraensions of the piston from the
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mower engine from which other engine componentsevsaurced. The machining
process was slow and difficult and the tolerangeghie prototype piston were
moderately attained and the piston weighed sligimitye then the ProE prediction.
As explained in Section 6.2.1, the choice of 414€els pistons could have
contributed to increased blow-by. The followingatdhtion was used to choose a

piston clearance.

The coefficient of thermal expansion for cast imimilar to 4140 steel. Assuming
a temperature difference between the piston ariddsyl of 306C, then the relative

expansion of the 63.3mm piston will be,

300" 61.3 13 1G: 0.24m (18)

The pistons were machined with a clearance of 0.Ghthe crown and 0.1mm at
the skirt.

3.9 Interference and Function

The biggest advantage from ProE modelling comeshén ability to define the
interference of moving parts. The engine’'s necgssdimensions require
compromises on spacing of parts relative to thdigoration used in conventional
engines. The primary difference is the length ef¢bnnecting rod. That requires the
bottom of the piston to move further into the crazdse than in a conventional
engine. Therefore the cylinder must extend far ghotowards the crankshaft to
allow the piston to be sufficiently supported. Thigates interference between the
crank shaft and the cylinder. ProE allows the fetence of this type to be assessed
and compromises made. The connecting rod lengthratpuired the crank arm to be
inclined so as to allow the cylinder sleeve to béfigently long to support the
piston at its nearest point to the crankshaft. Thirerently increases the bending
moment in the crankshaft. This is exacerbated byettira width required to include

sufficient weight in the counterbalance lobe at tbstricted diameter of the case.
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That case diameter is a compromise between thetamwbalance diameter, the
piston height and the exhaust port position. Thalfcrankshaft configuration was a
best judgement compromise between part propertidsfanction. The crankshaft

form can be seen in Figure 3.12

3.10 Engine Concept Display

The ProE mechanism model makes an impressive gi§pligresentation purposes.
It allows for the visualisation and confirmation tbe engines performance features
including the position at which the exhaust poadsels relative to the position of the
opposing piston. It generates an image that alfowgasy interpretation of the full
expansion feature of the engine and the faster toanentional engine expansion

immediately after combustion.

The ProE model proved the Matlab model geometralyais to be correct. When
the dimensions set from the Matlab model were edpto the ProE mechanism
model, the pistons are seen to approach minimuraragpn as the exhaust port

closes as was intended and as was predicted Matiab GUI.

3.11 Drawings and specifications

Appendix E shows the drawings required for the itation of the various

components produced in ProE. Only the drawingsireduo produce the crankshaft
were completed to a standard enabling an indepénderkshop to fabricate the
part. All the other drawings were produced to staiddthat provided sufficient

information for the author to fabricate the compuse

The major components are also shown in Appendixs BB models in various

orientations allowing features and function to eers
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3.12 ProE Models as a Basis for FEA

The ProE models are directly exported to Ansy$teA analysis. Only the critically

loaded components were analysed by FEA.

3.13 FEA Analysis

The two complicated parts of the engine that digi@nstantially from a conventional
engine and therefore require stress analysis arpisiions and cranks. Each piston is
essentially the same, one uses three compressigs @and one uses two. This was
necessary to maintain at least one ring seal apishens moved past the spark plug
port during compression and 2 ring seals for thehlastion pressure. The two

crankshafts are the same, except for a slightfemint throw.

The Matlab model was used to define the loads &edProE models define the
geometry. Ansys is used to assess the maximumssaed in particular, the
predicted fatigue life. The prototype is designedoperate for sufficient time to

produce usable performance data.

Figure 3.11 shows another plot produced by the albathodel. This plot gives the
relative angle between the connecting rod and ttamkcthrow and assuming
essentially no friction at the big-end (needle eolbearing), will define the load
direction for the Ansys analysis. The plot posiiahe connecting rod load, also

determined in the Matlab model, so as to assedsdleto apply in Ansys.
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Relative Angle Between lower ConRod and Crank Arm Vs Crank Angle after E.C.

g & 8

Relative Angle (deg)

Crank Angle after E.C. (Deg)
Lower ConRod Tension Vs Crank Angle after E.C.

Tension (kN)

Crank Angle after E.C. (Deg)

Figure 3.11 — Connection rod loads and orientaion

The Ansys analysis displays various physical priogeiof concern including stress,
deformation and fatigue. Figure 3.12 displays a Wbses stress plot of the

crankshaft loaded as per the analysed loads ofdé-gu1l
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Figure 3.12 — Ansys contour stress plot of crankslita

The pistons were also analysed in Ansys. As redeale Section 3.9, several
compromises were required to fabricate the endivith regard to the pistons, the
unavailability of a suitable aluminium wrought baquired returning to ProE and
Ansys and re-designing the pistons from an avalabhkterial. 4140 steel was
chosen even though it has material properties whdtdfavours its use in
conventional engines. It allowed the crown andts&actions to be reduced and
consequently reduce the piston weight. ProE andyg\mgere used in an iterative
process to refine the piston form. Figure 3.13 showe deformation plot for the
piston. This plot uses the gudgeon pin bearingased and pressure on the crown for
the loads. The piston is loaded to the maximumspnesachieved in Matlab model
of 6MPa. The fabrication technique excluded thenfmron of interior ribs and the
plot was used to check if the piston deformatioe doi the unsupported bearing
sections would cause the piston to interfere indylender under operating loads.
The maximum diameter increase determine by the asglysis was in the order of
10% of the piston clearance used.
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Figure 3.13 — Ansys deformation plot for the piston

On assembly of the engine, it was noticed thab#ietension would induce bending
in the cylinder. Ansys was employed to check whethe induced bending would
result in deflection in the cylinder that would ate interference with the pistons.
Figure 3.14 shows the resulting deformation plat thee cylinder loaded at the
mounting bolt holes under a load equivalent torttaximum engine pressure torque
acting as tension in the belt. The local flangeodehtion was not considered. The
Ansys analysis showed that the cylinder deformafrom bending was less then

0.005mm over the length of a piston, resultinganmerference with the pistons.
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Figure 3.14 — Displacement plot of cylinder under &It tension bending

3.14 Engine Components

The engine components were sourced in various wgysendix D lists the engine
components, whether they were fabricated, purchagedmodified existing
components. It lists the material used for eachpmmant or the manufacturer’'s code
for the components purchased.

3.15 Prototype Build

Some components were available as manufacturesl ipalading the connecting rod
bearings, the main bearings, the piston rings &edcrank pins. Parts and their
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source are listed in Appendix D. The majority o tbomponents needed to be
fabricated. The USQ workshop was employed to mactie crankshafts. All the

other components have been fabricated by the author

The specifications supplied for the crankshaftsensot met during its fabrication.
The crankshaft throws, which control the relatiesifions of the pistons at each end
of the cylinder, were outside the tolerance spedifiTable 3-2 below shows the
intended dimensions and the actual dimensions efpitototype for the critical

engine components.

Crankshaft Throw Dimension Intended Dimension Atc@ianension
Upper Crankshaft Throw 26.2+0.05 26.3
Upper Case Offset 7.0 7.5
Upper Case Centre-line/face 57.0 56.9
Upper Conrod Centre/Centre 44.5 44.5
Upper Piston Pin Centre- 62.0 61.9
line/face
Lower Crankshaft Throw 26.0+0.05 25.5
Lower Case Offset 7.0 7.5
Lower Case Centre-line/face 57.0 57.0
Lower Conrod Centre/Centre 41.5 41.5
Lower Piston Pin Centre- 62.0 62.1
line/face
Barrel (Cylinder) Face/Face 97.0 97.0
Exhaust Port Height 16.7 17.6

Table 3-2 — Prototype dimensions

Various dimensions interact and can be compensaediuring assembly. The
measured dimensions of the prototype were retutmélte Matlab model to produce
the expected efficiency of the configuration. Thankshaft throw discrepancies
resulted in an inability to achieve the intendedpeession ratio. In a conventional
engine the compression ratio could be altered Hyadieg the compressed volume.

In this engine the relative positions of the pistan the exhaust end of the cylinder
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restricts that option. The engine was assembledhasfabricated components

allowed.

3.16 Engine Component Features Specific to the Oppo  sed
Piston Configuration

Details of the engine components form is able tgd®n in the drawings and images
in Appendix E. Several features of the engine camepo differ in detail from a
conventional engine, but have the same general &rdhfunction. Those features

are,

Position of the rings on the pistons;

Inclined crank arm;

Large gudgeon centre to piston crown height;

Lower portions of the cylinder removed to accomniedae motion of the crank
arm; and

Large inner main crank bearing.

3.16.1 Piston Rings

The rings are arranged on the pistons so at legsting is in complete contact with
the cylinder wall at all times during the compressiand power strokes as the
pistons move past the sparkplug ports. The lowstopihas three rings with the top
(inner) ring included to improve the compressioal Smmediately after the intake
port is closed. The lower two rings are never egdo® the spark plug port. The

lower piston should have a similar seal potentia tonventional engine.

The upper piston rings are farther from the crowntle piston then in a

conventional engine. This allows both rings to hecomplete contact with the
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cylinder wall at ignition and for the majority dfi¢ power stroke. The rings on the
upper piston are separated by more then the diamketiee spark plug port so that as

the rings move past the port, one of the two rimgintains the ring seal.

3.16.2 Inclined Crank Arm

The crankshaft has the big end bearing pin fafttoen the crankshaft main bearing
in the axial direction then a conventional engifieis is necessary to allow the very
short connecting rod to function. In a conventioaagine, a longer connecting rod
allows the main bearing and big end bearing pirbdoclosely separated axially
because the piston does not encroach on the dnemk space. The crank arm in the
opposed piston engine is inclined to allow theraydir wall to penetrate farther into

the crankcase thereby supporting the piston atatest approach to the crankshaft.

3.16.3 Gudgeon Centre to Piston Crown Height

The large distance between the gudgeon centre istwhrown is required to get
the crown of the piston out of the vicinity of theankcase to allow the exhaust port

to open in a functional position. The short conimgctods cause this effect.

3.16.4 Cylinder-Crankshatft Interference

The short connecting Rods result in the piston mpwlose to the crankshaft. To
support the piston at it closest approach to taekghaft, the cylinder in formed to
extend to the crankshaft centreline. The part efaylinder that would consequently
interfere with the crank shaft is removed. Suffitiesupport for the pistons is

maintained by the larger gudgeon centre to pistowe height.
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3.16.5 Inner Main Crank Bearing

The consequence of the large axial distance betireeimner crankshaft bearing and
the big end pin is a large induced bending momeiiheé crankshaft as described in
Section 3.9. To accommodate the load the crankskaftecessarily larger in
diameter at the inner bearing than in a conventiengine. Consequently the inner
bearing is large.

3.17 Ancillary Components

Several components necessary to complete the etggthe extent that would allow
the test, were fabricated by hand as required.ekample the two case covers are
similar in appearance but can not be interchan@eddisassembly, the components

should be marked so as to be reassembled in the gasitions.

The crankshafts had counter-balances are attachedelding. The size of the
counter balances were restricted by the necessahityt connecting rod. As
described earlier in Section 3.9, the crankcasmeliear was subsequently limited
resulting in a compromise between the counter-weiiglhh, crankshaft strength and
balance effects. A complete balance cannot be asthias is the case with all single
cylinder conventional engines. A reasonable esdémaff the compromise
counterbalance was confirmed by the engine testolipe 1500 rpm achieved in the

test, the engine showed no sign of excessive wirat
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3.17.1 Induction Reed Valve

The engine configuration requires the inductionsghi@ occur immediately after the
exhaust port is closed by the lower piston. This waitially intended to be achieved
by a poppet valve in either one of the two pistoowns operated by crankshaft
position. To avoid the complexity of that mechanism induction port was added to
the cylinder. Because this port is exposed duttreglast stages of the power stroke,
a one way valve is required to exclude burnt gasnfbeing exhausted into the
induction port. This was achieved with a small reat/e fabricated to reduce the
volume exposed to burnt gas during the cycle. Ei@ut5 shows photographs of the

various views of the fabricated reed valve.

Engine side

Inlet side

Figure 3.15 — Induction reed valve
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3.18 Important Assembly Notes

The following should be noted:

The piston rings are fabricated from a Victor Powerque 160 2-stroke mower
engine rings. Their thickness, depth and end rélsie been modified to match
the ring grooves of each piston. The rings will ragsemble correctly if
interchanged between ring grooves. Mark each rndisassembly.

The rings are fragile (cast iron). On assembly,timrs each ring in its proper
groove and gently insert the piston into the cydinavith the gudgeon pin,
connecting rod and clips assembled. Manipulateitigs one at a time until their
ends fall freely each side of the groove pin. Slowlush the piston into the
cylinder without any undue force. If the rings ateflected too far they will
break. Once the piston is in the bore so thatitigsrare no longer visible, rotate
the piston to its operating position to preventrihgs ends from catching in any
of the cylinder ports.

A spacer is fitted between the crankshaft inneribgand its spigot face on both
cases. This aligns the big end and connecting @ogloscontact occurs with the
cylinder. These spacers are specific to each cagerast be installed in their
current orientation

Once each crank is positioned in its case (requiresft drift) and the lower
piston (exhaust end) is in the cylinder with itsigecting rod attached, slide the
cylinder into the case manipulating the connecto free of the crank. Before
the retaining studs extend past the cylinder flangert the exhaust collector and
gasket over the exhaust port. Before the Cylindee fmeets the case face, start
the four retaining nuts on the studs. Ease the easkcylinder together by
tightening the retaining nuts. Line up the conmextiod big end and the crank
throw thread and insert the crank pin. A special tgas made to fit the crank
pin. IMPORTANT: use an impact wrench to tighten tnank pin. A standard %2
inch impact on medium torque is sufficient. Rotdte crank to ensure no
interference exists.

Repeat the process for the other piston and case.
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3.19 Conclusion

A thorough modelling process was employed to obtfaénrequired specifications to
proceed with the prototype build. The Matlab mopleddicted engine performance
that justified the action to build a prototype. Thktlab model re-evaluated the
predicted performance of the prototype after itdahsicated dimensions differed
from the design specifications. The prototype builis successful, enabling testing.
Chapter 4 reports on difficulties with initial atets to start the engine and
subsequent engine test configuration modifications.
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Chapter 4 Prototype Manipulation

4.1 Introduction

No major impediments to the engine build were entened. Deviations from
modelled specified dimensions resulted in the pypt® not accurately reflecting the
intended design specifications (see Section 3.IH)e achieved prototype
dimensions were input into the Matlab model whidtumed new expected
performance data. The model showed that even ththuglengine specifications
reduced the maximum engine pressure and predictieceecy, the engine should
still operate. This chapter reports on the diffi@d encountered in starting the

engine and the techniques employed in attemptiryéocome these problems.

4.2 Engine Starting Problems

4.2.1 Cranking Speed

The first attempt to start the engine was unsuéakeShe engine was initially fitted

with a modified 2-stroke mower pull starter whidtoguced about three revolutions
of motion from a single pull. The high friction tfe engine assembly relative to its
angular momentum resulted in a small number otistacycles at a low speed in

any one attempt. Infrequent ignition and burniesutted.
To address the cranking speed problem, a motorcsteleer motor was fitted to

replace the pull starter. Some progress was adhigvéhat more frequent burning

resulted but the engine displayed no potentialitounder its own power.
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Further barriers to progressing became evidentlzgge are summarised below.

The pistons rings are conventional 2-stroke ringd aere not intended or

capable of excluding crankcase oil from the comibasthamber. Without being

able to get the engine spinning for sufficient titnebed the rings and without
sufficiently frequent ignition and burning, oil asoulated in the combustion
chamber and frequently bridged the spark gap.

The inducted gas flow was very low and the carlborehetering of the mixture

at those flows could not be confirmed. It could bet determined if the poor
ignition and burn was a result of a poor mixture.

It could not be determined whether a single igni@md burn had some dynamic

effect on the next inducted charge causing thedqufent burn.

4.2.2 Engine Preheat

The next attempt to improve the potential for tingiee to run was to preheat the
engine with a conventional domestic fan heater.ii@uthis testing, the engine
reached temperatures above AD{as observed with water droplet tests). Engine
preheating caused more frequent and complete lgur@inoccur as indicated by
increased exhaust noise and an increase in craskiegd relative to the unheated
condition. However, the increased burn was notiggfit for the engine to power
itself.

4.2.3 Engine Motoring

The next impediment to engine starting that wasesf®d was the limited time over
which the starter motor could be operated withdwt tisk of exceeding its duty

cycle. Initially an adapter was made to power thgire at the output shaft by a
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small impact wrench. The net torque transmitted tbg impact wrench was
insufficient to crank the engine alone, but it ditrease the speed at which the
starter motor could crank the engine. Finally, aakde speed electric drill was fitted
at the drive coupling on the engine output shé#ifpprovided ample cranking torque

and was able to motor the engine to above 800 rpm.

At this stage, the engine still showed no posisigns of consistent ignition and
burn. Some burning took place as evidenced by esthaise and smoke, but after
prolonged motoring, no significant temperature ngas evident in the cylinder,

suggesting that the burning was either very infezqor very incomplete.

4.2 .4 Mixture Control

The mixture control to this point was achieved hgking the carburettor. To assess
if this was responsible for the lack of performarite carburettor was modified to

allow the main mixture to be varied over a largegel

The adjusted mixture had a perceivable effect - @ékbaust note changed with
changes to the main jet setting, recognised asntes®y the change in exhaust note
with mixture change that result in a conventionadiee. More ignitions occurred at
the optimum setting, but the engine still showedsign of consistent ignition and

burn or of powering itself at any mixture setting.

After the main jet adjustor was fitted, change¢him exhaust note were encouraging
and confirmed that mixture had contributed to theklof progress to that time.
While using the choke to attempt to control the tonig, the exhaust note suggested
that the carburettor metering of the inducted chamyied considerably as a result of
an ignition event. In a conventional engine/cartiorearrangement, the choking
technique normally has an effect on the inductexture which has a relationship to
the inducted flow rate. For the very low flow rategolved in the testing up to that

time, it is apparent that this flow effect on mbduwas excessive while using the
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choking technique and prevented a combustible meéxteing inducted for any

appreciable length of time.

4.2.5 Ignition Options

The engine was initially fitted with remote igniidiming adjustment (manual). The
ignition used a standard electronic module and gnmigc pickup activated by a
prong fitted to the upper case synchronous pulléye ignition was initially set
manually by positioning the prong at the pickup foe required piston position.
Once the engine was being motored, the ignitionngntould be checked using a
strobe. This resulted in recognising that the speals occurring at the retreating
magnetic field from the pickup, not at the appraagHield. This resulted in ignition
timing at approximately 40 degrees later than th@Emmum modelled ignition timing
and approximately 15 degrees after the pistons wetbeir minimum separation.
Reversing the pickup connections to the moduletestithe ignition point to the

position initially expected.

This once again improved the ignition and burn batcombination of ignition
timing and mixture resulted in a continual igniti@md no significant heat was

generated in the engine from burn.

4.2.6 Combustion Chamber Shape

The existence of a combustible mixture was confdrbg adjusting it through the
full range until it exceeded combustible bound®ath the lean and rich directions.
Ignition was confirmed to be in a position expectedroduce burn. However, to

this point the engine was still not showing anyhsafl powering itself.
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Because burn was not occurring to any significaegrele, the next attempted to
improve the combustion was by adding a specificlmastion chamber to the engine.
A thin disc shaped combustion chamber results ftben opposed piston engine
design concept because complete scavenging isvachis the pistons close the
exhaust port. Therefore the piston crowns mustléte(ér a shape that leaves no
volume between the pistons when they are placemimact with each other in the
opposed orientation). Consequently, at ignitior, lllarn has to proceed across a thin
disc like combustion chamber formed between the ftatopiston crowns. Burn is
necessarily initiated from the spark plugs at tthgeeof the thin disk-like combustion
chamber. Because the spark plug ports were kegx small a volume as possible to
allow as large a separation as possible betweenpibins at ignition, the
combustion chamber formed had no resemblance tonaeational combustion
chamber. The squish effect during the later stagesmpression result in very high
speed gas leaving the disc-shaped volume betwerpiitons and entering the
volume formed around the tip of the spark plugsthBpistons are also moving
simultaneously past the spark plug port. This cexphotion and large surface area
to volume ratio was anticipated to cause burn gmisl To establish whether a
combustion chamber shape closer to that of a caioverh engine would improve

burn, physical changes to the engine were made.

The combustion chamber additions were most reailjieved by machining into
the piston crowns. Figure 4.1 below shows a phafagiof the upper piston with the
U-shaped cavities added as a combustion chambdy. @@ upper piston was
modified as the lower piston’s upper ring was ttmse to the piston crown to allow
any material to be removed from that piston. Ttemkshaft throw dimension errors
had restricted the compression ratio to 4.9:1 detexd by the Matlab model. The
machined grooves added 0.6°to the compressed volume. The Matlab model has
the spark plug port volume input which is used he thermodynamic analysis.
Adding 0.6cnd to the spark plug port input specification allowted Matlab model

to predict the effect of adding the combustion cbars to the engines specifications.

The additional volume reduced the compression tat1:1.
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Figure 4.1 — Piston combustion chamber modificatios

The addition of the grooves in the upper pistonrmapd the engine burn and at this
stage of development, a consistent burn was adhidue prolonged motoring with
this burn occurring resulted in only modest tempeearises in the cylinder. The
cylinder temperature reached only a small fractwh the temperature of a

convention engine when operating.

4.2.7 Compression Pressure Achieved in the Prototyp e

To further investigate the cause of the margingire performance, a measurement
of compression pressure was performed. Figurerb@s a pressure gauge that was
adapted to a fitting that could be screwed intqparls plug port. The fitting was
made with a small non-return valve in the tip sat tine pressure indicated would be
similar if not the same as when a spark plug wsdi The engine was motored in
its operating configuration without ignition. Thest confirmed that blow-by was a

significant problem. Details of these compressasig are presented in Section 5.7.
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Figure 4.2 — compression pressure gauge fitted dung crankcase pump pressure tests

Motoring the engine in the configuration created this stage resulted in a
compression pressure of only 125kPa (gauge) atrp0 rising to 200 kPa at
800rpm. These figures were significantly lower thiae Matlab model predicted and
were judged to be a potential cause of the pooatiagnand burn. At this stage it was
expected that even if the burn characteristics ccdad improved, the very low
compression pressures would result in very low nimelynamic cycle work. To
improve the potential for the engine to operatethat stage it was envisaged that
improving the inducted charge volume would resulan improved potential for the
engine to run from both the extra energy of a langelucted charge and the
improved burn that would result from the higher poession pressure from the extra

inducted charge.

4.2.8 Blow-by Compensation

Because the prototype engine dimensions were ableet measured and they
confirmed the Matlab predicted dimensions and beedlne engine showed a lack of
performance, that reduced performance was spedulatee in part a result of a poor

charge volume being inducted.

59



To assess the potential for improved induction rads using crankcase pressure, the
engine motoring pressure readings were taken witdbgalated air pressure over the

induction devices. Table 4-1 shows the resultgpfessurising pressures of 200 and
300kPa.

Motored Compression Pressures (gauge)
Pre-induction Supply
Line Pressure (kPa
gauge) Motoring Speed (rpm) Pressure (kPa)
200 600 155
200 700 260
300 500 250
300 600 300

Table 4-1 — Engine compression pressure with elevat induction pressure

The results in Table 4-1 suggested that pre-chargould be beneficial, because
motored compression pressure are measurably hilgherwithout pre-charging (see
Section 4.2.7). The lower then expected compragsiessures shown in Table 4-1
suggest that the pre-charge pressure was decr@asi@ induction port due to
insufficient flow in the supply line. For example iTable 4-1, the supply line
pressure of 300kPa (gauge) with the engine motate®0Orpm, the compression
pressure is only measured at 300kPa (gauge). Beddes engine is shown to
increase the pressure during compression, the yslippl pressure at the induction
port must necessarily be less then the regulateskpre of 300kPa (gauge). The pre-
charge pressure was supplied by a workshop conwresth the pressure regulated
at the tank. The results in Table 4-1 show thatrdwpiired flow to the engine has

resulted in a pressure drop in the supply line.

In an attempt to increase the charge volume anairolnt the engine the predicted
compression pressures for minimum blow-by, a cras&cpump was fitted. The
inducted gas was first drawn into the lower craalkecand then pumped to the
cylinder inlet port via a double reed valve arrangat in the crank case cover as

depicted in Figure 4.3.
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'

Outlet reed, plate ar
collector removed

Inner reed shown in
closed position

Figure 4.3 — Crank case cover with induction reedalve

With the crankcase pump connected to the indual®rices, Table 4-2 shows the
resulting compression pressures.

Motoring Speed (rpm) | Pressure (kPa gauge)
400 130
500 150
600 150
700 175

Table 4-2 — Engine compression pressure resultingdm crankcase pump

The crank case pump accumulated approximately 25nien not connected to the
induction port. The pressure was available as sepwhen the piston moved towards

the crankcase. Since this pulse lagged the induglidse, no significant increase in
inducted volumes resulted.

Motoring the engine with the crankcase pump coretkedtad little effect on the
engine compression pressure.
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4.2.9 Improved Ignition

There were ample indications that the engine washoming the inducted charge
completely. Because the burn had become reasooab$ystent through the addition
of the groove combustion chambers in the uppepmpsstit was concluded that the
burn must be generally initiated but that the flagiek not propagate completely or
consistently through the charge. To assess whetharal ignition sparks over the
expected combustion time would result in an inadaburn, the single ignition

pickup prong was replaced with three prongs. Tésulted in a significant increase
in burn, evidenced by a significant rise in cylindemperature from prolonged

operation. The number of prongs was then increésdive. Figure 4.4 shows the

three prong plates used. The five prong plate wasually distorted after fabrication

because it became apparent that the ignition mazhuéd not respond to the prongs
at a closer separation as detected by the pulser ifsee Section 5.3). The five prong
plate resulted in an increase in burn and the engurckly reached temperatures
comparable to conventional engines when operatindeiu moderate load. The
engine now significantly unloaded the motoringldsiit was still not able to power

itself.

Figure 4.4 — Ignition prongs
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The inconsistent burn problem persisted until isvealdressed by the addition of
multiple sparks during the expected burn periodalDthe modifications employed,

the addition of multiple sparks made the most $icgat improvement to the burn.

The engine was built with two spark plug ports @praximately opposite sides of
the cylinder. The initial intention was to provide option to assess the effect of the
spark initiating burn from either one side or bsttles of the narrow disk shaped
combustion chamber. The length of the burn path wasgnised as a potential

impediment to efficiency.

All reference to ignition and burn are for both $pplugs firing at the same time.
The reason multiple sparks resulted in a more cetagiurn could be related to the
speed and direction of the gas flow as both pistooge past the spark plug ports.
Prior to minimum separation of the pistons in tbenpressed positions the speed of
the gas being ‘squished’ into the spark plug poasld exceed the flame speed in
the charge. The very small combustion volume wiitnuding edges and complex
fluid motion is likely responsible. A very poor Iburwas achieved in many
configurations of ignition timing, mixture, engirspeed and engine temperature
prior to the addition of multiple sparks. As theeal burn is improved by
subsequent sparks, it is clear that there is aeflgmopagation problem in the
prototype configuration. The prospect for a corteplaurn is low even with multiple
sparks because the probability of a combustibl&ketoof gas existing at the spark

plug ports diminishes with each subsequent spamkbostion event.

4.2.10 Start Aid Always Required

The engine has very poor burn characteristics wodoheven with all the previously
mentioned modifications. A commercially availablihex aerosol sprayed into the
induction is required for the first several stagtioycles. The readily combustible

mixture created provides sufficient heat in theieago then allow the standard
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petrol mixture to burn. Engine preheating will alatbow the petrol mixture to
combust, but takes considerably longer than theotifee ether aerosol.

4.3 Conclusion

The prototype revealed that several characteristicshe engine outside those
addressed by the Matlab model were significanuerices over the performance of
the engine. Manipulation of the prototype by vasiomeans improved the

prototype’s burn characteristics, but failed to roceene what became apparent as
inherent deficiencies in the configuration. To a&a which performance criteria

were contributing to the difference between thetqiype performance and the

Matlab model predictions, explanation was sort gsiangine performance

measurement as described in the Chapter 5.
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Chapter 5 Engine Performance Measurement

5.1 Introduction

Initial testing with the prototype revealed thate tlengine performance was
significantly different from the Matlab model pretéd performance. Initial ignition
and burn problems were addressed to some degretesasibed in Chapter 4.
Measurement of certain key performance parametasstiae next step in identifying
the causes of the discrepancies between the Ppetognd Matlab model
performance. This chapter gives detail of the mesasant equipment, process and
results. The test measurements are for the engiened to the specifications
obtained in the initial prototype build, but theeusf five sparks over the combustion
period was retained. The piston crowns were retutioetheir original shape by

adding brazing material to the machined groovesrde=d in Section 4.2.6

5.2 Flow and Torque Measurement

Even with the use of five sparks at each spark ,plugich caused the largest
improvement in burn of any of the manipulationsad#e®d in Chapter 4, the engine
still was unable to power itself. However, assesgnwd the engine performance
could be made by measuring the reduction in theitigpwer of the motoring
electric drill when the engine ignition was switdhen. The engine speed (and drill
speed) was measured with a pulse meter (see Sé&c8pnThe drill power or work
per cycle could be determined by measuring thetitgngue. A spring balance was
employed to measure that torque. Figure 5.1 shogwstograph of the arrangement.
Measurements on the inducted gas stream would ndieterthe air flow and

measurement of the fuel flow rate could then detserthe mixture.
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Figure 5.1 — Torque measurement using a spring batae

The photograph in Figure 5.2 show the engine intést configuration with

associated measuring equipment.

)
-
‘,l‘:

Figure 5.2 — Prototype in test configuration
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5.3 Engine Test Equipment

The following components of the test equipment waarquired or fabricated to suit
the engine configuration

The inducted air flow was measured in the tuberapst of the carburettor using
a Pitot tube coupled to an inclined, ethanol-fildnometer (Figure 5.3 and
Figure 5.4).

The fuel flow rate was measured by timing the fegkl drop in a vertical tube
with internal diameter resulting in 55 mm/&(iigure 5.5).

The motor torque measurement was via a spring balaver a 0.180 m arfsee
Figure 5.1).

A stop watch (Figure 5.6) was used for timing @ thel flow rate .

An automotive accessories pulse meter (Figure W& used to measure the
engine speed by measuring the ignition pulses fitmmignition module. A dial
gave options for different numbers of cylinderssanventional multicylinder 4-
stroke engines. The displayed speed was corregtedcalculation based on the
number of prongs on the pick-up triggBiic-up@and the dial setting on the meter,
Ngia. Division by two accounted for the meter being faured to measure the

pulses of a 4-stroke cycle, that is two revolutipas cycle.

engine speed- % (19)
pick- up
A compression pressure gauge (Figure 5.7) wasggthto screw into one of the
spark plug ports. It was fitted with a small notura valve in the tip to allow the
compressed volume to be maintained while the presmeasurements were

taken.
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Figure 5.3 — Pitot tube upstream of carburettor

Figure 5.4 — Inclined tube manometer

Figure 5.5 — Fuel flow measured in vertical tube
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Figure 5.6 — Digital multimeter (with pulse meter @pability) and stop watch

Figure 5.7 — Engine compression pressure gauge

5.4 Engine Performance Data

Table 5-1 shows data taken after the engine hahtagukefor a total of approximately
one hour in various conditions. Initial motoringrguoes were higher than those
indicated in Table 5-1. This was mostly due to tiening in of all engine
components, especially the bearings and rings.
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The data was measured to an accuracy that givesnera representation of the
contributing effects. No error analysis was perfednon the data. Future testing is

planned to accurately specify the performance shawrable 5-1.

Pitot tube manometer Torque Fuel
Upper Air
Engine |case Density Temp |Engine [Spring h time
Test |Date |cond. oil Ignit. |[Angle |(kg/m®) [L(mm)|(°C) speed |(kg) Radius [(mm) |(s)
8-Aug [Cold <10 |Low [No 5 790 12 18 1050 (3 0.18
1 am Hot High [No |5 790 10 18 920 3.6 0.18
Hot High |Yes |5 790 6 18 1440 |2.1 0.18 (190 [16.3
pm Cold 20 |High |No 3 790 25 20 1100 |2.7 0.18
) Cold 20 [Low |No 3 790 22 20 970 2.6 0.18
Hot Low |Yes (3 790 24 19 1320 (1.7 0.18 |180 [13.6
repeat [Hot Low |Yes (3 790 20 17 1430 (1.4 0.18 |180 [13.6
3 9-Aug |[Cold Low |No 3 790 20 20 1115 [2.2 0.18
pm Hot Low |Yes (3 790 24 20 1400 |[1.5 0.18 |220 |15

Table 5-1 — Motoring test data. Data from three teis performed over two days are presented.

5.5 Data Manipulation Calculations

5.5.1 Inducted Air Flow Rate

The deduction of the Pitot tube dynamic presswmfthe inclined tube manometer
with reservoir is routine and would be covered iasimbasic fluid mechanics texts
(for example, Introduction to Fluid Mechanics [26])he following equation was
entered in Microsoft Excel to produce the resultsven in Table 5-2 for the Pitot

tube dynamic pressure (Pitop). 7, is the density of the manometer ligu

Dp =r,gL sig + % (20)
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The dynamic pressure in the inducted flow streagivien by

Dp =dynamic pressure= %rv2

wherer and/ are the density and velooityhe flowing stream givin

szﬂ
V/’

A velocity profile correction factor d.9 was employed to produce

average flow stream velocity of
V= /—2 P 0.9
r

The density of air was taken as an agera = 1.2 kg/m
The induction tube diameter at the Pitabe was 27.0mm giving tF

induction flow rate of
Q. =V’ p(0.0139" 10° ( cclk
dividing by the revolution/sec gives tirelucted volume per cyc

- Qair
air/cycle rpm
60

multiplying by the air density gives theducted mass per cyc

— mn
rnair /cycle — r air/cycle

Torque is given by

(21)

(22)

(23)

(24)

(25)

(26)

(27)
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The fuel flow rate was measured by tigitne fuel level drop
in a vertical tube with internal diametesulting in 55 mm/cm:
giving the mass of fuel per cycle as

_ Dh . rpm
mfuel/cycle_m E !’ fel (/' fueltaken as O7é kgﬁ?‘) (28)
The air/fuel ratio is given k
I’na%ycle (29)
mfuty |
cycle

5.5.2 Thermodynamic Work

With the current prototype testing, the power dfilhamometer actually powers the
engine at all times, but the thermodynamic workpatof the engine can still be
deducted from the average total work input caleddtom the input torque for the
engine being motored with ignition off less the woneasured with the ignition on
for each test. This represents the thermodynami& wdhe friction losses are the
same in both cases. This technique is used in ctiov@l engine assessments based
on the assertion that the friction losses are igtifscantly influenced by engine

pressure.
Nett Work in per cycle T 2 (30)

Nett Thermodynamic Work per cycle =
(average work in (ignition off) for thest) - ( work in (ignition on)

(31)
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NET |EST. Fuel
Induct WORK [THERMO-|Fuel  Flow|Mass per
Pitot  [Induct Airlinduct  AirlAir per|Air Mass| IN perWORK |Rate cycle
p Speed (m/s)|Flow Rate|cycle |per cycle[T cycle [per cycle|(cm3/s) Melicyte  [Air/Fuel
Test (Pa) |(tube,=27mm) |Qar (cm?¥s) [€M®)  |Mairieyee (@) |(NM) |(3) ) (55mm/cm3)|(g) Ratio
9.4 3.6 2039 117 5.3 |33
1 7.8 3.3 1861 121 6.4 |40
47 |25 1442 60 721E-02 37 [23 [13 0.21 ‘6.36E—03 ‘11.3 ‘
12.8 4.2 2382 130 4.8 |30
5 11.3 3.9 2235 138 4.6 |29
123 |41 2334 106 1.27E-01 |3.0 |19 11 0.24 7.88E-03 (16.2
10.3 [3.7 2131 89 1.07E-01 2.5 |16 14 0.24 7.27E-03 (14.8
3 10.3 3.7 2131 115 1.38E-01 {39 |24
123 |41 2334 100 [1.20E-01 26 [17 |8 0.27 ‘8.23E-03 ‘14.6 ‘

Table 5-2 — Motoring tests — derived results. Ressl from three tests performed over two days

are presented.

Table 5-2 shows parameter values derived from #ite presented in Table 5-1. The
mixtures used in each test were set to the mixtuae produced the highest engine
speed with the ignition on. The closeness of tHeutated air to fuel ratio (Table

5-2) to that of a typical optimum mixture indicatbsit the accuracy of the fuel and
air flow measuring devices are acceptable. Thidieaghe air flow rate results are

probably reliable and thus the inducted volumeqyete is also reliably reported.
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5.6 Comparison of Prototype Performance and Matlab

Model Prediction

Table 5-3 provides a comparison of the Matlab madallated results for the tested

prototype configuration and the experimental result

Simulation | Prototype Test
Internal Work (Thermo Work) (J) 23.5 11.5 (average)
Internal Efficiency (Thermo Eff) (%) | 31.4
Net Work (J) 20.3 -19.7
Net Efficiency (%) 27.1
Inducted Volume (cf) 27.3 94 (average)

Table 5-3 — Comparison of simulation results and mtotype test results

This engine configuration inherently requires ayMarge connecting rod inclination
to produce the required piston motion. That largenecting rod angle preoccupied
the considerations for friction losses because at \anticipated that the reaction
loads would result in large piston friction loa@sata from Section 2.5 suggests that
this concern was warranted and also suggests hleatifference in friction loss
between the motored engine and the engine witlymition and burn might be more
significant than would be the case in a conventiengine. Consequently, the 11.5 J
of thermodynamic work calculated from the enginest tés expected to be
conservative. In spite of this, there still remansignificant difference between the
modelled thermodynamic work and the estimated tbeymamic work from the

test.

The most revealing consequence of the test resulst independent of whether the
thermodynamic cycle could or was making the 12 warik shown to be in deficit,
the friction losses are overwhelmingly large andvsimo correlation to the modelled
friction losses. If the engine could be coaxed mbabling its thermodynamic work

output, it could still not power itself, let alopeoduce any output power.
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5.7 Compression Pressures

With the test pressure gauge fitted to one of theksplug ports, Table 5-4 shows
pressures recorded for the engine being motorekeirconfiguration that produced

the data of Chapter 5 (ignition off). Engine speedse measured with a pulse meter
connected to the ignition pickup.

Motored Engine Compression Pressures -
Reed valve, Goose-neck and Carburettor
fitted
Motoring Speed (rpm) Pressure (kPa)
400 120
500 150
600 150
700 180
800 200
860 225

Table 5-4 — Motored engine compression pressure \ibut crankcase pump

Compression Pressure Vs Speed
for Original Configuration

250

200 -

150 ./-

100 -

Pressure (kPa)

50

O T T T T T
400 500 600 700 800 860

Engine Speed (rpm)

Figure 5.8 — Plot of motored compression pressureg Table 5-4

Figure 5.8 shows a plot of the motored comprespi@ssures listed in Table 5-4.
The near linear relationship between the compragsiessure and the engine speed

together with the steep slope of the plot relativehat for a conventional engine
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strongly suggests that blow-by was very significanih a conventional engine, the
peak motoring pressure is a weak function of engppeed compared with Figure

5.8. An assessment of the cause of this exceskivelly is given in Section 6.2.1

To confirm that the induction devices did not nestthe inducted volume, the test

was repeated with the induction port open at tHeagr. The results are shown in
Table 5-5 and Figure 5.9

Cylinder open at the induction port
Motoring Speed (rpm) Pressure (kPa)
400 125
500 140
600 160
700 180
800 200

Table 5-5 — Compression pressures — induction dees removed

Compression Pressure Vs Speed
for Original Configuration

250

200

150 -

100

Pressure (kPa)

50

O T T T T T
400 500 600 700 800

Engine Speed (rpm)

Figure 5.9 — Plot of compression pressures — induoh devices removed

Tests represented by Figure 5.8 and Figure 5.9romed that the induction devices
were not impeding inducted volumes (at least uB®@ rpm). These tests also

revealed that the compression pressure was signific lower than the Matlab
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model indicated. Inspection of the rings where thye visible at the spark plug
port showed that moderate bedding had already mtwp to this point, but that

degeneration in the rings sufficient to explain élxeessive blow-by was not evident.

5.8 Component Friction

The prototype tests revealed that the Matlab mpdadicted thermodynamic work
per cycle was not achieved by the prototype. Furtheestigation is required to
assess the causes of thermodynamic work deficent@iee tests revealed that the
engine friction was much higher than the Matlab elgoredicted. One test was
performed to identify where the model friction apdbtotype friction differ. The
lower crankshaft was motored in its case without ather components attached.
The motoring torque when adjusted to match the $psteds was measured as
approximately 0.9 Nm, which represented about dnel tof the total motoring
friction torque of the prototype test. This was &ore crankshaft alone. The engine
was further disassembled and the outer main besamrege discovered to be very
‘tight’, easily responsible for the majority of theeasured friction on the crankshatft.

Table 5-6 shows a comparison of the measured atidibimodel predicted friction.

Engine Part Total Measured inpuf Measured| Modelled Friction

Work average for Tests 2 Friction (J/cycle)

& 3 @ 1100rpm ignition
off. (J/cycle)

Complete Engine 28 3.3
Bearings 11 0.6
(crankshafts)

Bearings (other),

Belt

Piston Friction 0.9

Ring Friction 1.3

Pumping Losses 0.5
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Table 5-6 — Component friction predicted by the orginal Matlab model

The engine motoring tests were performed with tim®ttle open. The pumping
losses measured are necessarily higher then thelledgpumping losses, because
the engine works against the sub-atmospheric presiuing the expansion stroke
when the engine is not firing. The model lumped lteses for all the bearings and
the belt together using a generic proportion ofttital thermodynamic work based
on data from conventional engines. If the cranksigfallocated half that model
losses figure, the test showed that model estimate in error by a factor of

11
0.5

0 6» 35. All other losses summed together were in errch@Matlab model

28- 11

= 6.
33- (05 0§

by a factor of

5.9 Conclusions

The measurement of the prototype performance redetilat the Matlab model
predicted performance was not achieved by the fyj@¢o The prototype could not
achieve the thermodynamic cycle performance predibly the model. The Matlab
model friction analysis was shown to grossly undimgate the friction losses in the
prototype as constructed. Chapter 6 reflects orMéatab model initial assumptions
and input parameters and reports on the additmtiset Matlab model that allows it

to reflect the measured prototype performance.
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Chapter 6 Revised Matlab Model and Discussion

6.1 Introduction

Measurement of the prototype engine performancailddtin Chapter 5 showed that
the original Matlab model did not correlate wellthvithe prototype performance.
This chapter addresses the failings of severdiofaatures of the Matlab model and
where appropriate re-evaluates the input parameateisassumptions of the model.
In doing so, it also reports on the possible medas responsible for the
performance achieved by the prototype in relatmthe differences with the Matlab

model.

6.2 Features Reviewed in the Matlab Model

The Matlab model used to calculate the engine padace consists of basically two
parts. The first calculates the thermodynamic wetkirned from the cycle based on
the engine simulation portion of the program. Téeond addresses the friction work

used by the engine. The following features of thatldb simulation model were

reviewed.
Model Feature Original included Justification for Review
in the Matlab
Model
Blow-by Yes Significantly lower measured
compression pressure relative to
modelled pressure
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Spark plug port volume Yes Manipulation of the mdue
reducing the piston separation at
maximum compression showed
compression pressures far higher
then possible if the model was
accurately including the spark plug

port volumes.

Ring Friction Yes All friction showed no correlation
Piston friction Yes with the original Matlab model
Bearing friction Yes

Belt friction Yes

Table 6-1 — Matlab model features reviewed

Review of the parameters controlling these featwkdhe Matlab model was
achieved by changing the values originally sethim éngine specifications data file,
‘enginedata’. The Matlab files of Appendix B are timodified versions that reflect
the changes prompted by the prototype test resitsallow the original Matlab
program to operate, the original code is includeda option prompted in the main
file, ‘slider_bar_input'. Selecting 'ORIGINAL', 'CRRECTED THERMO-CYLE' or
'CORRECTED THERMO-CYCLE & FRICTION' from the screprompt is used to
include or exclude the modified parameters at thigation of the main Matlab
script. An addition to the script also allows theyme speed for the simulation to be

input.

6.2.1 Blow-by

The near linear relation between the compressieaspire and the engine speed and
the slope of the plot shown in Figure 5.8 stromgllggests that blow-by was very
significant. The arrangement of the rings describeSlection 3.16.1 was a necessary
consequence of the pistons passing the spark phug.pThe spark plug ports

exposed the upper cylinder upper ring directlyhte tcompression pressure at mid

80



compression stroke. Ring end gap was probably ekaesmotivated by an
expectation that the rings would be exposed todrighan normal temperatures
because of the use of steel as the piston mat8teg] was used because appropriate
aluminium wrought bar suitable to machine the pistavas not available. This could
have also resulted in a poorer seal between tigeamd the hard steel groove land
than would be achieved with a softer aluminium @ist Significantly, the
compressed volume is exposed to ring seals on tdes unlike a conventional
engine. The piston diameter is also very largetikgao the compressed volume.
This exposes more ring seal length to the engimsgore than in a convention
engine. In total, the blow-by would have signifidgrcontributed to a reduction in

the net charge available to the thermodynamic cycle

The Matlab model considers gas loss via blow-bys Estimated using a first order
system approximation with a user-defined rate-amistThe original model doubled
the blow-by resulting from the constant used in thiginal Ferguson [9] engine
simulation program. The original decision to douthat blow-by quantity was in
error based on the large ring seal length relativecompressed volume of the
opposed piston engine configuration. The addedagssresulting from the motion
of the pistons past the spark plug port and thehargical features of the ring/piston
interface mentioned in the previous paragraph adigest that the blow-by rate
constant would better reflect the performance efgfototype if modified by a factor

several times larger than the original estimate.

Another aspect of the opposed piston configuratiwat could contribute to the
increased blow-by is the fact that one of the pistas retreating from the
compressed volume during the compression stroke.rifig friction in that scenario
would tend to reduce the pressure between theandghe ring groove land because
the gas pressure force and the friction force opmasch other. This could result in

excessive blow-by around the ring as describedgarE 6.1.
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Gas blow-by
7 path
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Figure 6.1 — Possible elevated blow-by mechanism

If the ring friction force is in the same ordermfgnitude as the pressure force, the
ring is able to ‘float’ in its groove and no poséiseal is possible between the ring
and the piston. In a conventional engine, the press high (post combustion) when
the friction force and pressure force oppose edlcéras in Figure 6.1, eliminating

this problem.

The Matlab model addresses blow-by in the ‘Ratestfions called by the ‘ahrind’
function. The Ferguson [9] simulation model usece¢h'Rates’ functions for the
three phases of the cycle, compression, combustiwh expansion. The Matlab
model used for the opposed piston engine simulateaded to address the change in
volume as the spark plug ports were exposed. kaequently required more ‘Rates’
functions. ‘RatesCompl’ is an example of those fions. The blow-by variable,
Cblowby is called in line 30;
mass=mass1*(exp(-Cblowby*(theta-thetal)/omega))"2;

A reasonable estimate of the value for Cblowby lsarobtained from the model by
trial and error until the model produces the corapian pressure achieved in the
prototype. The original value of 0.8 swas altered to 8.0 & in the modified

format. This resulting in the 98% of the inductedss used for combustion at 1000
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rom in the original version being reduced to 83f%gure 6.2 represents a
comparison between the engine pressures resutiimy the original value of the
blow-by coefficient (part a of the figure) and theodified value of the blow-by
coefficient (part b). All other simulation parametén Figure 6.2-b match those of
Figure 6.2-a and no other model modifications anpleyed. The prototype engine
specifications are used and modelled at 800 rpmefiect the motored prototype

measured performance.

Engine Pressure Vs Crank Angle after E.C.
2 T T T

Engine Pressure (MPa)

L L
0 90 180 270 360
Crank Angle after E.C. (Deg)

Figure 6.2 —a - Original Matlab model predictecengine pressure
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Figure 6.2 — b — Matlab model predicted engine prasire with modified blow-by constant
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The erroneous blow-by constant resulted in a dmant overestimate of

thermodynamic work in the original Matlab model.

6.2.2 Spark Plug Port Volume

The intention of the original model was to inclutie effect of the spark plug ports
being exposed during the compression stroke. Homvéogic errors resulted in a
critical conditional statement never being mettsat the pressure at the end of the
compression phase did not actually accommodatextia volume of the spark plug
ports. This resulted in an artificially high pressiwefore the integration of the
combustion equations commenced. The integrationhefgoverning combustion
equations did actually included the spark plug mwdy but the error introduced
during the compression phase created too higtairttinditions for the combustion
phase and produced erroneous results. Figure 6\@ssthe comparison between the
engine pressures of the corrected version of therid’ file that correctly includes
the spark plug port volumes in the compression @tagminst the results with the
original erroneous file with all other simulatiomrameters matching and no other
model modifications are employed. The prototype imagspecifications as
manufactured are used and modelled at 1400 rpeflect the prototype speed with

ignition on during the tests.
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Engine Pressure Vs Crank Angle after E.C.
2 T T T

Engine Pressure (MPa)

0 1 1 1
0 90 180 270 360
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Figure 6.3 —a - Original Matlab model predictedengine pressure

Engine Pressure Vs Crank Angle after E.C.
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Figure 6.3 — b — Modified Matlab model including sprk—plug port volume

Figure 6.3-b shows a discontinuity at about®l@&responding to crank angle where
the spark plug ports are first exposed. The respithaximum pressure achieved in
the engine is significantly less then when the rhaady included the spark plug
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port volumes from the burn phase onwards. The resak an overestimate of

thermodynamic work in the original Matlab model.

6.2.3 Blow-by and Spark Plug Port Volume — Combined
Effects

When both the adjusted blow-by rate and the catespark plug port volume
calculation were included in the Matlab simulatidhe resulting reduction in
maximum engine pressure is significant. Figureshaws the effect on the prototype

specifications run at 1400 rpm for both of thesindynamic model changes.

Engine Pressure Vs Crank Angle after E.C.

Engine Pressure (MPa)

O 1 1 1
0 90 180 270 360
Crank Angle after E.C. (Deg)

Figure 6.4 —a - Original Matlab model predictedengine pressure
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Engine Pressure Vs Crank Angle after E.C.
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Figure 6.4 — b — Revised Matlab model engine pressuprediction

Figure 6.4 b shows the extreme sub-atmospherisprest the opening of the
exhaust port resulting in extra pumping work dutting cycle. Table 6-2 displays the
comparison between the original and revised theymauahic cycles reflected in two

output criteria.

Thermodynamic Cycle Internal Work (J) Maximum Engine
Model Version Pressure (kPa)
As applied to original 22.7 2000
analysis

Modified blow-by 15.4 1100

constant with spark plug
port volume included in

compression model

Table 6-2 — Comparison of internal thermodynamic wdk and maximum pressure for the

original and revised Matlab models

The results displayed in Table 6-2 show that théddlamodel can readily reflect the
performance measured from the prototype and thggesis that the model is

basically sound. The overestimates in the originatielling parameters produced an
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unrealistically high thermodynamic cycle work tiveds used to justify continuing
with the prototype build. On reflection a highetimsite of the blow-by rate constant
was warranted, but a reasonable value could notaseertained without the

experimental results obtained from the prototyse te

6.2.4 Ring Friction

The original Matlab model estimated the ring foctifor each piston, but failed to
include the total number of rings for the passifiead of ring tension and only
applied the dynamic effect of engine pressure @adip ring of each piston. Blow-by
would have resulted in higher ring friction duehigher pressures on outer rings
than initially estimated by the model. The resuding an underestimate of ring
friction in the original model. Certainly the magrde of the discrepancy between
the measured engine friction and the friction prtdi by the model (see Section 5.6)
leaves scope to speculate that the ring frictiorunslerestimated by the model.
Further testing of the prototype in the future tompare engine friction with and
without the rings fitted would provide some bags feaddressing the ring friction
model. Without further analysis via prototype tegtirefining the ring friction model
is not possible. However, the author judges thatrihg friction model is not a
significant contributor to the poor correlation ween the Matlab model predicted
friction and the prototype measured friction. Thisgement is based on the low
percentage of total friction that is attributedrittgs in conventional engines and the
large proportion that other identified friction ¢ohuted to the prototype measured
friction (see Section 6.2.5 t0 6.2.7).

6.2.5 Piston Friction

This engine configuration inherently requires ayMarge connecting rod inclination

to produce the required piston motion. That largenecting rod angle preoccupied
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the considerations for friction losses because as wanticipated that the reaction
loads would result in large piston friction loadsble 5-3 and Figure 3.9 confirm
this concern was warranted. The large connectidgmdinations also mean that as a
result of higher engine pressure from ignition o, the piston normal reaction
force and consequently friction would be subjed fgreater increase than the effects
in a convention engine with low connecting rod imation. Consequently, the
thermodynamic work calculated from the engine vastild be conservative because
it relies on the engine friction remaining constdetween the ignition off and

ignition on motored torques.

In the original modelling it was assumed that tasgést potential for error in the
prediction of the friction losses would come frame thigh normal reaction loads due
to the high connecting rod inclination angles. Gaupently this was modelled
thoroughly (see Section 2.5), but no direct assessraf its accuracy is possible
from the test results to this time. The total dipancy between the measured engine
friction and the friction predicted by the modeédsSection 5.8) leaves scope to
speculate that the piston friction is underestimaby the model. However, on
inspection of the engine components after approtdipatwo hours of engine
operation in various conditions there were no iatlans of excessive wear in any
engine components. An initial oil change revealedhe metallic debris in the
crankcases after the initial attempts to startethgine. Subsequent inspection of the
crankcase oil shows no additional metallic debnsl ao oil discolouration. The
cylinder hone marks are consistent with those obmaventional engine after initial
running in. It should be remembered that the engaseoperated at very low engine
pressure loads due to low compression ratio andssiee blow-by. Therefore, the
piston friction model is not likely to be contrilmg to the error in the Matlab

friction model.
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6.2.6 Bearing Friction

As reported in Section 5.8, each pair of main csaak bearings are contributing
about one third of the total engine motoring tor@iel100rpm with the throttle

open. That is, the crankshaft bearings accountvior thirds of the total engine

motoring torque at 1100 rpm. This stands out asitigle most deficient facet of the
model. The author investigated bearing lossesHeradriginal Matlab model using

SKF Interactive Engineering Catalogi&8]. However, the lack of specific reference
data led to that bearing friction model option Igedtiscarding.

The crankshaft bearing sizes were similar to thafsan engine that matched the
piston size and consequently the anticipated maxirpiston forces. The original

Matlab model used a generic proportion of totaliemdosses as the criteria for the
net bearing losses but applied it to the totalrtieetynamic output and not to the
thermodynamic output from an engine using simil&zed¢ components. That
proportion was calculated from published data imgkson [9] and Stone [12].

Conventional engines using components of the sssd un the concept engine
develop about 3 kW for the speed at which the pypt was tested. The
thermodynamic cycle model indicated that the pygetwould produce about 23 J
of work at 2000 rpm or about 750W. This deficiermfya factor of four was a

significant error and is the biggest contributotite underestimate in total friction.

An idler tensioner was also required in the beivajrand this was not originally

included in the model. The omission of the belistener bearing was an oversight
that reduced the ability of the Matlab model todicethe engine performance. The
idler pulley is 30 tooth and the crank pulleys & tooth resulting in the idler

bearing operating at a higher speed than the dnaftssmagnifying the need to

include that bearing.

On inspection of the main crankshaft and idler inegt, the preload due to bearing

fit was responsible for a large variation in theatieg resistance. The crankshaft

outer bearings were excessively tight without béittgd to the crankcases. This was
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assumed to be a design feature in the originaliegmn for which they were
intended that would prolong the outer crankshafiring’s life. The rolling element

bearings in the connecting rods showed no resistanc

Attention to spigot dimensions and the choice oféda tolerance bearings would
result in reduced friction in the prototype. Fotuite work on the prototype, the
author recommends that the rolling element ballibga be assessed and optimised
to reduce friction. The author judges that the migjmf the current bearing friction,
and hence the majority of the current engine fiictoverall, could be removed with

appropriate work on the main crankshaft bearingsidier bearing.

6.2.7 Belt Friction

The synchronous belt drive was selected using tlaess selection software
DesignFlex2K. Gates [27] report that equivalentvesi can operate at 98%
efficiency. The original Matlab model was againeimor in that it applied the belt
efficiency to the thermodynamic cycle output and taothe total work to which the
belt was exposed which includes the friction woflifee engine in addition to the
thermodynamic work. The inherent fluctuating loadtloe belt drive could also
reduce the claimed efficiency. Belt preload woulsbahave an effect on the belt
drive efficiency. Further testing of the prototypeuld identify where reduction in
losses for the belt drive could be obtained. Thegimal Matlab model

underestimated belt drive losses.

6.3 Conclusion

The original Matlab model had the capacity to aately predict the performance of
many aspects of the opposed piston engine. Altllmsen parameters and modelling

techniques proved to create a model which predigggtbrmance characteristics for
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the engine significantly higher then those achievied the prototype. The
thermodynamic model was able to be modified to maceurately reflect the
thermodynamic performance of the prototype. The ehaglunable to predict what
proportion of the inducted charge is burnt in tiyele, therefore cannot accurately
predict the thermodynamic work for the cycle whareomplete burn occurs. The
friction losses model significantly underestimatée total engine friction. The
Matlab model has the potential to accurately réfthose friction losses if suitable
empirical data can be obtained from the prototylfe following chapter addresses

the appropriateness of the original Modelling diecis and their implications.
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Chapter 7 Conclusions

7.1 Introduction

The original goal of the project was achieved iattthe opposed piston engine
concept was assessed from the performance of atyppet The computer modelling
used to originally determine expected performander@ of the engine was shown
to be deficient in the choice of modelling parametbut is assessed as having
captured the essential physics such that reliabsults are produced when the

simulations are modified as described in Chapter 6.

7.2 The Matlab Model Performance

It should be remembered that the prototype testeldspecifications which produced
potential performance figures significantly loweeh the optimum identified from
the simulations in the original Matlab model thagflected the original

thermodynamic cycle concept. A succession of changehe engine specifications

was required because of the following:

The original optimum specification obtained frone thiatlab model was unable
to be physically constructed due to limitationgle# moving parts. The changes
required to enable the construction of the engieeessarily detracted from the
initially predicted thermodynamic performance figsir

Manufacturing errors reduced the physical perforteaspecifications of the

prototype engine. In particular, the designed casgion ratio was not achieved.
The specifications achieved in the prototype agdetracted from the

performance figures predicted by the original Mattaodel.
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The prototype test revealed significant deficieadrethe Matlab model as addressed

in Chapter 6. The main features of the Model exp@sein error by the test were:

The thermodynamic performance was impeded by exbéss-by and the
unconventional shape of the combustion chambertiiegavith complex gas
motion resulting from the motion of both pistonggatition resulted in less than
complete burn.

The engine friction was significantly higher thée tMatlab modelled friction

7.3 Discussion

The prototype testing to date showed that the desiamncept, although capable of
replicating the intended thermodynamic cycle, isikety to produce a functional
engine with the efficiency initially predicted byhea Matlab model. The Matlab
model was revised from the prototype test (see t€hap) which allowed
specification of modified parameters and minor deanto the model structure. The
revised Matlab model indicates that a functionaliea of the design presented is
possible, but could not operate at the efficienaiially predicted. The revised
model predicts the engine would also operate atefiiciency lower than a

conventional engine.

Modification to the Matlab model described in Cleapé result in thermodynamic
cycle outputs that are in general agreement wehntieasured thermodynamic cycle
output from the prototype test. Further testingeiguired to identify a more precise
value of the thermodynamic cycle performance in ghetotype. In particular,
modification to the engine to achieve the compmssiatio designed for the

prototype is anticipated to improve test results.

The general soundness of the Matlab model oncefieddy information obtained
from the prototype tests gives confidence in itditgbto accurately predict the

performance of the original design thermodynamicleyBecause the model shows
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improved thermodynamic efficiency for the full exigéon cycle in its optimum
configuration relative to a conventional cycle, thleermodynamic cycle full

expansion aspect of the original design is assessbding valid.

The inducted volume per cycle on the prototypewest far higher than the engine’s
simulated or geometrically-identified induction glecement (Table 5-3). The
intended design had a simulated exhaust openingsyre of 90 kPa (absolute),
which is the pressure at the end of the power stradkowever, the fabrication errors
in the tested prototype resulted in a substantmlly-atmospheric simulated exhaust
opening pressure of 50 kPa (absolute). Once tbessive blow-by and incomplete
burn (see Section 4.2.9) achieved in the prototgse is taken into account, the
expanding gas in the power stroke cannot fill tegeded volume of the engine and
the engine consequently inducts more new chargetliat cylinder while the engine
is expanding past the induction port. The chargtudted during the expansion
stroke accounts for the measured inducted volurhe. ariginal modelling showed
that a higher than atmospheric pressure would betamaed over the induction port
during the power stroke, thereby keeping the resddevat the induction port closed
and separating the two parts of the cycle. A volammind three times the induction
displacement is inducted per cycle in the prototygst (Table 5-3). From the
measured volume of inducted gas (see SectionbeBnibe concluded that the burnt
gas expands to atmospheric pressure during therpsiveike in a volume similar to
the induction displacement. This means that thénengas extremely poor ring seal
characteristic and is likely to be burning lessntithe full charge. This easily
accounts for the low thermodynamic cycle work valwbtained in the prototype
tests.

At present the thermodynamic model shows some p@ms$ a tool for simulating
variations to conventional engine thermodynamides,cThe thermodynamic cycle
concept originally conceived has potential, but pretotype test shows that the
physical concept used to achieve the thermodynayule does not make use of that

cycle in an optimal fashion.
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7.4 Potential Further Applications

The creation of a positive induction valve as aradliy conceived (see Section 3.7)
will allow assessment of the completeness of buanexhaust gas analysis as no
new charge will be inducted during the power aneéidraust stroke. This will allow
the proportion of gas burnt in the cycle to be expentally determined leading to
clarification of the burn characteristics in the nfiguration. Consequently,
separation of the blow-by effect and the burn catgriess would be obtained and
allow for better analysis of possible thermodynanwgcle performance and
improvement. Subsequently, an accurate evaluatfotheo thermodynamic model

would result.

Further work and analysis on the engine is antiegbawith the goal of addressing
the friction and in particular addressing frictierrors in the model. Several features
of the prototype were exposed as contributing esieesfriction (see Chapter 6).
Technical work on reducing the friction in thoseatiges will allow for a more
accurate determination of performance of other @spef the Matlab model. A good
potential exists for the Matlab model to be modifi® the extent that it could
accurately predict the performance of the prototwoeder any conditions.
Confirmation of the validity of the Matlab modelllvdnly be achieved if the model
can reflect the performance of the prototype inoter configurations. A new set of
specifications with sufficiently varied performanckaracteristics will require the
production of new components. For example, chantliegiston mass will result in
a change in piston friction due to altered normesction forces created from a
different acceleration force. The Matlab model di&ji would be confirmed if it can
successfully reflect the changed performance in éhgine with such changed

components.
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7.5 Summary of Chapter 7 Conclusions

The Matlab modelling used to predict the perforneant the concept engine was
deficient in several facets. Not all those asp&otse foreseeable and were only
evident with information from the prototype testhel project methodology was
shown to be complete and allowed for valid condusiabout the original design
concept and the modelling employed to justify amddpce the prototype. Future
work could address the thermodynamic deficiencied seduce friction, but the

engine currently shows little potential as a viatédssign alternative to conventional
engines. The concept engine could form the bagisfuidher research into the

advantages of the thermodynamic cycle it was cdemtemploy. The Matlab model

and thermodynamic cycle have positive attributegj@mtified by the engine test.

They may have other future applications.
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Appendix A —

Project Specification

University of Southern Queensland
FACULTY OF ENGINEERING AND SURVEYING

ENG4111/4112 Research Project
PROJECT SPECIFICATION

FOR: Ray Malpress

TOPIC: A new internal combustion engine configuration -
opposed piston with crank offset

SUPERVISOR: Assoc Prof David Buttsworth

SPONSORSHIP: USQ, FOES

PROJECT AIM: The project aims to assess the pedage of an original

internal combustion engine configuration which iarkedly
different from conventional engines. This new @egi

employs complete expansion and other mechanical

innovations which are anticipated to improve eéfiay.

PROGRAMME: Issue A , 26 March 2007

1.

2.

Research past applications of crank offset, theymanhics, friction
losses and computer simulation of efficiency okl@ines.

Write new and/or make use of existing Matlab engsiulation
programmes to calculate the efficiency of IC engimeluding losses.
Configure a suitable user interface to allow easriation of
specifications to optimise engine efficiency.

Model the engine in ProE.

Analyse the stress in critical components with Ansy

Fabricate the engine to a standard that will allmwappraisal of the
predicted efficiency.

Test the engine on a dynamometer to produce peaftzencurves.
Appraise the correlation or otherwise between ptedi efficiency and
measured efficiency.

Appraise the potential for the engine to be usealitomotive and other
applications.
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Appendix B — Matlab scripts, structure chart

A function softcopy of the Matlab model is contadinen the submitted Dissertation

CD

Main script =
‘slider_bar_input’

Workspace - on
screen simulation
option

New figure GUI set
at default values

.| User input initiates

ESP calculations

Output graphics displayed
in GUI using
‘slider_bar_input’

‘ahrind’ calculates
ESP data

A

Calls integratior
functions e.g.
‘RatesComb’

Friction work calculated -
e.g. ‘upperpistfrictwork’

A

A 4

ESP engine performan
data displayed in GUI using
‘slider_bar_input’

uses ESP parameter

specification files —
‘enginedata’, 'fueldata’,
‘farg’, ‘ecp’, ‘calcq’,
‘airdata’, ‘Tadiabatic’

Matlab engine simulation program — Structure Chart
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Matlab Model Files
The full list of files used in the Matlab model Ifmls.

Files with the same or similar name as files infti®wing list of Matlab files for
the engine simulation program by Buttsworth [10htaan some of or all the same

code as the original Buttsworth engine simulaticrded.

A function softcopy of the Matlab model is contadren the submitted Dissertation
CD
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The Matlab files are printed below.

ahrind.m

function ahrind(splugport)

%

% Script file to determine the performance of d foducted engine
% based on a (user-specified) arbitrary heat relpesfile as a

% function of crank angle.

% Method closely follows that of:

% Ferguson, C.R., 1986, "Internal Combustion Ergjing/iley.

% *kkkkkkkkkkhkkkkkkk
% input:

% enginedata.m - this is another script file thefirees all of the

% relevant engine parameters and operating conditio

% output:

% ahrind.mat - this file contains all of the vateh For plotting

% the results, see the example script file plottesn

% *kkkkkkkkkkkkkkkkkk

timestart=cputime;

global thetas thetab omega...

heattransferlaw hcu hcb...

Tw thetal Vtdc Vbdc massl...

pl T1 V1 minV maxinV maxexV...

cylindervolume crankoffset conrod...

crankthrow uppercrankoffset upperconrod...
uppercrankthrow cranktocrank exportheight...
uppercranklag thetacorrected maxinvolindex...
maxexpandvolindex thetaignition upstroke downstroke
b stroke eps r Cblowby f fueltype airscheme phi...
compressedvolindex plotindex portopenindex...
upper_pist_positionmm lower_pist_positionmm splugute...
thetaaddsplug Vtdc dtheta

%determine when spark plug ports are exposed

thetaaddsplugindex=max(find(upper_pist_positionmogthpressedvolindex)<max(lower_pist_positionmm)-
splugport));

thetaaddsplug=thetaaddsplugindex/180*pi;

%clear uppercranklag

% load the engine parameters and initial conditions
enginedata

switch heattransferlaw

case 'Woschni'

if (abs(hcu) > 10)|(abs(hcb) > 10),
warning('Woschni model with weighting factor > 10")
end

end

% integration parameters

dtheta=1*pi/360;

options=odeset('RelTol',1e-3);

% integration during first stage of compressionggha
disp(['integrating over the compression phase’);

if maxinvolindex/180*pi<thetaaddsplug
[thetacomp,pTuWQIHI]=ode45('RatesCompO1’, ...
[maxinvolindex/180*pi:dtheta:thetaaddsplug],[p1 O O O],options);
% specification of initial conditions at staftcombustion phase
% b - beginning of combustion
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pbl=interpl(thetacomp,pTUWQIHI(:,1),thetaaddgppl

Tubl=interpl(thetacomp,pTUWQIHI(:,2) thetaaddgp
Wh1=interpl(thetacomp,pTUWQIHI(:,3),thetaaddgpi
Qlbl=interpl(thetacomp,pTuWQIHI(:,4),thetaaddgp
Hibl=interp1(thetacomp,pTuWQIHI(:,5),thetaaddsp;

[thetacomp2,p2TuWQIHI]=ode45('RatesCompQ2/, ...
[thetaaddsplug:dtheta:thetaignition],[pbl Tl Qlbl Hibl],options);
pb=interp1(thetacomp2,p2 TuWQIHI(:,1),thetaigm);
Tub=interpl(thetacomp2,p2 TuWQIHI(:,2),thetatgm);
Tbb=Tadiabatic(pb, Tub,phi,f,fueltype,airscheme)
Whb=interpl(thetacomp2,p2 TuWQIHI(:,3),thetaigmif);
Qlb=interpl(thetacomp2,p2 TUWQIHI(:,4),thetaigm);
Hlb=interp1(thetacomp2,p2 TUWQIHI(:,5),thetaitgwm);

else
[thetacomp,pTuWQIHI]=ode45('RatesCompO2', ...
[thetaaddsplug:dtheta:thetaignition],[p1l T1 0] @ptions);
thetacomp
% specification of initial conditions at staftcombustion phase
% b - beginning of combustion
pb=interp1(thetacomp,pTUWQIHI(:,1),thetaigmnitjp
Tub=interp1(thetacomp,pTuWQIHI(:,2),thetaigoit);
Tbb=Tadiabatic(pb, Tub,phi,f,fueltype,airscheme)
Whb=interpl(thetacomp,pTuWQIHI(:,3),thetaignit)p
Qlb=interpl(thetacomp,pTUWQIHI(:,4),thetaigait);
Hlb=interpl(thetacomp,pTuWQIHI(:,5),thetaigoit);

thetacomp2=[];
end

% integration during combustion phase

disp(['integrating over the combustion phase'));
[thetacomb,pTbTuWQIHI]=ode45('RatesComb’, ...
[thetaignition:dtheta:thetaignition+thetab],[pb Tbbb Wb QIb HIib],options);

% specification of initial conditions at start ofpansion phase

% e - end of combustion / start of expansion
pe=interpl(thetacomb,pTbTUWQIHI(:,1),thetaignitidinetab);
Tbe=interpl(thetacomb,pTbTuWQIHI(:,2),thetaignitithetab);
Wes=interpl(thetacomb,pTbTuWQIHI(:,4),thetaignitidhetab);
Qle=interpl(thetacomb,pTbTuWQIHI(:,5),thetaignitidhetab);
Hle=interp1(thetacomb,pTb TUWQIHI(:,6),thetaigniticthetab);

% integration during expansion phase

disp(['integrating over the expansion phase);
[thetaexp,pTOWQIHI]=ode45('RatesExp’, ...
[thetaignition+thetab:dtheta: portopenindex /18Dfpe The We Qle Hle],options);
% error checks

mass4=mass1*exp(-Cblowby*2*pi/omega);
p4=interpl(thetaexp,pTbWQIHI(:,1), portopeninde&dipi);
T4=interpl(thetaexp,pTOWQIHI(:,2), portopeninde801pi);
Wi4=interpl(thetaexp,pTbWQIHI(:,3), portopenindeg@1pi);
Ql4=interp1(thetaexp,pTOWQIHI(:,4), portopenind@80*pi);
Hl4=interp1(thetaexp,pTOWQIHI(:,5), portopenindé@80*pi);
[h4,ud,v4,s4,Y4,cpd,diviT4,dIvip4d]= ...
farg(p4,T4,phi,1,fueltype,airscheme);

U4=u4*mass4;

errorl=1-v4*mass4/maxexV;

error2=1+W4/(U4-U1+Ql4+HI4);

% indicated mean effective pressure and thermalieficy
imep=W4/(pi*b”~2/4*max(crankthrow,uppercrankthrow)}26imep not accuarately defined for this
configuration
eta=W4/mass1*(1+phi*0.06548*(1-f))/phi/0.06548/(14i7870/1e3;
% calcuate the heat flux in W/m"2
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if isempty(thetacomp?2)
gcomp=calcq(thetacomp,pTuWQIHI,'comp"); % coegsion
gcombu=calcq(thetacomb,pTbTuUWQIHI,'combu'); mbustion-unburned zone
gcombb=calcq(thetacomb,pTbTUWQIHI,'combb’); 8mbustion-burned zone
gexp=calcq(thetaexp,pTbWQIHI,'exp); % expansio

else
gcomp=calcq(thetacomp,pTUWQIHI,'comp"); % coession
gcomp2=calcq(thetacomp,p2TuWQIHI,'comp"); % poession
gcombu=calcq(thetacomb,pTbTUWQIHI,'combu'); 8mbustion-unburned zone
gcombb=calcq(thetacomb,pTbTUWQIHI,'combb'); 8mbustion-burned zone
gexp=calcq(thetaexp,pTOWQIHI,'exp"); % expansio

end

timefinish=cputime;

timetaken=timefinish-timestart;

% save all data

clear ahrind.mat

save ahrind.mat
%clear

ahrind2.m

function ahrind2(splugport)

%

% Script file to determine the performance of d fnducted engine
% based on a (user-specified) arbitrary heat relpecfile as a

% function of crank angle.

% Method closely follows that of:

% Ferguson, C.R., 1986, "Internal Combustion Ergjing/iley.

% *kkkkkkkkkkkkkkkkkk
% input:

% enginedata.m - this is another script file thefiraes all of the

% relevant engine parameters and operating conditio

% output:

% ahrind.mat - this file contains all of the vateh For plotting

% the results, see the example script file plottesn

% *kkkkkkkkkkkkkkkkkk

timestart=cputime;

global thetas thetab omega...

heattransferlaw hcu hcb...

Tw thetal Vtdc Vbdc massl...

pl T1 V1 minV maxinV maxexV...

cylindervolume crankoffset conrod...

crankthrow uppercrankoffset upperconrod...
uppercrankthrow cranktocrank exportheight...
uppercranklag thetacorrected maxinvolindex...
maxexpandvolindex thetaignition upstroke downstroke
b stroke eps r Cblowby f fueltype airscheme phi...
compressedvolindex plotindex portopenindex...
upper_pist_positionmm lower_pist_positionmm splugwte...
thetaaddsplug Vtdc dtheta

%determine when spark plug ports are exposed
thetaaddsplugindex=max(find(upper_pist_positionmogthpressedvolindex)<max(lower_pist_positionmm)-
splugport));

thetaaddsplug=thetaaddsplugindex/180*pi;

%clear uppercranklag

% load the engine parameters and initial conditions
enginedata
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switch heattransferlaw

case 'Woschni'

if (abs(hcu) > 10)|(abs(hcb) > 10),
warning("Woschni model with weighting factor > 10")
end

end

% integration parameters

dtheta=1*pi/360;

options=odeset('RelTol',1e-3);

% integration during first stage of compressionggha
disp(['integrating over the compression phase’));

if maxinvolindex/180*pi<thetaaddsplug
[thetacomp,pTuWQIHI]=ode45('RatesComp1, ...
[maxinvolindex/180*pi:dtheta:thetaaddsplug],[p1 O O O],options);
% specification of initial conditions at staftcombustion phase
% b - beginning of combustion
pb=interp1(thetacomp,pTuWQIHI(:,1),thetaaddgjplu
Tub=interpl(thetacomp,pTuWQIHI(:,2),thetaaddgpi
Wh=interpl(thetacomp,pTuWQIHI(:,3),thetaaddgpiu
Qlb=interpl(thetacomp,pTuWQIHI(:,4),thetaaddsp]
Hlb=interp1(thetacomp,pTuWQIHI(:,5),thetaaddsgp!

[thetacomp2,p2TuWQIHI]=ode45('RatesComp2', ...
[thetaaddsplug:dtheta:thetaaddsplug+dtheta];idb Wb Qlb HIb],options);
% specification of initial conditions at staftnext compression phase

% b - beginning of compression add splugvol
pb=interp1(thetacomp2,p2 TuWQIHI(:,1) thetaaddgpdtheta);
Tub=interp1(thetacomp2,p2 TUWQIHI(:,2),thetagaldg+dtheta);
Whs=interpl(thetacomp2,p2 TUWQIHI(:,3),thetaaddgpdtheta);
Qlb=interp1(thetacomp2,p2 TUWQIHI(:,4) ,thetaguldg+dtheta);
Hib=interp1(thetacomp2,p2 TUWQIHI(:,5),thetaguldg+dtheta);

[thetacomp3,p3TuWQIHI]=ode45('RatesComp3’, ...
[thetaaddsplug+dtheta:dtheta:thetaignition],Jpito Wb Qlb Hib],options);
% specification of initial conditions at staftnext compression phase
% b - beginning of compression after add sphligv
pb=interp1(thetacomp3,p3TuWQIHI(:,1),thetaigm);
Tub=interpl(thetacomp3,p3TuWQIHI(:,2),thetatgm);
Tbb=Tadiabatic(pb, Tub,phi,f,fueltype,airschg¢me
Wh=interpl(thetacomp3,p3TuWQIHI(:,3),thetaigmif);
Qlb=interpl(thetacomp3,p3TUWQIHI(:,4),thetaigm);
Hlb=interpl(thetacomp3,p3TuWQIHI(:,5),thetaigwm);

else
[thetacomp,pTuWQIHI]=ode45('RatesComp3’, ...
[thetaaddsplug:dtheta:thetaignition],[p1l T1 O] @ptions);
thetacomp
% specification of initial conditions at staftcombustion phase
% b - beginning of combustion
pb=interp1(thetacomp,pTUWQIHI(:,1),thetaignitjp
Tub=interpl(thetacomp,pTuWQIHI(:,2),thetaigoit);
Tbb=Tadiabatic(pb, Tub,phi,f,fueltype,airscheme)
Whbs=interpl(thetacomp,pTuWQIHI(:,3),thetaignit)p
Qlb=interpl(thetacomp,pTUWQIHI(:,4),thetaigait);
Hlb=interp1(thetacomp,pTuWQIHI(:,5),thetaigait);

thetacomp3=[];
end

% integration during combustion phase
disp(['integrating over the combustion phase'));
[thetacomb,pTbTuWQIHI]=ode45('RatesComb’, ...
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[thetaignition:dtheta:thetaignition+thetab],[pb Tbbb Wb QIb HIb],options);

% specification of initial conditions at start ofpansion phase

% e - end of combustion / start of expansion
pe=interpl(thetacomb,pTbTUWQIHI(:,1) thetaignititinetab);
Tbe=interpl(thetacomb,pTbTuWQIHI(:,2),thetaignitithetab);
Wes=interpl(thetacomb,pTbTuWQIHI(:,4),thetaignitidhetab);
Qle=interp1(thetacomb,pTbTuWQIHI(:,5),thetaignitidhetab);
Hle=interp1(thetacomb,pTb TUWQIHI(:,6),thetaigniticthetab);

% integration during expansion phase

disp(['integrating over the expansion phase);
[thetaexp,pTbWQIHI]=ode45('RatesExp’, ...
[thetaignition+thetab:dtheta: portopenindex /18]fpe The We Qle Hle],options);
% error checks

mass4=mass1*exp(-Cblowby*2*pi/omega);
p4=interp1(thetaexp,pTOWQIHI(:,1), portopeninde80d1pi);
T4=interpl(thetaexp,pTOWQIHI(:,2), portopeninde8@1pi);
Wi4=interpl(thetaexp,pTbWQIHI(:,3), portopenindeg@1pi);
Ql4=interp1(thetaexp,pTOWQIHI(:,4), portopenind@80*pi);
Hl4=interp1(thetaexp,pTOWQIHI(:,5), portopenind@80*pi);
[h4,ud,v4,s4,Y4,cpd,diviT4,dIvip4]= ...
farg(p4,T4,phi,1,fueltype,airscheme);

U4=u4*mass4;

errorl=1-v4*mass4/maxexV;

error2=1+W4/(U4-U1+Ql4+HI4);

% indicated mean effective pressure and thermalieficy
imep=W4/(pi*b”~2/4*max(crankthrow,uppercrankthrow)}26imep not accuarately defined for this
configuration
eta=W4/mass1*(1+phi*0.06548*(1-f))/phi/0.06548/(14f7870/1e3;
% calcuate the heat flux in W/m"2

if isempty(thetacomp?2)
gcomp=calcq(thetacomp,pTUWQIHI,'comp’); % coesgion
gcombu=calcq(thetacomb,pTbTUWQIHI,'combu'); 8mbustion-unburned zone
gcombb=calcq(thetacomb,pTbTUWQIHI,'combb'); 8mbustion-burned zone
gexp=calcq(thetaexp,pTOWQIHI,'exp"); % expansio

else
gcomp=calcq(thetacomp,pTUWQIHI,'comp"); % coesgion
gcomp2=calcq(thetacomp2,p2TuWQIHI,'comp"); %npeoession
gcomp3=calcq(thetacomp3,p3TuWQIHI,'comp"); 8mpression
gcombu=calcq(thetacomb,pTbTUWQIHI,'combu'); 8mbustion-unburned zone
gcombb=calcq(thetacomb,pTbTUWQIHI,'combb’); 8mbustion-burned zone
gexp=calcq(thetaexp,pTOWQIHI,'exp"); % expansio

end

timefinish=cputime;

timetaken=timefinish-timestart;

% save all data

clear ahrind.mat

save ahrind.mat
%oclear

airdata.m

function A=airdata(scheme);

%

% A=airdata(scheme)

%

% Routine to specify the thermodynamic propertfesioand

% combustion products.

% Data taken from:

% 1. Gordon, S., and McBride, B. J., 1971, "CompBmgram for

% Calculation of Complex Chemical Equilibrium Corsfion, Rocket
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% Performance, Incident and Reflected Shocks, dapman-Jouguet
% Detonations," NASA SP-273. As reported in Fergush R., 1986,
% "Internal Combustion Engines"”, Wiley.

% 2. Kee, R. J., et al., 1991, "The Chemkin Therynadhic Data Base",
% Sandia Report, SAND87-8215B. As reported in

% Turns, S. R., 1996, "An Introduction to Combustio

% Concepts and Applications", McGraw-Hill.

% *kkkkkkkkkkkkkkkkkk
% input:

% scheme switch:

% 'GMcB_low' - Gordon and McBride 300 < T < 1000 K

% 'GMcB_hi' - Gordon and McBride 1000 < T < 5000 K

% 'Chemkin_low' - Chemkin 300 < T <1000 K

% 'Chemkin_hi' - Chemkin 1000 < T < 5000 K

% output:

% A - matrix of polynomial coefficients for cp/R/RiT, and s/R

% of the form h/RT=al+a2*T/2+a3*T"2/3+a4*T"3/4+aB8W5*a6/T (for
% example) where T is expressed in K

% columns 1 to 7 are coefficients al to a7, and

% rows 1 to 10 are species CO2 H20 N2 O2 CO H2®HXxand NO

% *kkkkkkkkkkhkkkkkkk
switch scheme

case 'GMcB_low'

A=[ 0.24007797E+01 0.87350957E-02 -0.66070878E-QBMR1861E-08 ...
0.63274039E-15 -0.48377527E+05 0.96951457E+01
0.40701275E+01 -0.11084499E-02 0.41521180E-05 63 2404E-08 ...
0.80702103E-12 -0.30279722E+05 -0.32270046E+00
0.36748261E+01 -0.12081500E-02 0.23240102E-05 20.B369E-09 ...
-0.22577253E-12 -0.10611588E+04 0.23580424E+01
0.36255985E+01 -0.18782184E-02 0.70554544E-05 635I37E-08 ...
0.21555993E-11 -0.10475226E+04 0.43052778E+01
0.37100928E+01 -0.16190964E-02 0.36923594E-05 30 2674E-08 ...
0.23953344E-12 -0.14356310E+05 0.29555350E+01
0.30574451E+01 0.26765200E-02 -0.58099162E-05 QESPLE-08 ...
-0.18122739E-11 -0.98890474E+03 -0.22997056E+01
0.25000000E+01 0.00000000E+00 0.00000000E+00 OGU@AE+0O ...
0.00000000E+00 0.25471627E+05 -0.46011762E+00
0.29464287E+01 -0.16381665E-02 0.24210316E-05 023432E-08 ...
0.38906964E-12 0.29147644E+05 0.29639949E+01
0.38375943E+01 -0.10778858E-02 0.96830378E-06 Q3AB2E-09 ...
-0.22571094E-12 0.36412823E+04 0.49370009E+00
0.40459521E+01 -0.34181783E-02 0.79819190E-05 13%316E-08 ...
0.15919076E-11 0.97453934E+04 0.29974988E+01];

case 'GMcB_hi'

A=[ 0.44608041E+01 0.30981719E-02 -0.12392571E-Q31325E-09 ...
-0.15525954E-13 -0.48961442E+05 -0.98635982E+00
0.27167633E+01 0.29451374E-02 -0.80224374E-06 QGEB2E-09 ...
-0.48472145E-14 -0.29905826E+05 0.66305671E+01
0.28963194E+01 0.15154866E-02 -0.57235277E-06 OFBERBE-10 ...
-0.65223555E-14 -0.90586184E+03 0.61615148E+01
0.36219535E+01 0.73618264E-03 -0.19652228E-06 0BEEBE-10 ...
-0.28945627E-14 -0.12019825E+04 0.36150960E+01
0.29840696E+01 0.14891390E-02 -0.57899684E-06 64RB/E-09 ...
-0.69353550E-14 -0.14245228E+05 0.63479156E+01
0.31001901E+01 0.51119464E-03 0.52644210E-07 -0FRHBE-10 ...
0.36945345E-14 -0.87738042E+03 -0.19629421E+01
0.25000000E+01 0.00000000E+00 0.00000000E+00 OQE@WE+OO ...
0.00000000E+00 0.25471627E+05 -0.46011763E+00
0.25420596E+01 -0.27550619E-04 -0.31028033E-0860@G74E-11 ...
-0.43680515E-15 0.29230803E+05 0.49203080E+01
0.29106427E+01 0.95931650E-03 -0.19441702E-06 666A6E-10 ...
0.14224542E-15 0.39353815E+04 0.54423445E+01
0.31890000E+01 0.13382281E-02 -0.52899318E-06 QERE-10 ...
-0.64847932E-14 0.98283290E+04 0.67458126E+01];

case 'Chemkin_low'

A=[ 0.02275724E+02 0.09922072E-01 -0.10409113E-08866686E-07 ...
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-0.02117280E-10 -0.04837314E+06 0.10188488E+02
0.03386842E+02 0.03474982E-01 -0.06354696E-04 68HRLE-07 ...
-0.02506588E-10 -0.03020811E+06 0.02590232E+02
0.03298677E+02 0.14082404E-02 -0.03963222E-04 @1BHE-07 ...
-0.02444854E-10 -0.10208999E+04 0.03950372E+02
0.03212936E+02 0.11274864E-02 -0.05756150E-05 G8B13E-08 ...
-0.08768554E-11 -0.10052490E+04 0.06034737E+02
0.03262451E+02 0.15119409E-02 -0.03881755E-04 81®HHIE-07 ...
-0.02474951E-10 -0.14310539E+05 0.04848897E+02
0.03298124E+02 0.08249441E-02 -0.08143015E-05 4GB934E-09 ...
0.04134872E-11 -0.10125209E+04 -0.03294094E+02
0.02500000E+02 0.00000000E+00 0.00000000E+00 OGm@ME+0O ...
0.00000000E+00 0.02547162E+06 -0.04601176E+01
0.02946428E+02 -0.16381665E-02 0.02421031E-04 6Q3431E-08 ...
0.03890696E-11 0.02914764E+06 0.02963995E+02
0.03637266E+02 0.01850910E-02 -0.16761646E-05 8TARE-07 ...
-0.08431442E-11 0.03606781E+05 0.13588605E+01
0.03376541E+02 0.12530634E-02 -0.03302750E-04 Q.UBWE-07 ...
-0.02446262E-10 0.09817961E+05 0.05829590E+02];

case 'Chemkin_hi'

A=[ 0.04453623E+02 0.03140168E-01 -0.12784105E-023D3996E-08 ...

-0.16690333E-13 -0.04896696E+06 -0.09553959E+01
0.02672145E+02 0.03056293E-01 -0.08730260E-05 0921 E-09 ...
-0.06391618E-13 -0.02989921E+06 0.06862817E+02
0.02926640E+02 0.14879768E-02 -0.05684760E-05 OMEBE-09 ...
-0.06753351E-13 -0.09227977E+04 0.05980528E+02
0.03697578E+02 0.06135197E-02 -0.12588420E-06 GFAFLE-09 ...
-0.11364354E-14 -0.12339301E+04 0.03189165E+02
0.03025078E+02 0.14426885E-02 -0.05630827E-05 83RM3E-09 ...
-0.06910951E-13 -0.14268350E+05 0.06108217E+02
0.02991423E+02 0.07000644E-02 -0.05633828E-06 281®78E-10 ...
0.15827519E-14 -0.08350340E+04 -0.13551101E+01
0.02500000E+02 0.00000000E+00 0.00000000E+00 OGm@ME+0O ...
0.00000000E+00 0.02547162E+06 -0.04601176E+01
0.02542059E+02 -0.02755061E-03 -0.03102803E-07580867E-10 ...
-0.04368051E-14 0.02923080E+06 0.04920308E+02
0.02882730E+02 0.10139743E-02 -0.02276877E-05 GABR3E-09 ...
-0.05126305E-14 0.03886888E+05 0.05595712E+02
0.03245435E+02 0.12691383E-02 -0.05015890E-05 69®R3E-09 ...
-0.06275419E-13 0.09800840E+05 0.06417293E+02];

end

calcq.m

function g=calcq(theta,pTarray,phase);

%

% calculation of the heat flux (W/m”2) from the @aenerated
% by ahrind.

% theta is an array of crank angles

% pTarray is the corresponding array of pressueeyfgerature,
% Work, etc data as generated by running arhind.m

% phase is a switch indicating the part of the eycl

% 'comp' - compression phase

% 'combu’ - combustion phase, unburned gas zone

% 'combb' - combustion phase, burned gas zone

% 'exp' - expansion phase

global b stroke epsrr ...

omega ...

heattransferlaw hcu hcb ...

Tw Vtdc Vbdc ...

plT1Vi

switch phase

case ‘comp'

p=pTarray(:,1);
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T=pTarray(:,2);

hc=hcu;

C2=0;

case ‘combu’

p=pTarray(:,1);

T=pTarray(:,3);

hc=hcu;

C2=3.24e-3;

case ‘combb’

p=pTarray(:,1);

T=pTarray(:,2);

hc=hcb;

C2=3.24e-3;

case 'exp'

p=pTarray(:,1);

T=pTarray(:,2);

hc=hcb;

C2=3.24e-3;

end

switch heattransferlaw

case ‘constant’

hcoeff=hc;

case 'Woschni'
V=Vtdc*(1+(r-1)/2*(1-cos(theta)+ ...
1/eps*(1-(1-eps”2*sin(theta).”2).”0.5)));
upmean=omega*stroke/pi; % mean piston velocity
Vs=Vhdc-Vtdc;

k=1.3;

C1=2.28;

pm=p1*(V1./V).”k; % motoring pressure
hcoeff=hc*130*b”(-0.2)*T.~(-0.53).*(p/100e3).7(0.8)...
(C1*upmean+C2*Vs*T1/p1/V1*(p-pm)).~(0.8);
end

g=hcoeff.*(T-Tw);

compile_data_CCR.m

%M-file to plot friction work, nett eff and thermaff vs inducted vol for
%all engine specs

warning off all

specdata=zeros(110,6);
compare=zeros(3,360);

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaeggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esupo€CR3;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper3,...

StNolower3,dSupperdt3,d2Supperdt23,dSlowerdt3,d281dt23,upperpistfrictionvar3,lowerpistfrictionvds3..
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtnowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiuggbdeg,...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(30,:)=[neteff,thermaleff,inductedvol,ioaivork,version,maxpress;
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[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppeitinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport|=esupo€CR4;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper4,...

StNolower4,dSupperdt4,d2Supperdt24,dSlowerdt4,d28idt24,upperpistfrictionvar4,lowerpistfrictionvds4..
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(40,:)=[neteff,thermaleff,inductedvol,iooivork,version,maxpress;

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtnowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetabuggbdeg, ...
thetasdegrange,thetabdegrange,splugport|=esmpe€CR4_5;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper4_5,...

StNolower4_5,dSupperdt4_5,d2Supperdt24_5,dSlowebdii2 Slowerdt24 5,upperpistfrictionvar4_5,lowerlpist

rictionvar4_5]=...
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetauggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(45,:)=[neteff,thermaleff,inductedvol,ioaivork,version,maxpress];

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esupo€CR5;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper>5,...

StNolower5,dSupperdt5,d2Supperdt25,dSlowerdt5,d281dt25, upperpistfrictionvar5,lowerpistfrictionvdss..
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(50,:)=[neteff,thermaleff,inductedvol,iooivork,version,maxpress;

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esupo€CR6;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNouppers,...
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StNolower6,dSupperdt6,d2Supperdt26,dSlowerdt6,d281dt26,upperpistfrictionvar6,lowerpistfrictionvdss..
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiuggbdeg,...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(60,:)=[neteff,thermaleff,inductedvol,ioaivork,version,maxpress];

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport|=esugo€CR6_2;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper6_2,...

StNolower6_2,dSupperdt6_2,d2Supperdt26_2,dSlowePdti? Slowerdt26_2,upperpistfrictionvar6_2,lowerpist

rictionvar6_2]=...
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(62,:)=[neteff,thermaleff,inductedvol,ioaivork,version,maxpress];

[version,uppercrankoffset,upperconrod,uppercraokitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esmupe€CR6_5;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper6_5,...

StNolower6_5,dSupperdt6_5,d2Supperdt26_5,dSlowebdti? Slowerdt26_5,upperpistfrictionvar6_5,lowerfpist

rictionvar6_5]=...
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtnowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaieggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(65,:)=[neteff,thermaleff,inductedvol,iooivork,version,maxpress];

[version,uppercrankoffset,upperconrod,uppercraokitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaieggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esupe€CRY7;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper7,...

StNolower7,dSupperdt7,d2Supperdt27,dSlowerdt7,d281dt27,upperpistfrictionvar7,lowerpistfrictionvads?..
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppeitnowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
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thetasdegrange,thetabdegrange,splugport);
L=length(version);
version=str2num(version(L-3:L));
specdata(70,:)=[neteff,thermaleff,inductedvol,iooivork,version,maxpress];

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esupo€CRS;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNouppers,...

StNolower8,dSupperdt8,d2Supperdt28,dSlowerdt8,d281dt28, upperpistfrictionvar8,lowerpistfrictionvds8..
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetnowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(80,:)=[neteff,thermaleff,inductedvol,iooivork,version,maxpress];

[version,uppercrankoffset,upperconrod,uppercraokitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esupo€CR8_5;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper8_5,...

StNolower8_5,dSupperdt8_5,d2Supperdt28_5,dSlowebdti2 Slowerdt28 5,upperpistfrictionvar8_5,lowerpist

rictionvar8_5]=...
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(85,:)=[neteff,thermaleff,inductedvol,ioaivork,version,maxpress;

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport|=esupo€CR9;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper9,...

StNolower9,dSupperdt9,d2Supperdt29,dSlowerdt9,d281dt29,upperpistfrictionvar9,lowerpistfrictionvds9..
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(90,:)=[neteff,thermaleff,inductedvol,iooivork,version,maxpress;

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...

conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
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crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...

exportheightrange,uppercranklagrange,thetaiaggbdeg, ...

thetasdegrange,thetabdegrange,splugport|=esugo€CR9_2;
[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper9_2,...

StNolower9_2,dSupperdt9_2,d2Supperdt29_2,dSlowePdti2 Slowerdt29_2,upperpistfrictionvar9_2,lowerfpist

rictionvar9_2]=...
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetauggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(92,:)=[neteff,thermaleff,inductedvol,ioaivork,version,maxpress];

[version,uppercrankoffset,upperconrod,uppercraokitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetatiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esmge€CR9_5;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper9_5,...

StNolower9_5,dSupperdt9_5,d2Supperdt29_5,dSlowebdti2 Slowerdt29_5,upperpistfrictionvar9_5,lowerfpist

rictionvar9_5]=...
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppeitinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetatbuggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(95,:)=[neteff,thermaleff,inductedvol,ioaivork,version,maxpress;

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppeitinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esppo€CR10;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper10,...

StNolower10,dSupperdt10,d2Supperdt210,dSlowerd2Bgverdt210,upperpistfrictionvar10,lowerpistfrariv

arl0]=...
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetauggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(100,:)=[neteff,thermaleff,inductedvolffdnwork,version,maxpress;

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppeitinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiuggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esppoe€CR11;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupperll,...
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StNolower11,dSupperdt11,d2Supperdt211,dSlowerd2Blaiverdt211,upperpistfrictionvarll,lowerpistfrarv

arll]=...
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);
version=str2num(version(L-3:L));
specdata(110,:)=[neteff,thermaleff,inductedvolifanwork,version,maxpressj;

activerows=find(specdata(:,1)~=0);
specdata=specdata(activerows,:);

neteff=specdata(;,1)*100;
inductedvol=specdata(:,3);
thermaleff=specdata(:,2)*100;
frictionwork=specdata(:,4);
version=specdata(:,5);

maxpress=specdata(:,6);

plot(inductedvol,neteff,'o’,inductedvol,thermalkf},
title ('Efficiency Vs Inducted Volume for Varioumg Specs')

legend('Nett Eff','Thermal Eff')

text (22,max(thermaleff)+4.0,'Bore" )

text (40,max(thermaleff)+4.0,'= 61.3mm")

text (22,max(thermaleff)+3.0,'E.O.Press’)

text (40,max(thermaleff)+3.0,'= 1 atm’)

text (22,max(thermaleff)+2.0,'Const Compression')
text (22,max(thermaleff)+1.0,'Ratio")

text (40,max(thermaleff)+1.0,'= 10.0")

text (22,max(thermaleff)+0.0,'Const Burn Start’)
text (40,max(thermaleff)-1.0,'= -27 deg’)

text (50,35,'Press = Maximum Engine Pressure (MEa)or',[0,0,1])

xlabel ('Inducted Volume (cc)')
ylabel (‘Efficiency (%)")

axis([min(inductedvol)-15 max(inductedvol)+10 ...
min(neteff)-5 max(thermaleff+5)]);

coeffs=polyfit(inductedvol,neteff,4);
xpoints=inductedvol(1):0.1:inductedvol(end);
hold on

polyvaldata=polyval(coeffs,xpoints);
plot(xpoints,polyvaldata,'g');

coeffs2=polyfit(inductedvol,thermaleff,2);

hold on
polyval2data=polyval(coeffs2,xpoints);
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plot(xpoints,polyval2data,'Color',[0,0.5,0.5]);

% splinedata=spline(eff_disp_data(:,2),eff _dispaiat),xpoints);
% plot (xpoints,splinedata,'r")

[m,n] = size(specdata);
for counter=1:m;

if counter==1
speclabel=sprintf('Spec%a4.1f' version(ceuont
presslabel=sprintf('Press %4.1f',maxpressiter));
text(inductedvol(counter),neteff(counter)s,8peclabel,'Color',[0,.5,0.5],'Rotation’,[90])
text(inductedvol(counter)+0.2,neteff(coulme.5,presslabel,'Color',[0,0,1],'Rotation’,[-60])
else
speclabel=sprintf('%4.1f ,version(countgr))
presslabel=sprintf('%4.1f',maxpress(coyhter
text(inductedvol(counter),neteff(counter)s;8peclabel,'Color',[0,.5,0.5],'Rotation’,[90])
text(inductedvol(counter)+0.2,neteff(coule.5,presslabel,'Color',[0,0,1],'Rotation’,[-60])
end
end

%original constant max press data
% eff_disp_data=[34.9,28.2,7.9,2.4,2.0,23.0;...

% 41.3,42.3,9.2,2.6,4.0,39.0;...

% 42.5,53.7,9.7,2.8,5.0,50.4;...

% 43.3,58.9,9.8,2.9,6.0,57.6;...

% 43.4,64.5,10.1,2.9,6.2,62.5;...
% 43.5,69.3,10.1,3.0,6.5,69.0;...
% 43.7,74.0,10.1,2.9,7.0,72.7;...
% 44.1,78.3,10.2,3.0,8.0,79.7;...
% 44.5,83.1,10.6,2.9,8.5,82.7;...
% 44.9,86.5,10.7,3.0,9.0,88.9;...
% 44.8,91.0,10.8,3.0,9.2,92.2;...
% 44.8,94.3,10.7,3.0,9.5,96.3;...
% 44.0,103.5,10.8,3.0,10.0,105.7;..
% 42.9,108.3,10.9,3.2,11.0,116.4];
figure

plot(inductedvol,frictionwork,'d")
title ('Friction Work Vs Inducted Volume for VarislEng Specs')

xlabel (‘Inducted Volume (cc)")
ylabel (‘Work (J)")

coeffs2=polyfit(inductedvol,frictionwork,2);
hold on
polyval2data=polyval(coeffs2,xpoints);
plot(xpoints,polyval2data,'Color',[0,0.5,0.5]);

axis([min(inductedvol)-15 max(inductedvol)+10 ...
min(frictionwork)-5 max(frictionwork+5)]);

text (22,max(frictionwork)+2.0,'Bore" )

text (40,max(frictionwork)+2.0,'= 61.3mm")

text (22,max(frictionwork)+0.5,'E.O.Press')

text (40,max(frictionwork)+0.5,'= 1 atm’)

text (22,max(frictionwork)-1,'Const Compression')
text (22,max(frictionwork)-2.5,'Ratio")

text (40,max(frictionwork)-2.5,'= 10.0")

text (22,max(frictionwork)-4,'Const Burn Start')
text (40,max(frictionwork)-5.5,'= -27 deg')
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for counter=1:m;

if counter==1
speclabel=sprintf('Spec%a4.1f' ,version(ceunt
text(inductedvol(counter),frictionwork(caen)+0.5,speclabel,'Color',[0,.5,0.5],'Rotatior0])9

else
speclabel=sprintf('%4.1f' ,version(countgr))
text(inductedvol(counter),frictionwork(cden)+0.5,speclabel,'Color',[0,.5,0.5],'Rotatior0])9

end
end

compile_data_ CEP.m

%M-file to plot friction work, nett eff and thermaff vs inducted vol for
%all engine specs

warning off all

specdata=zeros(110,6);
compare=zeros(3,360);

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport]=espgaeptsize3;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper3,...

StNolower3,dSupperdt3,d2Supperdt23,dSlowerdt3,d281dt23, upperpistfrictionvar3,lowerpistfrictionvds3..
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiuggbdeg,...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(30,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercraokitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetatiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=espgneptsize4;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper4,...

StNolower4,dSupperdt4,d2Supperdt24,dSlowerdt4,d28idt24,upperpistfrictionvar4,lowerpistfrictionvds4..
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaeggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(40,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercraokitorankoffset, ...
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conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaieggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esggoeptsize4_5;
[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper4_5,...

StNolower4_5,dSupperdt4_5,d2Supperdt24_5,dSlowebdii2 Slowerdt24 5,upperpistfrictionvar4_5,lowerpist

rictionvar4_5]=...
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetintaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(45,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiaggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esggaeptsize5;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper>5,...

StNolower5,dSupperdt5,d2Supperdt25,dSlowerdt5,d281dt25, upperpistfrictionvar5,lowerpistfrictionvdss..
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetatiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(50,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercraokitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esgpoeptsize6;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNouppers6,...

StNolower6,dSupperdt6,d2Supperdt26,dSlowerdt6,d281dt26,upperpistfrictionvar6,lowerpistfrictionvdss..
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetauggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(60,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppeitinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiuggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esggoeptsize6_2;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper6_2,...

118



StNolower6_2,dSupperdt6_2,d2Supperdt26_2,dSlowePdti? Slowerdt26_2,upperpistfrictionvar6_2,lowerpist

rictionvar6_2]=...
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppeédtnowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(62,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercraokitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiuggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esggoeptsize6_5;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper6_5,...

StNolower6_5,dSupperdté_5,d2Supperdt26_5,dSlowebdti? Slowerdt26_5,upperpistfrictionvar6_5,lowerlpist

rictionvar6_5]=...
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(65,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercrakiterankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esggoeptsize7;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper7,...

StNolower7,dSupperdt7,d2Supperdt27,dSlowerdt7,d281dt27,upperpistfrictionvar7,lowerpistfrictionvads?..
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiuggbdeg,...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(70,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercraokitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetatiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esgpoeptsize8;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNouppers,...

StNolower8,dSupperdt8,d2Supperdt28,dSlowerdt8,d281dt28, upperpistfrictionvar8,lowerpistfrictionvds8..
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppeitinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaieggbdeg, ...
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thetasdegrange,thetabdegrange,splugport);
L=length(version);
version=str2num(version(L-3:L));
specdata(80,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaieggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esggoeptsize8_5;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper8_5,...

StNolower8_5,dSupperdt8_5,d2Supperdt28_5,dSlowebdti2 Slowerdt28 5,upperpistfrictionvar8_5,lowerpist

rictionvar8_5]=...
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiaggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(85,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport]=espgoeptsize9;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper9,...

StNolower9,dSupperdt9,d2Supperdt29,dSlowerdt9,d281dt29,upperpistfrictionvar9,lowerpistfrictionvds9..
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(90,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esggoeptsize9_2;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper9_2,...

StNolower9_2,dSupperdt9_2,d2Supperdt29_2,dSlowePdti2 Slowerdt29 2,upperpistfrictionvar9_2,lowerlpist

rictionvar9_2]=...
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangeltocrankrange,...
exportheightrange,uppercranklagrange,thetauggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(92,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarpmanklag,...
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uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangelktocrankrange,...
exportheightrange,uppercranklagrange,thetatiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esggoeptsize9_5;
[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper9_5,...

StNolower9_5,dSupperdt9_5,d2Supperdt29_5,dSlowebdti2 Slowerdt29 5,upperpistfrictionvar9_5,lowerlpist

rictionvar9_5]=...
set_input_data(version,uppercrankoffset,uppeamhuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(95,:)=[neteff,thermaleff,inductedvol,idotvork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esggoeptsize10;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupper10,...

StNolower10,dSupperdt10,d2Supperdt210,dSlowerd2Baiverdt210,upperpistfrictionvar10,lowerpistfrarv

arl0]=...
set_input_data(version,uppercrankoffset,uppeamyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetatiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);

version=str2num(version(L-3:L));

specdata(100,:)=[neteff,thermaleff,inductedvoltfaowork,version,ACR];

[version,uppercrankoffset,upperconrod,uppercraokitorankoffset, ...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiaggbdeg,...
thetasdegrange,thetabdegrange,splugport]=esggoeptsizell;

[neteff,thermaleff,inductedvol,frictionwork,versignaxpress,ACR,StNoupperll,...

StNolower11,dSupperdt11,d2Supperdt211,dSlowerd2Blaiverdt211,upperpistfrictionvarll,lowerpistfrarv

arll]=...
set_input_data(version,uppercrankoffset,uppeadyuppercrankthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppeitnowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport);

L=length(version);
version=str2num(version(L-3:L));
specdata(110,:)=[neteff,thermaleff,inductedvoltfaowork,version,ACR];

activerows=find(specdata(:,1)~=0);
specdata=specdata(activerows,:);

neteff=specdata(;,1)*100;

inductedvol=specdata(:,3);
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thermaleff=specdata(:,2)*100;
frictionwork=specdata(:,4);
version=specdata(:,5);

ACR=specdata(:,6);

plot(inductedvol,neteff,'o',inductedvol,thermalksf},
title ('Efficiency Vs Inducted Volume for Varioumg Specs')

legend('Nett Eff','Thermal Eff')

text (22,max(thermaleff)+4.0,'Bore" )

text (40,max(thermaleff)+4.0,'= 61.3mm’)

text (22,max(thermaleff)+3.0,'E.O.Press’)

text (40,max(thermaleff)+3.0,'= 1 atm’)

text (22,max(thermaleff)+2.0,'Const Maximum')
text (22,max(thermaleff)+1.0,'Pressure’)

text (40,max(thermaleff)+1.0,'= 6.5 MPa)

text (22,max(thermaleff)+0.0,'Const Burn Start’)
text (40,max(thermaleff)-1.0,'= -27 deg’)

text (50,35,'A.C.R. = Actual Compression Ratio'l&€¢0,0,1])
text (50,33.8,'(Max Inducted Vol/Min Compressed N olor',[0,0,1])

xlabel ('Inducted Volume (cc)')
ylabel (‘Efficiency (%)")

axis([min(inductedvol)-15 max(inductedvol)+10 ...
min(neteff)-5 max(thermaleff+5)]);

coeffs=polyfit(inductedvol,neteff,4);
xpoints=inductedvol(1):0.1:inductedvol(end);
hold on

polyvaldata=polyval(coeffs,xpoints);
plot(xpoints,polyvaldata,'g');

coeffs2=polyfit(inductedvol,thermaleff,2);
hold on
polyval2data=polyval(coeffs2,xpoints);
plot(xpoints,polyval2data,'Color',[0,0.5,0.5]);

% splinedata=spline(eff_disp_data(:,2),eff _dispafiat),xpoints);
% plot (xpoints,splinedata,'r")

[m,n] = size(specdata);
for counter=1:m;

if counter==1
speclabel=sprintf('Spec%A4.1f' ,version(ceunt
ACRIabel=sprintf('A.C.R. %4.1f , ACR(counygr
text(inductedvol(counter),neteff(counter)s;8peclabel,'Color',[0,.5,0.5],'Rotation’,[90])
text(inductedvol(counter)+0.2,neteff(coul@.5,ACRIlabel,'Color',[0,0,1],'Rotation’,[-60])
else
speclabel=sprintf('%4.1f' ,version(countgr))
ACRIabel=sprintf('%4.1f',ACR(counter));
text(inductedvol(counter),neteff(counter)s;8peclabel,'Color',[0,.5,0.5],'Rotation’,[90])
text(inductedvol(counter)+0.2,neteff(coul@.5,ACRIlabel,'Color',[0,0,1],'Rotation’,[-60])
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end
end

%original constant max press data
% eff_disp_data=[34.9,28.2,7.9,2.4,2.0,23.0;...

% 41.3,42.3,9.2,2.6,4.0,39.0;...

% 42.5,53.7,9.7,2.8,5.0,50.4;...

% 43.3,58.9,9.8,2.9,6.0,57.6;...

% 43.4,64.5,10.1,2.9,6.2,62.5;...
% 43.5,69.3,10.1,3.0,6.5,69.0;...
% 43.7,74.0,10.1,2.9,7.0,72.7;...
% 44.1,78.3,10.2,3.0,8.0,79.7;...
% 44.5,83.1,10.6,2.9,8.5,82.7;...
% 44.9,86.5,10.7,3.0,9.0,88.9;...
% 44.8,91.0,10.8,3.0,9.2,92.2;...
% 44.8,94.3,10.7,3.0,9.5,96.3;...
% 44.0,103.5,10.8,3.0,10.0,105.7;..
% 42.9,108.3,10.9,3.2,11.0,116.4];
figure

plot(inductedvol,frictionwork,'d")
title ('Friction Work Vs Inducted Volume for VarislEng Specs')

xlabel ('Inducted Volume (cc)')
ylabel ('Work (J)")

coeffs2=polyfit(inductedvol,frictionwork,2);
hold on
polyval2data=polyval(coeffs2,xpoints);
plot(xpoints,polyval2data,'Color',[0,0.5,0.5]);

axis([min(inductedvol)-15 max(inductedvol)+10 ...
min(frictionwork)-5 max(frictionwork+5)]);

text (22,max(frictionwork)+2.0,'Bore")

text (40,max(frictionwork)+2.0,'= 61.3mm")
text (22,max(frictionwork)+0.5,'E.O.Press')
text (40,max(frictionwork)+0.5,'= 1 atm’)

text (22,max(frictionwork)-1,'Const Maximum')
text (22,max(frictionwork)-2.5,'Pressure")

text (40,max(frictionwork)-2.5,'= 6.5 MPa')
text (22,max(frictionwork)-4,'Const Burn Start')
text (40,max(frictionwork)-5.5,'= -27 deg')

for counter=1:m;
if counter==1
speclabel=sprintf('Spec%a4.1f' ,version(ceunt
text(inductedvol(counter),frictionwork(cden)+0.5,speclabel,'Color',[0,.5,0.5],'Rotatior0])9
else
speclabel=sprintf('%4.1f ,version(countgr))
text(inductedvol(counter),frictionwork(caen)+0.5,speclabel,'Color',[0,.5,0.5],'Rotatior0])9

end
end

convpistspeed.m

%ocalculate conventional piston speed
dtheta=pi/180;
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theta=pi/2:dtheta:5*pi/2;

stroke=0.05;

throw=stroke/2

conrod=0.07,;

RPM=5000;

omega=RPM*pi/30;
pistpos=sin(theta)*throw+sqrt(conrod"2-(cos(thetiaéw). 2)

pistvel = diff(pistpos)/(dtheta/omega);
pistacc=diff(pistvel)/(dtheta/omega)
subplot(3,1,1)

plot (1:361,pistpos)

title('pistpos')

maxpos=sprintf('max Vel = %4.1f',;max(pistpos));
text (1,1,maxpos)

subplot(3,1,2)

plot(1:360,pistvel)

title('pistvel’)

maxvel=sprintf('max Vel = %4.1f' ,max(pistvel));
text (1,1,maxvel)

subplot(3,1,3)

plot (1:359,pistacc)

title('pistacc’)

maxacc=sprintf('max Acc = %4.1f', max(pistacc));
text (1,1,maxacc)

ecp.m

function [h,u,v,s,Y,cp,dIVIT,dIvip]=ecp(p,T,phi,fitgpe,airscheme, Yguess);
%

% [h,u,v,s,Y,cp,dIvIT dIvip]=ecp(p, T,phi,fueltypérscheme, Yguess)

%

% Routine to determine the equilibrium state of bastion products.

% Method closely follows that of:

% 1. Ferguson, C.R., 1986, "Internal Combustionigasj, Wiley, p122;

% which uses the method described by:

% 2. Olikara, C., and Borman, G.L., 1975, "A CongplRrogram for

% Calculating Properties of Equilibrium Combustroducts with

% Some Applications to I.C. Engines", SAE PaperdB&0

% *kkkkkkkkkkhkkkkkkk
% input:

% p,T,phi - pressure (Pa), temperature (K), andvatgnce ratio

% fueltype - 'gasoline’, 'diesel’, etc - see fuidna for full list

% airscheme - 'GMcB' (Gordon and McBride) or 'Charnk

% Yguess - (optional) initial estimate for moledtians of the

% species CO2 H20 N2 02 CO H2 H O OH and NO

% output:

% h - enthalpy (J/kg), u - internal energy (J/kg),

% v - specific volume (m”"3/kg), s - entropy (J/kgK)

% Y - mole fractions of 10 species, cp - speciat(J/kgK),

% dIVIT - partial derivative of log(v) wrt log(T)

% dlvip - partial derivative of log(v) wrt log(p)

% *kkkkkkkkkkkkkkkkkk
[alpha,beta,gamma,delta,Afuel]=fueldata(fueltype);

switch airscheme

case 'GMcB'

AO=airdata('GMcB_hi");

case 'Chemkin’

AO=airdata('Chemkin_hi');

end

% Equilibrium constant data from Olikara and BorménFerguson

Kp=[ 0.432168E+00 -0.112464E+05 0.267269E+01 -0/44%-04 0.242484E-08
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0.310805E+00 -0.129540E+05 0.321779E+01 -0.7383B68:344645E-08
-0.141784E+00 -0.213308E+04 0.853461E+00 0.35506H.310227E-08
0.150879E-01 -0.470959E+04 0.646096E+00 0.2728@H-054444E-08
-0.752364E+00 0.124210E+05 -0.260286E+01 0.2595568.162687E-07
-0.415302E-02 0.148627E+05 -0.475746E+01 0.124689E.900227E-08];
MinMol=1e-25;

tol=3e-12;

Ru=8314.34; % J/kmol.K

M=[44.01 18.02 28.008 32.000 28.01 2.018 1.0097.60d9 30.004]'; % kg/kmol
dcdT=zeros(4,1);

dcdp=zeros(4,1);

dfdT=zeros(4,1);

dfdp=zeros(4,1);

dYdT=zeros(10,1);

dYdp=zeros(10,1);

B=zeros(4,1);

% check if solid carbon will form
eps=0.210/(alpha+0.25*beta-0.5*gamma);

if phi>(0.210/eps/(0.5*alpha-0.5*gamma))

error(‘phi too high - c(s) and other species vathf');

end

if nargin==5 % no Yguess so estimate the compasiiging farg
[h,u,v,s,Y,cp,divIT,dIvip]=farg(p, T,phi,1,fueltyp@rscheme);

Y (7:10)=ones(4,1)*MinMol; % since farg only returfisst 6 species

%Y(6)

else

Y=Yguess;

end

% evaluate constants

patm=p/101.325e3; % convert Pa to atmospheres
TKp=[log(T/1000) /T 1 T T~2]";

K=10.NKp*TKp);

c=K.*[1/sqrt(patm) 1/sqrt(patm) 1 1 sqrt(patm) $pettm)]’;
d=[beta/alpha (gamma-+0.42/eps/phi)/alpha (delts8f&is/phi)/alpha]’;
if abs(phi-1)<tol

phi=phi*(1+tol*sign(phi-1));

end

i=find(Y<MinMol);

Y (i)=ones(length(i),1)*MinMol;

DY 3to6=2*tol*ones(4,1);

MaxlIter=500;

MaxVal=max(abs(DY3t06));

Iter=0;

DoneSome=0;

while (Iter<Maxliter)&((MaxVal>tol)|(DoneSome<1))
lter=lter+1;

if lter>2,

DoneSome=1;

end

D76=0.5*c(1)/sqrt(Y(6));

D84=0.5*c(2)/sqrt(Y(4));
D94=0.5*c(3)*sqrt(Y(6)/Y(4));
D96=0.5*c(3)*sqrt(Y(4)/Y(6));
D103=0.5*c(4)*sqrt(Y(4)/Y(3));
D104=0.5*c(4)*sqrt(Y(3)/Y(4));
D24=0.5*c(5)*Y(6)/sqrt(Y(4));
D26=c(5)*sqrt(Y(4));
D14=0.5*c(6)*Y(5)/sqrt(Y(4));
D15=c(6)*sqrt(Y(4));

A(1,1)=1+D103;
A(1,2)=D14+D24+1+D84+D104+D94;
A(1,3)=D15+1;

A(1,4)=D26+1+D76+D96;

A(2,1)=0;

A(2,2)=2*D24+D94-d(1)*D14;
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A(2,3)=-d(1)*D15-d(1);
A(2,4)=2*D26+2+D76+D96;

A(3,1)=D103;
A(3,2)=2*D14+D24+2+D84+D94+D104-d(2)*D14;
A(3,3)=2*D15+1-d(2)*D15-d(2);
A(3,4)=D26+D96;

A(4,1)=2+D103:

A(4,2)=D104-d(3)*D14;

A(4,3)=-d(3)*D15-d(3);

A(4,4)=0;

%A

B(1)=-(sum(Y)-1);
B(2)=-(2*Y(2)+2*Y(6)+Y(7)+Y(9)-d(1)*Y (1)-d(1)*Y(5)):

B(3)=-(2*Y(1)+Y(2)+2*Y(4)+Y(5)+Y(8)+Y(9)+Y(10)-d(2)Y(1)-d(2)*Y(5));

B(4)=-(2*Y(3)+Y(10)-d(3)*Y(1)-d(3)*Y(5));
invA=inv(A);

DY3to6=invA*B;
MaxVal=max(abs(DY3t06));
Y(3:6)=Y(3:6)+DY3t06/10;
i=find(Y<MinMol);

Y (i)=ones(length(i),1)*MinMol;
Y(7)=c(1)*sart(Y(6));
Y(8)=c(2)*sart(Y(4));
Y(9)=c(3)*sart(Y(4)*Y(6));

Y (10)=c(4)*sqrt(Y(4)*Y(3));
Y(2)=c(5)*sart(Y(4))*Y(6);
Y(D)=c(6)*sart(Y(4))*Y(5);

end

if lter>=Maxlter

warning(‘convergence failure in composition loop");
end

TdKAT=[1/T -1/TA2 1 2*T];
dKdT=2.302585*K.*(Kp(:;,[1 2 4 5])*TdKdT);
dcdT(1)=dKdT(1)/sqrt(patm);
dcdT(2)=dKdT(2)/sqrt(patm);
dcdT(3)=dKdT(3);

dcdT(4)=dKdT(4);
dcdT(5)=dKdT(5)*sqgrt(patm);
dcdT(6)=dKdT(6)*sqgrt(patm);
dcdp(1)=-0.5*c(1)/p;

dcdp(2)=-0.5%c(2)/p;

dcdp(5)=0.5*c(5)/p;

dcdp(6)=0.5*c(6)/p;

x1=Y(1)/c(6);

x2=Y(2)/c(5);

X7=Y(7)/c(1);

x8=Y(8)/c(2);

x9=Y(9)/c(3);

x10=Y(10)/c(4);
dfdT(1)=dcdT(6)*x1+dcdT(5)*x2+dcdT(1)*x7+dcdT(2)*x8...
dcdT(3)*x9+dcdT(4)*x10;

D

dfdT(2)=2*dcdT(5)*x2+dcdT(1)*x7+dcdT(3)*x9-d(1)*d¢E(6)*x1;

dfdT(3)=2*dcdT(6)*x1+dcdT(5)*x2+dcdT(2)*x8+dcdT(3¥0+ ...
dcdT(4)*x10-d(2)*dcdT(6)*x1;
dfdT(4)=dcdT(4)*x10-d(3)*dcdT(6)*x1;
dfdp(1)=dcdp(6)*x1+dcdp(5)*x2+dcdp(1)*x7+dcdp(2)*x8
dfdp(2)=2*dcdp(5)*x2+dcdp(1)*x7-d(1)*dcdp(6)*x1;
dfdp(3)=2*dcdp(6)*x1+dcdp(5)*x2+dcdp(2)*x8-d(2)*dpd6)*x1;
dfdp(4)=-d(3)*dcdp(6)*x1;

B=-dfdT;

dYdT(3:6)=invA*B;
dYdT(1)=sqrt(Y(4))*Y(5)*dcdT(6)+D14*dYdT(4)+D15*dYd(5);
dYdT(2)=sqrt(Y(4))*Y(6)*dcdT(5)+D24*dYdT(4)+D26*dYd(6);
dYdT(7)=sqrt(Y(6))*dcdT(1)+D76*dYdT(6);
dYdT(8)=sqrt(Y(4))*dcdT(2)+D84*dYdT(4);

126



dYdT(9)=sqrt(Y(4)*Y(6))*dcdT(3)+D94*dYdT(4)+D96*dYd(6);
dYdT(10)=sqrt(Y(4)*Y(3))*dcdT(4)+D104*dYdT(4)+D103¥YdT(3);
B=-dfdp;

dYdp(3:6)=invA*B;
dYdp(1)=sqrt(Y(4))*Y(5)*dcdp(6)+D14*dYdp(4)+D15*dY(5);
dYdp(2)=sqrt(Y(4))*Y(6)*dcdp(5)+D24*dYdp(4)+D26*dYi(6);
dYdp(7)=sqrt(Y(6))*dcdp(1)+D76*dYdp(6);
dYdp(8)=sqrt(Y(4))*dcdp(2)+D84*dYdp(4);
dYdp(9)=D94*dYdp(4)+D96*dYdp(6);
dYdp(10)=D104*dYdp(4)+D103*dYdp(3);

% calculate thermodynamic properties

TcpO=[1 T TA2 T3 T/,

ThO=[1 T/2 T~2/3 T"3/4 T"4/5 1/T];

TsO=[log(T) T TA2/2 T"3/3 T"4/4 1]’;

cp0=A0(:,1:5)*TcpO;

h0=A0(:,1:6)*Th0;

s0=A0(:,[1:5 7])*TsO0;

% Y(1) and Y(2) reevaluated

Y(1)=(2*Y(3)+Y(10))/d(3)-Y(5);
Y(2)=(d(1)/d(3)*(2*Y(3)+Y(10))-2*Y(6)-Y(7)-Y(9))/2;
i=find(Y<MinMol);

Y (i)=ones(length(i),1)*MinMol;

% properties of mixture

h=sum(h0.*Y);

s=sum((s0-log(Y)).*Y);

cp=sum(Y.*cp0+h0.*dYdT*T);

MW=sum(Y.*M);

MT=sum(dYdT.*M);

Mp=sum(dYdp.*M);

R=Ru/MW;

v=R*T/p;

cp=R*(cp-h*T*MT/MW);

diviIT=1+max(-T*MT/MW,0);

divlp=-1-max(p*Mp/MW,0);

h=R*T*h;

s=R*(-log(patm)+s);

u=h-R*T;

enginedata.m

% enginedata.m
%

% Script file used by the function ahrind.m to

% define the engine properties and initial condiio
% ***** angine geometry

global b stroke eps r Cblowby f fueltype airscheghe...
thetas thetab omega ...

heattransferlaw hcu hcb ...

Tw thetal Vtdc Vbdc massl ...

pl T1 V1 minV maxinV maxexV ...
compressedvolindex plotindex ...

cylindervolume crankoffset conrod ...

crankthrow uppercrankoffset upperconrod ...
uppercrankthrow cranktocrank exportheight ...
uppercranklag thetacorrected maxinvolindex ...
maxexpandvolindex thetaignition upstroke downstraieM...
muoil mu Vtdc fRC1

b=0.0613; % engine bore (m)0.0613
stroke=0.050; % engine stroke (m) -- use upstrokedown stroke as relative piston movement

eps=0.25; % half stroke to rod ratio, s/2l
%YVolume remaining in spark plug thread after agdug inserted (m”3)
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splugvolume=1.6E-6; % (m~"3) !!!!(original=0.8*1®@"-added 1.6 for piston chamber, 0.8 for pist crae)!!
muoil=1.5*1e-2;%o0il viscosity (Ns/m"2)
mu=0.055; %coeff pof boundary layer friction
%engine crankcase volume (m”"3)
volcase=7*10-4;
r=10; % compression ratio -- set actual compressatio A.C.R to 10
%\Vtdc=pi/4*b"2*stroke/(r-1); % volume at TDC replaced with minV
%Vbdc=pi/4*b"2*stroke+Vtdc; % volume at BDC replaced with maxinV and
%maxexV
Vtdc=cylindervolume(compressedvolindex);
% ***** angine thermofluids parameters
% Cblowby=8.0; % piston blowby constant (s"-1) (@s8standard)
f=0.05; % total residual fraction i.e. after spatig ports exposed
fRC1=0.1; % total residual fraction i.e. after dpplug ports exposed , fRC1=0.025;
fueltype='gasoline’;
airscheme='GMcB";
phi=1.0; % equivalence ratio
% thetas=-20/180%*pi; % start of burn relative tmmbmpressed vol created in slider-bar-input

% thetab=70*pi/180; % burn duration angle createslider-bar-input
% RPM=1400;
omega=RPM*pi/30; % engine speed in rad/s
heattransferlaw="constant’; % ‘constant’, or 'Woich
hcu=500; % unburned zone heat transfer coefficiaighting
hcb=500; % burned zone heat transfer coefficiengftiag
Tw=420; % engine surface temperature
% **** initial conditions
p1=100e3;
T1=370; %initial inducted gas temp
%thetal=-pi; thetal created in 'pistonclash’

%V1=Vbdc;
[h1,ul,vl,s1,Y1,cpl,diviTl,dIvipl]=farg(pl,T1,phiifeltype,airscheme);

masscase=volcase/vl;
massl=maxinV/vl,
Ul=ul*massl;

% masslowerpist=0.300; % as for 60mm stroke

% massupperpist=0.260;

masslowerpist=0.450;% revert to above values dbpimass for general comparison of engine specs
massupperpist=0.450;% use measured values to asseparison with prototype

enginespecoptsizechosen6.m - the engine spemfisadetermined from the
optimisation process to produce the maximum efficye This file is representative
of all engine specification files.

%Enter Engine configuration specifications

function [version,uppercrankoffset,upperconrod,upmnkthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange, ...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esggoeptsizechosen6

version=sprintf('Chosen %3.0f ',6);
splugport=8;

% enter upper crank offset in mm
uppercrankoffset=-9.2/1000; %0
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% enter upper con rod length in mm
upperconrod=50.5/1000; %33.3

% enter upper crank throw in mm
uppercrankthrow=37.1/1000; %23

% enter lower crank offset in mm
crankoffset=-9.2/1000; %0

% enter lower con rod length in mm
conrod=48.0/1000; %32.5

% enter lower crank throw in mm
crankthrow=36.5/1000; %20

% enter crank to crank vertical height
cranktocrank=98.5/1000; %64

% enter exhaust and inlet port opening height
exportheight=12.5/1000;%8

%enter crank lag in degrees
uppercranklag=6.8; %

%enter burn start in degrees
thetasdeg=-25.5; %

%enter burn duration in degrees
thetabdeg=60; %

% Set range for slider-bars

uppercrankoffsetrange=[-40:0.2:0];
upperconrodrange=[40:0.2:80];
uppercrankthrowrange=[25:0.2:50];
crankoffsetrange=[-40:0.2:0];
conrodrange=[40:0.2:80];
crankthrowrange=[25:0.2:50];
cranktocrankrange=[80:0.2:100];
exportheightrange=[0:0.2:40];
uppercranklagrange=[-10:0.2:10];
thetasdegrange=[-50:0.02:-0];
thetabdegrange=[20:0.02:100];

enginespecprototype.m - the specifications achi@vélte prototype and are the
engine specifications used for the engine tests.

%Enter Engine configuration specifications

function [version,uppercrankoffset,upperconrod,upmnkthrow,crankoffset,...
conrod,crankthrow,cranktocrank,exportheightarppanklag,...
uppercrankoffsetrange,upperconrodrange,uppedtinowrange,...
crankoffsetrange,conrodrange,crankthrowrangelitocrankrange, ...
exportheightrange,uppercranklagrange,thetaiuggbdeg, ...
thetasdegrange,thetabdegrange,splugport]=esggneptsizechosen4

version=sprintf('Prot 1 measured');
splugport=8;

% enter upper crank offset in mm
uppercrankoffset=-7.5/1000; %0

% enter upper con rod length in mm
upperconrod=44.5/1000; %33.3
% enter upper crank throw in mm
uppercrankthrow=26.3/1000; %23
% enter lower crank offset in mm
crankoffset=-7.4/1000; %0

% enter lower con rod length in mm
conrod=41.5/1000; %32.5

% enter lower crank throw in mm
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crankthrow=25.5/1000; %20

% enter crank to crank vertical height
cranktocrank=86.9/1000; %64

% enter exhaust and inlet port opening height
exportheight=17.2/1000;%8

%enter crank lag in degrees
uppercranklag=0; %

%enter burn start in degrees
thetasdeg=-23; %

%enter burn duration in degrees
thetabdeg=60; %

% Set range for slider-bars

uppercrankoffsetrange=[-10:0.2:0];
upperconrodrange=[40:0.2:50];
uppercrankthrowrange=[20:0.2:30];
crankoffsetrange=[-10:0.2:0];
conrodrange=[40:0.2:50];
crankthrowrange=[20:0.2:30];
cranktocrankrange=[80:0.2:90];
exportheightrange=[0:0.2:20];
uppercranklagrange=[-10:0.2:10];
thetasdegrange=[-50:0.02:-0];
thetabdegrange=[20:0.02:100];

farg.m

function [h,u,v,s,Y,cp,dIvVIT,dIvip]=farg(p, T,phifijeltype,airscheme);
%

% [h,u,v,s,Y,cp,dIvIT dIvip]=farg(p, T,phi,f,fueltypairscheme)

%

% Routine to determine the state of mixtures of, faie

% and residual combustion products at low tempegatu

% Method closely follows that of:

% 1. Ferguson, C.R., 1986, "Internal Combustionigas], Wiley, p108;
% who uses the results of:

% 2. Hires, S.D., Ekchian, A., Heywood, J.B., Talyaski, R.J., and
% Wall, J.C., 1976, "Performance and NOx Emissipsleling of a Jet
% Ignition Pre-Chamber Stratified Charge Engine®ESTrans., Vol 85,
% Paper 760161.

% *kkkkkkkkkkkkkkkkkk
% input:

% p,T,phi - pressure (Pa), temperature (K), andvatgnce ratio

% f - residual mass fraction; set f=0 if no commrsproducts

% are present and f=1 if only combustion produntspaesent

% fueltype - 'gasoline’, 'diesel’, etc - see fuedna for full list

% airscheme - 'GMcB' (Gordon and McBride) or 'Charnk

% output:

% h - enthalpy (J/kg), u - internal energy (J/kg),

% v - specific volume (m”"3/kg), s - entropy (J/kgK)

% Y - mole fractions of 6 species: CO2, H20, N2, 0D, and H2,

% cp - specific heat (J/kgK),

% dIVIT - partial derivative of log(v) wrt log(T)

% dlvip - partial derivative of log(v) wrt log(p)

% *kkkkkkkkkkhkkkkkkk
[alpha,beta,gamma,delta,Afuel]=fueldata(fueltype);

switch airscheme

case 'GMcB'

A=airdata('GMcB_low");

case 'Chemkin’

A=airdata(‘Chemkin_low");

end
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Ru=8314.34; % J/kmolK

table=[-11001-1];

M=[44.01 18.02 28.008 32.000 28.01 2.018]"; % kggkm
MinMol=1e-25;

diviT=1; divlp=-1;
eps=0.210/(alpha+0.25*beta-0.5*gamma);

if phi <= 1.0 % stoichiometric or lean
nu=[alpha*phi*eps beta*phi*eps/2 0.79+delta*phi*éps..
0.21*(1-phi) 0 O]

dcdT=0;

else % rich

z=1000/T;
K=exp(2.743+z*(-1.761+z*(-1.611+z*0.2803)));
dKdT=-K*(-1.761+z*(-3.222+2*0.8409))/1000;

a=1-K;
b=0.42-phi*eps*(2*alpha-gamma)+K*(0.42*(phi-1)+algtphi*eps);
c=-0.42*alpha*phi*eps*(phi-1)*K;
nu5=(-b+sqrt(b"2-4*a*c))/2/a;
dcdT=dKdT*(nu5"2-nu5*(0.42*(phi-1)+alpha*phi*eps)+
0.42*alpha*phi*eps*(phi-1))/(2*nu5*a+b);
nu=[alpha*phi*eps-nu5 0.42-phi*eps*(2*alpha-gammal5 ...
0.79+delta*phi*eps/2 0 nu5 0.42*(phi-1)-nu5]’;

end

% mole fractions and molecular weight of residual
tmoles=sum(nu);

Y=nu/tmoles;

Mres=sum(Y.*M);

% mole fractions and molecular weight of fuel-air
fuel=eps*phi/(1+eps*phi);

02=0.21/(1+eps*phi);

n2=0.79/(1+eps*phi);
Mfa=fuel*(12.01*alpha+1.008*beta+16*gamma+14.01%d¢+ ...
32*02+28.02*n2;

% mole fractions of fuel-air-residual gas
Yres=f/(f+Mres/Mfa*(1-f));

Y=Y*Yres;

Yfuel=fuel*(1-Yres);

Y(3)=Y(3)+n2*(1-Yres);

Y(4)=Y(4)+02*(1-Yres);

% component properties

TcpO=[1 T TA2 T"3 T4

ThO=[1 T/2 T"2/3 T"3/4 T"4/5 1/T];

TsO=[log(T) T T72/2 TA3/3 T"4/4 1];
cp0=A(1:6,1:5)*TcpO0;

h0=A(1:6,1:6)*ThO;

s0=A(1:6,[1:5 7])*TsO0;
Mfuel=12.01*alpha+1.008*beta+16.000*gamma-+14.01tatel
a0=Afuel(1); bO=Afuel(2); cO=Afuel(3); dO=Afuel(60=Afuel(7);
cpfuel=Afuel(1:5)*1 T TA2 T3 1/T 2]
hfuel=Afuel(1:6)*[1 T/2 T~2/3 T"3/4 -1/T"2 1/T];
sOfuel=Afuel([1:5 7])*[log(T) T T~2/2 TA3/3 -1/T 2/ 1]
% set min value of composition so log calculatiamsk

if Yfuel<MinMol

Yfuel=MinMol;

end

i=find(Y<MinMol);

Y (i)=ones(length(i),1)*MinMol;

% properties of mixture

h=hfuel*Yfuel+sum(h0.*Y);
s=(s0fuel-log(Yfuel))*Yfuel+sum((s0-log(Y)).*Y);
cp=cpfuel*Yfuel+sum(cp0.*Y)+sum(hO0.*table*T*dcd T*¥as/tmoles);
MW=Mfuel*Yfuel+sum(Y.*M);

R=Ru/MW;

h=R*T*h;

u=h-R*T;
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v=R*T/p;
s=R*(-log(p/101.325e3)+s);
cp=R*cp;

ferguson.txt

-180.
-170.
-160.
-150.
-140.

698.
695.
684.
666.
641.

. 1.00 NaN 350.
.1.01 NaN 353.
. 1.04 NaN 357.
. 1.08 NaN 362.
. 1.14 NaN 369.

0.0.0.714 0.

-0.-1.0.714-0.14
-1.-2.0.713-0.28
-3.-4.0.713 -0.42
-6.-4.0.712 -0.56

-130.
-120.
-110. 527.
-100. 477
-90. 424.

609.
571.

.1.23 NaN 377.
. 1.35 NaN 386.

-10.-5.0.712 -0.69
-15.-6.0.711-0.81

. 1.50 NaN 398. -21. -6. 0.711 -0.93
.0.1.72 NaN 413. -29. -7. 0.710 -1.05
0.2.01 NaN 430. -39.-7.0.710-1.15

-80. 368. 0. 2.43 NaN 451. -51. -6. 0.709 -1.25

-70. 312. 0. 3.02 NaN 476. -67. -6. 0.709 -1.34

-60. 257. 0. 3.91 NaN 507. -85.-5. 0.708 -1.41

-50. 205. 0. 5.24 NaN 544. -109. -4. 0.708 -1.46

-40. 160. 0. 7.28 NaN 588. -137. -2. 0.708 -1.49

-30. 122. 0.017 10.90 2143. 647. -170. -0. 0.7049-1
-20. 93. 0.146 20.93 2296. 752. -212. 5. 0.7075-1.4
-10. 76. 0.371 38.59 2439. 863. -262. 14. 0.7084-1.
0.70. 0.629 56.28 2514. 936. -289. 27. 0.706 -1.15
10. 76. 0.854 61.31 2497. 952. -253. 41. 0.7051-0.9
20. 93. 0.983 52.13 2400. 916. -152. 57. 0.70%8-0.6
30. 122. 1.000 37.80 2248. NaN -26. 73. 0.704 -0.53
40. 160. 1.000 26.80 2091. NaN 94. 88. 0.704 -0.50
50. 205. 1.000 19.40 1948. NaN 198. 104. 0.7038-0.5
60. 257. 1.000 14.51 1822. NaN 284. 119. 0.70%-0.7
70.312.1.000 11.24 1714. NaN 355. 134. 0.702-0.9
80. 368. 1.000 8.99 1621. NaN 411. 149. 0.702 -1.30
90. 424.1.000 7.42 1541. NaN 457. 165. 0.701 -1.67
100. 477. 1.000 6.29 1472. NaN 493. 180. 0.7019-2.0
110. 527. 1.000 5.47 1412. NaN 522. 195. 0.7004-2.5
120.571. 1.000 4.86 1360. NaN 545. 210. 0.70(8-3.0
130. 609. 1.000 4.40 1315. NaN 563. 225. 0.70(-3.5
140. 641. 1.000 4.05 1276. NaN 576. 240. 0.699-4.1
150. 666. 1.000 3.79 1241. NaN 586. 255. 0.699/-4.6
160. 684. 1.000 3.60 1212. NaN 593. 269. 0.698-5.2
170. 695. 1.000 3.47 1186. NaN 596. 283. 0.698-5.8
180. 698. 1.000 3.39 1165. NaN 598. 297. 0.6978-6.4

[eNololooNoNoNeNe]

fueldata.m

function [alpha,beta,gamma,delta,Afuel]=fueldatalfu

%

% [alpha,beta,gamma,delta,Afuel]=fueldata(fuel)

%

% Routine to specify the thermodynamic properties fuel.

% Data taken from:

% 1. Ferguson, C.R., 1986, "Internal Combustionigas], Wiley;

% 2. Heywood, J.B., 1988, "Internal Combustion Begrundamentals”,
% McGraw-Hill; and

% 3. Raine, R. R., 2000, "ISIS_319 User Manual'fd@k Engine Group.
% *kkkkhkkhkkkkkkkkkkhkk
% input:

% fuel switch

% from Ferguson: 'gasoline’, 'diesel', 'metham&thanol’,

% 'nitromethane’, 'benzene’;
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% from Heywood: 'methane_h', ‘propane’, 'hexasebcttane_h',

% 'methanol_h', 'ethanol’, 'gasoline_h1', gasohgg 'diesel_h'";

% from Raine: 'toluene’, 'isooctane’.

% output:

% alpha, beta, gamma, delta - number of C, H, @ Maatoms

% Afuel - vector of polynomial coefficients for ¢®/h/RT, and s/R

% of the form h/RT=al+a2*T/2+a3*T"2/3+a4*T"3/4-a52Fa6/T (for
% example) where T is expressed in K.

% *kkkkkkkkkkhkhkkkkk

% Set values for conversion of Heywood data to madsional format

% with T expressed in K

SVal=4.184e3/8.31434;

SVec=SVal*le-3 1le-6 1le-9 1le-12 1e3 1 1];

switch fuel

case 'gasoline' % Ferguson

alpha=7; beta=17; gamma=0; delta=0;

Afuel=[4.0652 6.0977E-02 -1.8801E-05 0 0 -3.5880£16.45];

case 'diesel' % Ferguson

alpha=14.4; beta=24.9; gamma=0; delta=0;

Afuel=[7.9710 1.1954E-01 -3.6858E-05 0 0 -1.9385E+D07879];

case 'methane’ % Ferguson

alpha=1; beta=4; gamma=0; delta=0;

Afuel=[1.971324 7.871586E-03 -1.048592E-06 0 036422E+03 8.873728];
case 'methanol’ % Ferguson

alpha=1; beta=4; gamma=1; delta=0;

Afuel=[1.779819 1.262503E-02 -3.624890E-06 0 023420E+04 1.50884E+01];
case 'nitromethane' % Ferguson

alpha=1; beta=3; gamma=2; delta=1;

Afuel=[1.412633 2.087101E-02 -8.142134E-06 0 0263b1E+04 1.917126E+01];
case 'benzene' % Ferguson

alpha=6; beta=6; gamma=0; delta=0;

Afuel=[-2.545087 4.79554E-02 -2.030765E-05 0 0 8ZBE+03 3.348825E+01];
case 'toluene' % Raine

alpha=7; beta=8; gamma=0; delta=0;

Afuel=[-2.09053 5.654331e-2 -2.350992e-5 0 0 4381441 34.55418257];
case 'isooctane' % Raine

alpha=8; beta=18; gamma=0; delta=0;

Afuel=[6.678E-1 8.398E-2 -3.334E-5 0 0 -3.058E+352E+1];

case 'methane_h' % Heywood

alpha=1; beta=4; gamma=0; delta=0;

Afuel=[-0.29149 26.327 -10.610 1.5656 0.16573 -38.39.9887/SVal].*SVec;
case 'propane' % Heywood

alpha=3; beta=8; gamma=0; delta=0;

Afuel=[-1.4867 74.339 -39.065 8.0543 0.01219 -23.36.4796/SVal].*SVec;
case 'hexane' % Heywood

alpha=6; beta=14; gamma=0; delta=0;

Afuel=[-20.777 210.48 -164.125 52.832 0.56635 -36.89.5542/SVal].*SVec;
case 'isooctane_h' % Heywood

alpha=8; beta=18; gamma=0; delta=0;

Afuel=[-0.55313 181.62 -97.787 20.402 -0.03095 76Q.27.2162/SVal].*SVec;
case 'methanol_h' % Heywood

alpha=1; beta=4; gamma=1; delta=0;

Afuel=[-2.7059 44.168 -27.501 7.2193 0.20299 -48.38.1406/SVal].*SVec;
case 'ethanol' % Heywood

alpha=2; beta=6; gamma=1; delta=0;

Afuel=[6.990 39.741 -11.926 0 0 -60.214 8.01623/5¥aVec;

case 'gasoline_h1' % Heywood

alpha=8.26; beta=15.5; gamma=0; delta=0;

Afuel=[-24.078 256.63 -201.68 64.750 0.5808 -27.BBM].*SVec;

case 'gasoline_h2' % Heywood

alpha=7.76; beta=13.1; gamma=0; delta=0;

Afuel=[-22.501 227.99 -177.26 56.048 0.4845 -17.B&®].*SVec;

case 'diesel_h' % Heywood

alpha=10.8; beta=18.7; gamma=0; delta=0;

Afuel=[-9.1063 246.97 -143.74 32.329 0.0518 -50.N2®\].*SVec;
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end

lowerconrodinclination.m

function
lowerconrodangle=lowerconrodinclination(lower_pmasitionmm,thetacorrected,crankoffsetmm,conrodmen,cr
nkthrowmm,omega)

% function to calculate the lower con rod inclioati lowerconrodangle in radians.

smallendmm=lower_pist_positionmm;
xbigendmm=cos(thetacorrected)*crankthrowmm-+crardeifim;
ybigendmms=sin(thetacorrected)*crankthrowmm;

lowerconrodangle=acos(-xbigendmm/conrodmm);

lowerpistfriction.m

function
[lowerpistfrictwork,dSlowerdt,d2Slowerdt2,lowercadiangle,conrodtensionlower,normallower,fAlower,...
lowerpistfrictionvar,lowerpistfrictworkaBtNolower]=...
lowerpistfriction(engpressure,lower_pist_pasithm,thetacorrected,...
lowercrankoffsetmm,lowerconrodmm,lowercrankttnam,omega,masslowerpist,b,thetaworkcycleindex,...
downstroke,muoil,mu,lowercranklag,cranktocran®m

% Function to determine the side thrust on the tewpiston by calculating
% the pressure in the cylinder, the con rod intiomeand the piston

% acceleration.

% Assumes constant crankshaft speed

casepress=0.8*1e5;

% calc piston velocity

dSlowerdt=diff(lower_pist_positionmm/1000)/(pi/18@iega);

% addelement=find(dSlowerdt==min(dSlowerdt));

% dSlowerdt=[dSlowerdt(1:addelement),min(dSlowed®)owerdt(addelement+1:end)];
dSlowerdt = spline(1:length(dSlowerdt),dSlowerdspace(1,length(dSlowerdt),360));

% calc piston acceleration
d2Slowerdt2=diff(dSlowerdt)/(pi/180/omega);

% repeat first element to return vector to origilealgth
d2Slowerdt2 = spline(1:length(d2Slowerdt2),d2Slait2finspace(1,length(d2Slowerdt2),360));
%d2Slowerdt2=[d2Slowerdt2(1),d2Slowerdt2]

lowerconrodangle=lowerconrodinclination(lower_ppsitionmm,thetacorrected,...
lowercrankoffsetmm,lowerconrodmm,lowercranktimam,omega);

%calc stroke for this application
stroke=(max(lower_pist_positionmm)-min(lower_pisdsgionmm))/1000

%masslowerpist=(0.7+stroke/.09*0.3)*masslowerpist
masslowerpist

%Force in y-direction =acc in y-direction*piston ssa

%Fy=d2Slowerdt2*masslowerpist;

% Force on piston (Fy) = force in con rod (Fcontsf)lowerconrodangle) -

% pressure in cylinder*area - friction ASSUME fiat is hydrodynamic for piston speeds over 1m/s.
% ASSUME boundary friction (metal to metal) for sge< 1m/s

% with coeff of friction =0.05

% As an initial estimate of normal force (to giveabing pressure) use
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% mu=0.01 for entire piston motion, therefore

% Loop the friction calc using previously deterndrigommerfield numbers n
% times

n=50;
fA=.001*ones(1,length(lowerconrodangle));
for k=1:n;
ftemp=fA;
for counterA=1:length(lowerconrodangle);

if dSlowerdt(counterA)<0
lowerpistfrictionvar(counterA)=abs((rsémverpist*d2Slowerdt2(counterA)-(engpressure(cethy)-
casepress)*pi*(b/2)"2)/...
(abs(tan(lowerconrodangle(counterAjg)fip(counterA)+1));
else
lowerpistfrictionvar(counterA)=-abs((ssowerpist*d2Slowerdt2(counterA)-(engpressure(teuk)-
casepress)*pi*(b/2)"2)/...
(abs(tan(lowerconrodangle(counterAjg)fip(counterA)-1));

end
end

% calculate normal force from coeff friction andiggler projected area
normallower=lowerpistfrictionvar./ftemp;

% determine Stribeck relation between # and cddffiction (f) from plot
% use as input into Stribeck calculation

graphStNoR=[-5.8 -3];

graphfR=[-3 -1.3];

StNofitR=polyfit(graphStNoR,graphfR,1);

graphStNoM=[-6.8 -6.5 -6.41 -6.1 -5.8];
graphfM=[-1.3-1.5-2.1 -2.85 -3];
StNofitM=polyfit(graphStNoM,graphfM,3);

%calc Stribeck number
StNo=muoil*abs(dSlowerdt)./(abs(normallower)/(btste));

%determine corresponding coeff of friction
fR=10.”(polyval((StNofitR),log10(StNo)));
fM=10.*(polyval((StNofitM),log10(StNo)));

for counterB=1:length(lowerconrodangle);

if StNo(counterB)<=10"-6.8 & dSlowerdt(cderB)<=0
lowerpistfrictionvar(counterB)=abs((massépist*d2 Slowerdt2(counterB)-(engpressure(counterB)
casepress)*pi*(b/2)"2)/...
(abs(tan(lowerconrodangle(counterB)j));
elseif StNo(counterB)<=10"-6.8 & dSlowerdt(ctens)>0
lowerpistfrictionvar(counterB)=-abs((massépist*d2 Slowerdt2(counterB)-(engpressure(counkerB
casepress)*pi*(b/2)"2)/...
(abs(tan(lowerconrodangle(counterB)jh));
elseif StNo(counterB)<=107-5.8 & StNo(counterB)"-6.8 & dSlowerdt(counterB)<=0
lowerpistfrictionvar(counterB)=abs((massémpist*d2 Slowerdt2(counterB)-(engpressure(counterB)
casepress)*pi*(b/2)"2)/...
(abs(tan(lowerconrodangle(counterBy)jfounterB)+1));
elseif StNo(counterB)<=107-5.8 & StNo(counterB)"-6.8 & dSlowerdt(counterB)>0
lowerpistfrictionvar(counterB)=-abs((masstpist*d2 Slowerdt2(counterB)-(engpressure(counterB
casepress)*pi*(b/2)"2)/...
(abs(tan(lowerconrodangle(counterBy)jfounterB)-1));
elseif StNo(counterB)<107-3.5 & StNo(counterB®*-5.8 & dSlowerdt(counterB)<=0
lowerpistfrictionvar(counterB)=abs((massépist*d2 Slowerdt2(counterB)-(engpressure(counterB)
casepress)*pi*(b/2)"2)/...
(abs(tan(lowerconrodangle(counterBR{¢bunterB)+1));
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elseif StNo(counterB)<107-3.5 & StNo(counterB®*-5.8 & dSlowerdt(counterB)>0
lowerpistfrictionvar(counterB)=-abs((masstpist*d2 Slowerdt2(counterB)-(engpressure(counterB
casepress)*pi*(b/2)"2)/...
(abs(tan(lowerconrodangle(counterBR{(¢ounterB)-1)) ;
% Assume if StNo is very high,(pressure lvd/or speed high
%the piston is centrally located in cylinded f = 0.027
elseif StNo(counterB)>107-3.5 & dSlowerdt(coent)<=0
lowerpistfrictionvar(counterB)=abs((massémpist*d2 Slowerdt2(counterB)-(engpressure(counterB)
casepress)*pi*(b/2)"2)/...
(abs(tan(lowerconrodangle(counterB)p2a+1));
else
lowerpistfrictionvar(counterB)=-abs((massépist*d2 Slowerdt2(counterB)-(engpressure(counkerB
casepress)*pi*(b/2)"2)/...
(abs(tan(lowerconrodangle(counterB)p4a-1));

end
end

% obtain lower piston position increments with"diff

lower_pist_position_diff=diff(lower_pist_positionmifr000);

lower_pist_position_diff=spline(1:length(lower_pigbsition_diff),lower_pist_position_diff,...
linspace(1,length(lower_pist_position_diff),380

% lowerpistfrictworkall=abs(lowerpistfrictionvarabs(lower_pist_position_diff);
%
% lowerpistfrictwork=sum(lowerpistfrictworkall);

% calc conrod compress/tension load (tension=pesiti
for counterC=1:length(lowerconrodangle);

if StNo(counterC)<=10"-6.8
% counterC
normallower(counterC)=lowerpistfrictionveotnterC)/mu;
fA(counterC)=mu;
elseif StNo(counterC)<=10"-5.8
normallower(counterC)=lowerpistfrictionveotnterC)/fM(counterC);
fA(counterC)=fM(counterC);
else
normallower(counterC)=lowerpistfrictionveonterC)/fR(counterC);
fA(counterC)=fR(counterC);
end
end

conrodtensionlower=(-masslowerpist*d2Slowerdt2- (@egsure-casepress)*pi*(b/2)"2+...
lowerpistfrictionvar)./sin(lowerconrodangle);

%-normallower./cos(lowerconrodangle);
% lowerpistfrictionvar

end

fAlower=fA;

lowerpistfrictionvar;

normallower;

StNolower=StNo;
lowerpistfrictworkall=abs(lowerpistfrictionvar).*aflower_pist_position_diff);

lowerpistfrictwork=sum(lowerpistfrictworkall);
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lowerringfriction.m

function
[lowerringfrictwork]=lowerringfriction(dSlowerdt,d2lowerdt2,lower_pist_positionmm,b,muoil,mu,engpuesy

’

lowerringtension=20;
ringwidth=0.0023;

% determine Stribeck relation between # and cddffiation (f) from plot
% use as input into Stribeck calculation

graphStNoR=[-5.8 -3];

graphfR=[-3 -1.3];

StNofitR=polyfit(graphStNoR,graphfR,1);

graphStNoM=[-6.8 -6.5 -6.41 -6.1 -5.8];
graphfM=[-1.3 -1.5 -2.1 -2.85 -3];
StNofitM=polyfit(graphStNoM,graphfM,3);

%calc Stribeck number
StNo=muoil*abs(dSlowerdt)./(lowerringtension/(b*prigwidth)+engpressure);
StNo2=muoil*abs(dSlowerdt)./(lowerringtension/(b*pngwidth)+engpressure/2);

%determine corresponding coeff of friction
fR=10.”(polyval((StNofitR),log10(StNo)));
fM=10.~(polyval((StNofitM),log10(StNo)));

% obtain lowerer piston position increments witff'di
lower_pist_position_diff=diff(lower_pist_positionnifr000);
lower_pist_position_diff=spline(1:length(lower_pigbsition_diff),lower_pist_position_diff,...
linspace(1,length(lower_pist_position_diff),380
for counter=1:length(engpressure);
if StNo(counter)<=10"-6.8

lowerringfriction(counter)=mu*(lowerringtension+egmgssure(counter)*pi*b*ringwidth).*sign(dSlowerdt(ent

en);
elseif StNo(counter)<=107-5.8

lowerringfriction(counter)=fM(counter)*(lowerringtsion+engpressure(counter)*pi*b*ringwidth).*sign(d®&e
rdt(counter));
else

lowerringfriction(counter)=fR(counter)*(lowerringteion+engpressure(counter)*pi*b*ringwidth).*sign{d®er
dt(counter));

end
end

for counter2=1:length(engpressure);
if StNo(counter2)<=10"-6.8

lowerringfriction2(counter2)=mu*(lowerringtensionagpressure(counter2)*pi*b*ringwidth).*sign(dSlowefcl
ounter2));
elseif StNo(counter2)<=10"-5.8

lowerringfriction2(counter2)=fM(counter2)*(lowermtension+engpressure(counter2)*pi*b*ringwidth). 1s{dS
lowerdt(counter2));
else

lowerringfriction2(counter2)=fR(counter2)*(lowergtension+engpressure(counter2)*pi*b*ringwidth). 1s{dSl
owerdt(counter2));

end
end

lowerringfrictworkall=abs(lowerringfriction).*absgiver_pist_position_diff);

137



lowerringfrictworkall2=abs(lowerringfriction2).*allwer_pist_position_diff);

lowerringfrictwork=sum(lowerringfrictworkall)+sundgiverringfrictworkall2);

pistfriction.m

function [pistfrictwork,dSdt,d2Sdt2,conrodangle,omitension,normal]=...
pistfriction(engpressure,_pist_positionmm,theteected,...
crankoffsetmm,conrodmm,crankthrowmm,omega, masbpghetaworkcycleindex,downstroke,muoil,mu)

% Function to determine the side thrust on thestop by calculating
% the pressure in the cylinder, the con rod intiomeand the piston
% acceleration.

% Assumes constant crankshaft speed

% calc piston velocity
dSdt=diff(_pist_positionmm/1000)/(pi/180/omega);
addelement=find(dSdt==min(dSdt));
dSdt=[dSdt(1:addelement),min(dSdt),dSdt(addelenieatid)];

% calc piston acceleration
d2Sdt2=diff(dSdt)/(pi/180/omega);

% repeat first and last element to return vectanriginal length
d2Sdt2=[d2Sdt2(1),d2Sdt2];

conrodangle=conrodinclination(_pist_positionmm #vetrrected,crankoffsetmm,conrodmm,crankthrowmm,ome
ga);

%calc stroke for this application
stroke=(max(_pist_positionmm)-min(_pist_positionnh)00;

%Force in y-direction =acc in y-direction*piston ssa
%Fy=d2Sdt2*masspist;

% Force on piston (Fy) = force in con rod (Fcontsif)fconrodangle) -

% pressure in cylinder*area - friction ASSUME fi@t is hydrodynamic for piston speeds over 1m/s.
% ASSUME boundary friction (metal to metal) for sge< 1m/s

% with coeff of friction =0.05

% As an initial estimate of normal force (to giveabing pressure) use
% mu=0.01 for entire piston motion, therefore

% Loop the friction calc using previously deterndrigommerfield numbers n
% times

n=5;
for k=1:n;

if k==1;
mutemp=0.01*ones(1,length(conrodangle));
else mutemp=f;
end
for counter=1:length(conrodangle);

if dSdt(counter)<0
pistfrictionvar(counter)=(masspist*d2Sdi@fater)+engpressure(counter)*pi*(b/2)"2)/...
(sin(conrodangle(counter))/(mutemp(detdyicos(conrodangle(counter)))-1);
else
pistfrictionvar(counter)=(masspist*d2Sdi@fater)+engpressure(counter)*pi*(b/2)"2)/...
(sin(conrodangle(counter))/(mutemp(dedricos(conrodangle(counter)))+1);
end
end
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% calculate normal force from coeff friction andiggler projected area
normal=pistfrictionvar./mutemp;

% determine Stribeck relation between # and cddffiction (f) from plot
% use as input into Stribeck calculation

graphStNo=[-6 -3];

graphf=[-3 -1.3];

StNofit=polyfit(graphStNo,graphf,1);

%ocalc Stribeck number
StNo=muoil*abs(dSdt)./(abs(normal)/(b*pi*(stroke)))

%determine corresponding coeff of friction
f=10.~(polyval((StNofit),log10(StNo0)));

for counter=1:length(conrodangle);

if StNo(counter)>0 & StNo(counter)<=0.01*1e-4d&dt(counter)<=0
pistfrictionvar(counter)=(masspist*d2Sdi@fater)+engpressure(counter)*pi*(b/2)"2)/...
(sin(conrodangle(counter))/(mu*cos(amangle(counter)))-1);
elseif StNo(counter)>0 & StNo(counter)<=0.014 & dSdt(counter)>0

pistfrictionvar(counter)=(masspist*d2&agounter)+engpressure(counter)*pi*(b/2)"2)/...

(sin(conrodangle(counter))/(mu*cos(amangle(counter)))+1);
elseif StNo(counter)>0.01*1e-4 & dSdt(counter)<
pistfrictionvar(counter)=(masspist*d2Sdi@fater)+engpressure(counter)*pi*(b/2)"2)/...
(sin(conrodangle(counter))/(f(countend(conrodangle(counter)))-1);
else
pistfrictionvar(counter)=(masspist*d2 Sdi@(nter)+engpressure(counter)*pi*(b/2)"2)/...
(sin(conrodangle(counter))/(f(countegd(conrodangle(counter)))+1);
end
end

% obtain piston position increments with'diff'
_pist_position_diff=diff(_pist_positionmm/1000);
_pist_position_diff=[_pist_position_diff,_pist_paisin_diff(end)];

% pistfrictworkall=abs(pistfrictionvar).*abs(_pigtosition_diff);
%
% pistfrictwork=sum(pistfrictworkall);

% calc conrod compress/tension load (tension=pesiti
for counter=1:length(conrodangle);

if StNo(counter)<0.01*1e-4
normal(counter)=pistfrictionvar(counter)/mu
else
normal(counter)=pistfrictionvar(counter(céunter);
end
end

conrodtension=normal./cos(conrodangle);
% pistfrictionvar

%alternative friction load if hydraudynamic lubria is sustained
%throughout the piston motion - assumes the filicktiess varies between
%0.03 and 1.0 micrometres linearly with speed*k2(s/20)"1.2*1e-6
%For speeds under 1m/s use boundary layer friction

% use first principle hydrodynamic theory sheeesg=viscosity*du/dy
%assume oil viscosity is for engine surface tenmpeea= 100 deg C , use
%1*10"-3 Ns/m”2
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boundaryindex=find(StNo<0.01*1e-4 ); %]| StNo>0.0&4%4
% assess the piston speed at current Stribeckticens

% dSdtStNo=zeros(1,length(conrodangle));

% dSdtStNo(boundaryindex)=StNo(boundaryindex);
% newStNocutoffindex=min(find(dSdtStNo==0));

% StNocutoffspeed=dSdt(newStNocutoffindex)
StNocutoffspeed=min(dSdt(boundaryindex));

pistfrictioncombined=zeros(1,length(pistfrictionyjgr
pistfrictioncombined(boundaryindex)=pistfrictiongboundaryindex);

end

% for counter=1:length(pistfrictioncombined);
% if pistfrictioncombined(counter)~= 0

% pistfrictioncombined(counter)=f(counterptrmal(counter);
% end
% end

pistfrictworkall=abs(pistfrictioncombined).*abs( spi position_diff);

pistfrictwork=sum(pistfrictworkall);

pistonclash.m

function [pistonclashmm,maxinvolmm,compressedvol@Rymaxexpandvolmm,...
piston_to_pistonmm,thetaignition]=...
pistonclash(upper_pist_positionmm, lower_pissiponmm,exportheightmm)

global thetas thetab omega

global heattransferlaw hcu hcb

global Tw thetal Vtdc Vbdc massl
global p1 T1 V1 minV maxinV maxexV

global cylindervolume crankoffset conrod

global crankthrow uppercrankoffset upperconrod

global uppercrankthrow cranktocrank exportheight
global uppercranklag thetacorrected maxinvolindex
global maxexpandvolindex thetaignition upstroke dstroke
global b stroke eps r Cblowby f fueltype airscheghe
global compressedvolindex plotindex portopenindex

piston_to_pistonmm=(upper_pist_positionmm-lowert gissitionmm);
%determine exhaust port opening
portcloseindex=max(find(lower_pist_positionmm < estheightmm));
portopenindex=10+max(find(lower_pist_positionmm@) > exportheightmm));

if isempty(portcloseindex)
portcloseindex=180
end

increments=length(upper_pist_positionmm);
pistonclashrange=increments/10;

pistonclashmm=min(piston_to_pistonmm(portcloseindestonclashrange:portcloseindex));

maxinvolmm=max(piston_to_pistonmm(1:increments/3));

maxinvolindex=max(find(piston_to_pistonmm==maxinvoh));
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compressedvolmm=min(piston_to_pistonmm(maxinvobndeaxinvolindex+180));

compressedvolindex=max(find(piston_to_pistonmm==g@asedvolmm));
CR=maxinvolmm/compressedvolmm;

maxexpandvolmm=max(piston_to_pistonmm(1:portclabex));
maxexpandvolindex=max(find(piston_to_pistonmm==mgpadvolmm));

%ER=maxexpandvol/compressedvol;

cylindervolume=(upper_pist_positionmm-lower_pistsiionmm)/1000*(b/2)"2*pi;

maxinV=cylindervolume(maxinvolindex);
minV=cylindervolume(compressedvolindex);
maxexV=cylindervolume(maxexpandvolindex);

upstroke=real((cylindervolume(maxinvolindex)-cylardolume(compressedvolindex))/(pi*(b/2)*2));

downstroke=real((cylindervolume(maxexpandvolindeylindervolume(compressedvolindex))/(pi*(b/2)"2));

thetaignition=(compressedvolindex+thetas/pi*1800/8; %-35*pi/180; % start of burning relative tdop

crank angles
thetal=maxinvolindex/180*pi;
V1=maxinV,

%determine exhaust port opening

plot_both_conrod_inclination.m

% M-file to plot both conrod inclination versus pkaangle after exhaust port
% close

plot(1:360,upperconrodangle/pi*180,1:360,lowercatanogle/pi*180)

text(45,20,'Spec’)
text(75,20,version)

title ('Conrod Inclination Vs Crank Angle after E)C

xlabel (‘Crank Angle after E.C. (Deg)")
ylabel ('Inclination (deg (big end as origin refece))’)

line ([1 360],[90 90])
line ([1 360],[270 270])

set(gca, XTick',[0 90 180 270 360]);
set(gca, XTickLabel',[0 90 180 270 360]);

legend(‘'Upper','Lower",0)

plot_both_pist_friction.m

% M-file to plot both piston friction versus craakgle after exhaust port
% close

plot(1:360,upperpistfrictionvar,1:360,lowerpisttiamvar)

title ('Piston Friction Vs Crank Angle after E.C.")
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xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Friction (N)(temporal)")
minvar=[min(upperpistfrictionvar),min(lowerpistftionvar)];
maxvar=[max(upperpistfrictionvar),max(lowerpisttianvar)];
axis([0 360 -50 100]);

set(gca, XTick',[0 90 180 270 360]);

set(gca, XTickLabel',[0 90 180 270 360]);

text(150,(max(maxvar))-0.1*(max(maxvar)-min(minya§pec’)
text(180,(max(maxvar))-0.1*(max(maxvar)-min(minJavgrsion)

legend(‘'Upper','Lower",0)

plot_both_piston_acc.m

% M-file to plot both piston acceleration versuardt angle after exhaust port

% close
plot(1:360,d2Supperdt2,1:360,d2Slowerdt2)

text(45,-2000,'Spec’)
text(75,-2000,version)

title ('Piston Acceleration Vs Crank Angle afteCE)

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel (‘Acceleration (m/s"2)")
minacc=[min(d2Supperdt2),min(d2Slowerdt2)];
maxacc=[max(d2Supperdt2),max(d2Slowerdt2)];
axis([0 360 -3000 5000]);

set(gca,' XTick',[0 90 180 270 360]);

set(gca, XTickLabel',[0 90 180 270 360]);

legend(‘'Upper','Lower",0)

plot_both_piston_vel.m

% M-file to plot both piston velocity versus craakgle after exhaust port
% close

plot(1:360,dSupperdt,1:360,dSlowerdt)

text(45,-5,'Spec’)
text(75,-5,version)

title ('Piston Velocity Vs Crank Angle after E.C.")

xlabel (‘Crank Angle after E.C. (Deg)")
ylabel ('Velocity (m/s)")
minacc=[min(dSupperdt),min(dSlowerdt)];
maxacc=[max(dSupperdt),max(dSlowerdt)];
axis([0 360 -36 26]);

set(gca, XTick',[0 90 180 270 360]);
set(gca,'XTickLabel',[0 90 180 270 360]);

legend(‘'Upper','Lower",0)
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plot_both_StNo.m

% M-file to plot both Sommerfield number versusnitangle after exhaust port
% close

plot(1:360,StNoupper,1:360,StNolower)

title ("'Sommerfield Number Vs Crank Angle after E)\C

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Sommerfield Number")
minStNo=[min(StNoupper),min(StNolower)];
maxStNo=[max(StNoupper),max(StNolower)];
axis([0 360 -0.5e-4 5e-4));

set(gca,'XTick',[0 90 180 270 360]);

set(gca, XTickLabel',[0 90 180 270 360]);

text(150,(max(maxStNo))-0.1*(max(maxStNo)-min(miNg)),'Spec')
text(180,(max(maxStNo))-0.1*(max(maxStNo)-min(miNg)),version)

legend(‘'Upper','Lower",0)

plot_both_StNo4.m

% M-file to plot both Sommerfield number under 5getsus crank angle after exhaust port
% close

plot(1:360,StNoupper4,1:360,StNolower4)

title ('Sommerfield Number Vs Crank Angle after E)C

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Sommerfield Number")
minStNo=[min(StNoupper4),min(StNolower4)];
maxStNo=[max(StNoupper4),max(StNolower4)];
axis([0 360 -0.5e-4 5e-4));

set(gca,'XTick',[0 90 180 270 360]);

set(gca, XTickLabel',[0 90 180 270 360]);

text(150,(max(maxStNo))-0.1*(max(maxStNo)-min(miNg)),'Spec')
text(180,(max(maxStNo))-0.1*(max(maxStNo)-min(miNg)),'4")

legend(‘'Upper','Lower",0)

plot_both_StNo_10toneg5_8.m

% M-file to plot both Sommerfield number under 18 versus crank angle after exhaust port
% close

plot(1:360,StNoupper,1:360,StNolower)

title ('Sommerfield Number Vs Crank Angle after E)C
xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Sommerfield Number")
minStNo=[min(StNoupper),min(StNolower)];
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maxStNo=[max(StNoupper),max(StNolower)];
axis([0 360 -0.5e-6 10"-5.8]);

set(gca, XTick',[0 90 180 270 360]);

set(gca, XTickLabel',[0 90 180 270 360]);

text(20,0,'Spec’)
text(50,0,version)

legend(‘'Upper','Lower",0)

plot_both_StNo_10toneg6_8.m

% M-file to plot both Sommerfield number under 1®8 versus crank angle after exhaust port
% close

plot(1:360,StNoupper,1:360,StNolower)

title ('Sommerfield Number Vs Crank Angle after E)C

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Sommerfield Number")
minStNo=[min(StNoupper),min(StNolower)];
maxStNo=[max(StNoupper),max(StNolower)];
axis([0 360 -0.05e-6 10"-6.8]);

set(gca,' XTick',[0 90 180 270 360]);

set(gca, XTickLabel',[0 90 180 270 360]);

text(30,0.8*10"-6.8,'Spec’)
text(60,0.8*107-6.8,version)

legend(‘'Upper','Lower",0)

plot_compare_upperpist_friction_4 7 10.m

% M-file to plot both upper piston friction for e engine specs versus crank angle after exhast po
% close

plot((1:360)+14,upperpistfrictionvar4,(1:360)+1, @ppistfrictionvar7,1:360,upperpistfrictionvar10)

title ('Upper Piston Friction Vs Crank Angle afteiC.for Various Specs')

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Friction (N)(temporal)")
minvar=[min(upperpistfrictionvar4),min(upperpistftionvar7),min(upperpistfrictionvar10)];
maxvar=[max(upperpistfrictionvar4),max(upperpigtfionvar7),max(upperpistfrictionvar10)];
axis([0 360 min(minvar-20) max(maxvar)+20]);

set(gca,'XTick',[0 90 180 270 360]);

set(gca,'XTickLabel',[0 90 180 270 360]);

legend('Spec3','Spec?','Specl10',0)

plot_eff_disp_ CCR10_0_M9.m
%eff_disp=[40.3,25;47.6,60;48.5,79;34.4,18]

% Eff=[35.1,38.6,40.3,43.0,43.6,47.6,46.1,48.5 7.1
% ExpVol=[17.9,22.3,24.7,37.0,46.4,59.5,68.6,78&H§

% M-file to plot the efficiency Vs max Relative Ris Displacement for constant E.V.D.R.
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eff_disp_data=[38.4,35.6,8.4,2.6,3.0,30.8,46.8,8.1
39.6,42.2,7.9,2.7,4.0,38.5,47.8,9.8
39.6,48.8,7.1,2.8,4.5,45.5,48.£212.
39.5,55.5,6.8,2.8,5.0,52.8,49.415.
39.8,62.4,6.6,2.8,6.0,58.9,49.816.
40.0,65.5,6.4,2.9,6.2,64.4,49.9118.
39.9,69.7,6.4,2.8,6.5,66.8,49.219.
39.9,74.0,6.2,2.9,7.0,72.1,49.921.
39.9,78.0,6.2,3.0,8.0,78.3,50.523.
39.6,84.1,6.2,3.0,8.5,84.4,50.8%26.
39.7,87.6,6.1,3.0,9.0,89.7,51.@M28.
39.5,90.5,6.0,3.1,9.2,94.2,51.330.
39.8,93.9,6.0,3.1,9.5,97.8,51.3,30.
39.2,100.9,5.9,3.1,10.0,106.7, 36 4;...
38.3,109.6,5.9,3.1,11.0,116.6,32@];
%eff,ind vol, MAX Press,EVDR,config,max stegthermeff,frict work

plot(eff_disp_data(:,2),eff_disp_data(:,1),'0',elitp_data(:,2),eff_disp_data(:,7),'s")
title ('Efficiency Vs Inducted Volume for Varioumg Specs')

legend('Nett Eff','Thermal Eff')

text (22,max(eff_disp_data(:,7))+4.0,'Bore")

text (40,max(eff_disp_data(:,7))+4.0,'= 61.3mm")

text (22,max(eff_disp_data(:,7))+3.0,'E.O.Press')

text (40,max(eff_disp_data(;,7))+3.0,'= 1 atm’)

text (22,max(eff_disp_data(:,7))+2.0,'Const Compim@s)
text (22,max(eff_disp_data(;,7))+1.0,'Ratio’)

text (40,max(eff_disp_data(;,7))+1.0,'= 10.0")

text (22,max(eff_disp_data(:,7))+0.0,'Const Burart
text (40,max(eff_disp_data(:,7))-1.0,'= -27 deg')

text (50,35,'Press = Maximum Engine Pressure (MEa)or',[0,0,1])

xlabel ('Inducted Volume (cc)')
ylabel (‘Efficiency (%)")

axis([min(eff_disp_data(:,2))-15 max(eff_disp_da®))+10 ...
min(eff_disp_data(;,1))-5 max(eff_disp_dafg5)]);

coeffs=polyfit(eff_disp_data(:,2),eff_disp_data);4);
xpoints=eff_disp_data(1,2):0.1:eff_disp_data(end,2)
hold on

polyvaldata=polyval(coeffs,xpoints);
plot(xpoints,polyvaldata,'g');

coeffs2=polyfit(eff_disp_data(:,2),eff_disp_daté);2);
hold on

polyval2data=polyval(coeffs2,xpoints);
plot(xpoints,polyval2data,'Color',[0,0.5,0.5]);

% splinedata=spline(eff_disp_data(:,2),eff _dispaiat),xpoints);
% plot (xpoints,splinedata,'r")

[m,n] = size(eff_disp_data);
for counter=1:m;

if counter==1
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speclabel=sprintf('Spec%4.1f' eff_disp_(=danter,5));
strokelabel=sprintf('Press %4.1f',eff_didata(counter,3));

text(eff_disp_data(counter,2),eff_disp_(@adanter,1)+0.5,speclabel,'Color',[0,.5,0.5],'Riotz{[90])

text(eff_disp_data(counter,2)+0.2,eff_didata(counter,1)-0.5,strokelabel,'Color',[0,0,1]td&ion',[-60])

else
configlabel=sprintf('%4.1f',eff_disp_datagmter,5));
strokelabel=sprintf('%4.1f eff_disp_datafoter,3));

text(eff_disp_data(counter,2),eff_disp_(@adanter,1)+0.5,configlabel,'Color',[0,0.5,0.5],tRon’,[90])
text(eff_disp_data(counter,2)+0.2,eff_didata(counter,1)-0.5,strokelabel,'Color',[0,0,1]td&ion',[-60])

end
end

%original constant max press data
% eff_disp_data=[34.9,28.2,7.9,2.4,2.0,23.0;...

% 41.3,42.3,9.2,2.6,4.0,39.0;...

% 42.5,53.7,9.7,2.8,5.0,50.4;...

% 43.3,58.9,9.8,2.9,6.0,57.6;...

% 43.4,64.5,10.1,2.9,6.2,62.5;...
% 43.5,69.3,10.1,3.0,6.5,69.0;...
% 43.7,74.0,10.1,2.9,7.0,72.7;...
% 44.1,78.3,10.2,3.0,8.0,79.7;...
% 44.5,83.1,10.6,2.9,8.5,82.7;...
% 44.9,86.5,10.7,3.0,9.0,88.9;...
% 44.8,91.0,10.8,3.0,9.2,92.2;...
% 44.8,94.3,10.7,3.0,9.5,96.3;...
% 44.0,103.5,10.8,3.0,10.0,105.7;..
% 42.9,108.3,10.9,3.2,11.0,116.4];
figure

plot(eff_disp_data(:,2),eff_disp_data(:,8),'d")
title (‘Friction Work Vs Inducted Volume for VarislEng Specs')

xlabel ('Inducted Volume (cc)")
ylabel (‘Work (J)")

coeffs2=polyfit(eff_disp_data(:,2),eff_disp_dat8);2);
hold on

polyval2data=polyval(coeffs2,xpoints);
plot(xpoints,polyval2data,'Color',[0,0.5,0.5]);

axis([min(eff_disp_data(;,2))-15 max(eff_disp_da®))+10 ...
min(eff_disp_data(:,8))-5 max(eff_disp_da&)5)]);

text (22,max(eff_disp_data(:,8))+2.0,'Bore"' )

text (40,max(eff_disp_data(:,8))+2.0,'= 61.3mm")
text (22,max(eff_disp_data(:,8))+0.5,'E.O.Press')
text (40,max(eff_disp_data(:,8))+0.5,'= 1 atm’)

text (22,max(eff_disp_data(:,8))-1,'Const Comp@s}i
text (22,max(eff_disp_data(:,8))-2.5,'Ratio")

text (40,max(eff_disp_data(:,8))-2.5,'= 10.0")

text (22,max(eff_disp_data(:,8))-4,'Const Burn Star
text (40,max(eff_disp_data(:,8))-5.5,'= -27 deg')

for counter=1:m;

if counter==1
speclabel=sprintf('Spec%4.1f' eff_disp_(=danter,5));

text(eff_disp_data(counter,2),eff_disp_(@adanter,8)+0.5,speclabel,'Color',[0,.5,0.5],'Riot{[90])

else
configlabel=sprintf('%4.1f',eff_disp_data@mter,5));

text(eff_disp_data(counter,2),eff_disp_(@adanter,8)+0.5,configlabel,'Color',[0,0.5,0.5] t&ton’,[90])

end
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end

plot_eff_piston_disp.m

%eff_disp=[40.3,25;47.6,60;48.5,79;34.4,18]
% Eff=[35.1,38.6,40.3,43.0,43.6,47.6,46.1,48.5 §7.1
% ExpVol=[17.9,22.3,24.7,37.0,46.4,59.5,68.6,7 BHB

% M-file to plot the efficiency Vs max Relative Ris Displacement for constant E.V.D.R.

eff_disp_data=[37.4,36.5,8.7,2.5,3.0,23.0,46.5,7.9
38.9,41.9,9.1,2.8,4.0,39.1,46.9,9.5
39.2,49.1,9.5,2.7,4.5,45.6,47.9,12.
39.3,55.3,9.7,2.8,5.0,53.1,49.B15.
39.7,62.8,9.9,2.8,6.0,58.7,49.7Z16.
40.0,65.5,10.0,2.9,6.2,64.4,50.01,18
40.0,69.9,10.0,2.8,6.5,66.7,49.8.19
40.1,73.1,10.1,2.9,7.0,72.5,50.3,21
40.1,77.7,10.3,3.0,8.0,78.2,50.823
39.9,83.8,10.4,3.0,8.5,84.3,51.526
40.0,87.6,10.6,3.0,9.0,89.3,51.£28
39.8,90.2,10.6,3.1,9.2,93.9,51.530
40.1,93.7,10.6,3.1,9.5,97.5,51.830
39.5,101.3,10.7,3.1,10.0,105.9,258;...
38.7,109.6,10.8,3.1,11.0,115.8,3251;
%eff,ind vol,CR,EVDR,config,max stroke,thesff,friction work

plot(eff_disp_data(:,2),eff_disp_data(:,1),'0',elisp_data(:,2),eff_disp_data(:,7),'s")
title ('Efficiency Vs Inducted Volume for Varioumg Specs')

legend('Nett Eff','Thermal Eff')

text (22,max(eff_disp_data(:,7))+4.0,'Bore")

text (40,max(eff_disp_data(;,7))+4.0,'= 61.3mm")

text (22,max(eff_disp_data(:,7))+3.0,'E.O.Press')

text (40,max(eff_disp_data(:,7))+3.0,'= 1 atm’)

text (22,max(eff_disp_data(:,7))+2.0,'Const Maxinjum
text (22,max(eff_disp_data(:,7))+1.0,'Pressure’)

text (40,max(eff_disp_data(:,7))+1.0,'= 6.5 MPa’)

text (22,max(eff_disp_data(:,7))+0.0,'Const Burart
text (40,max(eff_disp_data(:,7))-1.0,'= -27 deg')

text (50,35,'A.C.R. = Actual Compression Ratio'l&€¢0,0,1])
text (50,34,'(Max Inducted Vol / Min Compressed N4Tolor',[0,0,1])

xlabel ('Inducted Volume (cc)')
ylabel (‘Efficiency (%)")

axis([min(eff_disp_data(;,2))-15 max(eff_disp_da®))+10 ...
min(eff_disp_data(;,1))-5 max(eff_disp_dafg5)]);

coeffs=polyfit(eff_disp_data(:,2),eff_disp_data);4);
xpoints=eff_disp_data(1,2):0.1:eff_disp_data(end,2)
hold on

polyvaldata=polyval(coeffs,xpoints);
plot(xpoints,polyvaldata,'g');
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coeffs2=polyfit(eff_disp_data(:,2),eff_disp_daté);2);
hold on

polyval2data=polyval(coeffs2,xpoints);
plot(xpoints,polyval2data,'Color',[0,0.5,0.5]);

% splinedata=spline(eff_disp_data(:,2),eff_dispalat),xpoints);
% plot (xpoints,splinedata,'r")

[m,n] = size(eff_disp_data);
for counter=1:m;

if counter==1
speclabel=sprintf('Spec%4.1f' eff_disp_(=danter,5));
strokelabel=sprintf('A.C.R. %4.1f',eff_digfata(counter,3));
text(eff_disp_data(counter,2),eff_disp_(@=danter,1)+0.5,speclabel,'Color',[0,.5,0.5],'Riotz{[90])
text(eff_disp_data(counter,2)+0.2,eff _didata(counter,1)-0.5,strokelabel,'Color',[0,0,1]td&ion',[-60])
else
configlabel=sprintf('%4.1f',eff_disp_datagmter,5));
strokelabel=sprintf('%4.1feff_disp_datafoter,3));
text(eff_disp_data(counter,2),eff_disp_(@adanter,1)+0.5,configlabel,'Color',[0,0.5,0.5],t&ton’,[90])
text(eff_disp_data(counter,2)+0.2,eff didata(counter,1)-0.5,strokelabel,'Color',[0,0,1]tdion',[-60])
end
end

%original constant max press data
% eff_disp_data=[34.9,28.2,7.9,2.4,2.0,23.0;...

% 41.3,42.3,9.2,2.6,4.0,39.0;...

% 42.5,53.7,9.7,2.8,5.0,50.4;...

% 43.3,58.9,9.8,2.9,6.0,57.6;...

% 43.4,64.5,10.1,2.9,6.2,62.5;...
% 43.5,69.3,10.1,3.0,6.5,69.0;...
% 43.7,74.0,10.1,2.9,7.0,72.7;...
% 44.1,78.3,10.2,3.0,8.0,79.7;...
% 44.5,83.1,10.6,2.9,8.5,82.7;...
% 44.9,86.5,10.7,3.0,9.0,88.9;...
% 44.8,91.0,10.8,3.0,9.2,92.2;...
% 44.8,94.3,10.7,3.0,9.5,96.3;...
% 44.0,103.5,10.8,3.0,10.0,105.7;..
% 42.9,108.3,10.9,3.2,11.0,116.4];
figure

plot(eff_disp_data(:,2),eff_disp_data(:,8),'d")
title ('Friction Work Vs Inducted Volume for VarislEng Specs')

xlabel ('Inducted Volume (cc)")
ylabel (‘Work (J)")

coeffs2=polyfit(eff_disp_data(:,2),eff_disp_dat8);2);
hold on

polyval2data=polyval(coeffs2,xpoints);
plot(xpoints,polyval2data,'Color',[0,0.5,0.5]);

axis([min(eff_disp_data(;,2))-15 max(eff_disp_da®))+10 ...
min(eff_disp_data(:,8))-5 max(eff_disp_da&)5)]);

text (22,max(eff_disp_data(:,8))+2.0,'Bore"' )

text (40,max(eff_disp_data(:,8))+2.0,'= 61.3mm’)
text (22,max(eff_disp_data(:,8))+0.5,'E.O.Press')
text (40,max(eff_disp_data(:,8))+0.5,'= 1 atm’)

text (22,max(eff_disp_data(:,8))-1,'Const Comp@s}i
text (22,max(eff_disp_data(:,8))-2.5,'Ratio")

text (40,max(eff_disp_data(:,8))-2.5,'= 10.0")

text (22,max(eff_disp_data(:,8))-4,'Const Burn Star
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text (40,max(eff_disp_data(:,8))-5.5,'= -27 deg’)
for counter=1:m;
if counter==1
speclabel=sprintf('Spec%4.1f',eff_disp_(tzdanter,5));
text(eff_disp_data(counter,2),eff_disp_(@=danter,8)+0.5,speclabel,'Color',[0,.5,0.5],'Riota{[90])
else
configlabel=sprintf('%4.1f',eff_disp_datagmter,5));
text(eff_disp_data(counter,2),eff_disp_(@adanter,8)+0.5,configlabel,'Color',[0,0.5,0.5],tRon’,[90])

end
end

plot_engine_pressure.m

% M-file to plot the engine pressure versus cramf@after exhaust port
% close

plot(1:360,engpressure/1e6)

title ('Engine Pressure Vs Crank Angle after E.C.")
xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Engine Pressure (MPa)")

axis([0 360 O ceil(max(engpressure)/1e6)]);

% set(gca, XTick',[0 90 180 270 360]);
% set(gca,'XTickLabel',[0 90 180 270 360]);

plot_lower_conrod_tension.m

% M-file to plot the lower conrod tension versuartdt angle after exhaust port
% close

plot(1:360,conrodtensionlower/1000)

title ('Lower ConRod Tension Vs Crank Angle afteCE)

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel (‘'Tension (kN)")

axis([0 360 floor(min(conrodtensionlower/1000))lgeax(conrodtensionlower/1000))]);

set(gca,' XTick',[0 90 180 270 360]);
set(gca, XTickLabel',[0 90 180 270 360]);

plot_lower_normal_piston_load.m

% M-file to plot the normal load versus crank anagfiter exhaust port
% close

plot(1:360,normallower/1e3)

title ('Lower Normal Piston Load Vs Crank AngleeaafE.C.")

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Normal Force (KPa)")

axis([0 360 floor(min(normallower/1e3)) ceil(max¢nuallower/1e3))]);

set(gca, XTick',[0 90 180 270 360]);
set(gca, XTickLabel',[0 90 180 270 360]);
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plot_lower_pist_friction.m

% M-file to plot lower piston friction versus craakgle after exhaust port
% close

hold on
title ('Piston Friction Vs Crank Angle after E.C.")

xlabel (‘Crank Angle after E.C. (Deg)")
ylabel ('Friction (N)(temporal)")
minvar=[min(lowerpistfrictionvar)];
maxvar=[max(lowerpistfrictionvar)];
axis([0 360 minvar-10 maxvar+130]);
set(gca,' XTick',[0 90 180 270 360]);
set(gca, XTickLabel',[0 90 180 270 360]);

text(5,(max(maxvar))+100,'Spec’)
text(30,(max(maxvar))+100,version)

index=find(lowerconrodangle(1:330)>pi/2);
index=[max(index),min(index)];

line([index(1) index(1)], [minvar maxvar],'Color4].6,.8],'Linewidth',3)
line([index(2) index(2)], [minvar maxvar],'Color4].6,.8],'Linewidth',3)

line([88 88], [(max(maxvar))+120 (max(maxvar))+8Cplor',[.4,.6,.8],'Linewidth’,3)
text(95,(max(maxvar))+110,'ConRod parrallel’)
text(95,(max(maxvar))+90,'to cylinder axis')

line([200 200], [(max(maxvar))+120 (max(maxvar))}80olor',[0.7,0.7,0],'Linewidth’,3)
text(207,(max(maxvar))+110,'Boundary ")
text(207,(max(maxvar))+90,'Friction’)

line([270 270], [(max(maxvar))+120 (max(maxvar))}80olor',[1,0.7,0.7],'Linewidth’,3)

text(277,(max(maxvar))+110,'Mixed")
text(277,(max(maxvar))+90,'Friction’)

for m=1:2:360
if StNolower(m)<107-6.8 & StNolower(m)~=indey(& StNolower(m)~=index(2)
line([m m], [minvar maxvar],'Color',[0.7:Q0],'Linewidth’,.5)
elseif StNolower(m)>=10"-6.8 & StNolower(m)<16/8...
& (max(maxvar))+120~=index(1) & (maxdxvar))+120~=index(2)
line(flm m], [minvar maxvar],'Color',[1,007],'Linewidth’,.5)
end
end

plot(1:360,lowerpistfrictionvar)

plot_lower_piston_acc.m

% M-file to plot the lower piston acceleration vwassrank angle after exhaust port
% close

plot(1:360,d2Slowerdt2)

title ('Lower Piston Acceleration Vs Crank AngleéeafE.C.")
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xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Acceleration (m/s)")

axis([0 360 floor(min(d2Slowerdt2))-250 ceil(mag@owerdt2))+250]);
set(gca,'XTick',[0 90 180 270 360]);

set(gca, XTickLabel',[0 90 180 270 360]);

plot_lower_piston_vel.m

% M-file to plot the lower piston velocity versusaok angle after exhaust port
% close

plot(1:360,dSlowerdt)
title ('Lower Piston Velocity Vs Crank Angle afterC.")

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Velocity (m/s)")

axis([0 360 floor(min(dSlowerdt))-2 ceil(max(dSlevdt))+2]);
set(gca,'XTick',[0 90 180 270 360]);

set(gca, XTickLabel',[0 90 180 270 360]);

plot_rel_angle lowerconrod_crank.m

% M-file to plot the relative upper conrod anglectank angle versus crank angle after exhaust port
% close
plotangle=[1:360];

plot(plotangle,-(lowerconrodangle/pi*180-plotangitindex-90))

title ('Relative Angle Between lower ConRod andi&@&rm Vs Crank Angle after E.C.")
xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Relative Angle (deg)")

axis([0 360 180 630]);

set(gca,' XTick',[0 90 180 270 360]);

set(gca,'XTickLabel',[0 90 180 270 360]);

set(gca,'YTick',[180 270 360 450 540));
set(gca,'YTickLabel',[180 270 360 450 540]);

grid on

plot_rel_angle_upperconrod_crank.m

% M-file to plot the relative upper conrod anglectank angle versus crank angle after exhaust port
% close
plotangle=[1:360];

plot(plotangle,-(upperconrodangle/pi*180-plotangletindex-90))

title ('Relative Angle Between Upper ConRod andriRrArm Vs Crank Angle after E.C.")
xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Relative Angle (deg)")

axis([0 360 0 450));

set(gca,'XTick',[0 90 180 270 360]);

set(gca, XTickLabel',[0 90 180 270 360]);

set(gca,'YTick',[0 90 180 270 360]);
set(gca, YTickLabel',[0 90 180 270 360]);
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grid on

plot_rel_piston_position.m

% M-file to plot the relative position of pistons\¢rank angle after exhaust port
% close

plot(1:360,upper_pist_positionmm-lower_pist_positiom)

title ('Relative Position of pistons Vs Crank Angliger E.C.")

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Vertical Displacement (mm)')

axis([0 360 0 ceil(max(upper_pist_positionmm-lowgst _positionmm)+3)]);
set(gca,'XTick',[0 90 180 270 360]);

set(gca, XTickLabel',[0 90 180 270 360]);

maxdisplacementlabel=sprintf('Max Stroke = %4.1dXupper_pist_positionmme-lower_pist_positionmm));
text(200, 5, maxdisplacementlabel)

plot_upper_conrod_tension.m

% M-file to plot the upper conrod tension versuengrangle after exhaust port
% close

plot(1:360,conrodtensionupper/1000)

title ('Upper ConRod Tension Vs Crank Angle afteCE

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel (‘'Tension (kN)")

axis([0 360 floor(min(conrodtensionupper/1000)j)j(cgax(conrodtensionupper/1000))]);

set(gca,'XTick',[0 90 180 270 360]);
set(gca,'XTickLabel',[0 90 180 270 360]);

plot_upper_normal_piston_load.m

% M-file to plot the upper normal piston load vessuank angle after exhaust port
% close

plot(1:360,normalupper/1e3)

title ('upper Normal Piston Load Vs Crank AnglecafE.C.")

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Normal Force (KPa)")

axis([0 360 floor(min(normalupper/1e3)) ceil(maximalupper/1e3))]);

set(gca, XTick',[0 90 180 270 360]);
set(gca, XTickLabel',[0 90 180 270 360]);

plot_upper_piston_acc.m

% M-file to plot the upper piston acceleration wergrank angle after exhaust port
% close

plot(1:360,d2Supperdt2)
title ('upper Piston Acceleration Vs Crank AnglésafE.C.")

xlabel (‘Crank Angle after E.C. (Deg)")
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ylabel ('Acceleration (m/s)")

axis([0 360 floor(min(d2Supperdt2))-250 ceil(ma&lipperdt2))+250]);
set(gca, XTick',[0 90 180 270 360]);

set(gca, XTickLabel',[0 90 180 270 360]);

plot_upper_piston_vel.m

% M-file to plot the upper piston velocity versusigk angle after exhaust port
% close

plot(1:360,dSupperdt)

title ('upper Piston Velocity Vs Crank Angle afterC.")

xlabel (‘Crank Angle after E.C. (Deg)")

ylabel ('Velocity (m/s)")

axis([0 360 floor(min(dSupperdt))-2 ceil(max(dSepqit))+2]);

set(gca, XTick',[0 90 180 270 360]);
set(gca, XTickLabel',[0 90 180 270 360]);

plot_work.m

% M-file to plot the accumulated work versus cramigle after exhaust port
% close

nn=4,
work=[pTuWQIHI(:,nn-1);pTbTuWQIHI((2:end),nn);p TbWRI((2:end),nn-1)]’;

thetaworkcycle=[thetacomp;thetacomb(2:end);thetézrpd)]’;
thetaworkcycleindex=[maxinvolindex:maxexpandvolirfde

work=interp1(thetaworkcycle,work,thetaworkcycleirtlE80*pi);

plot(thetaworkcycleindex,work)
title ('Internal Work Vs Crank Angle I.C. to E.C.")

xlabel (‘Crank Angle after E.C. (Deg)")
ylabel (‘Work (J)")

set(gca,'XTick',[0 90 180 270 360]);
set(gca, XTickLabel',[0 90 180 270 360]);

plot_work _cycle pressure.m

% plot_work_cycle_pressure.m
%

% Script file to plot output from ahrind.m and coeng results

% with output listed in:

% Ferguson, C.R., 1986, "Internal Combustion Ergjing/iley, p178;
load ahrind.mat; % results from ahrind.mat

load ferguson.txt; % tabulated output from fergupti8-179

plot(thetacomp*180/pi,pTUWQIHI(:,1)/1e6); hold on;
plot(thetacomp2*180/pi,p2TUWQIHI(:,1)/1e6);
plot(thetacomb*180/pi,pTb TUWQIHI(:,1)/1e6);
plot(thetaexp*180/pi,pTbWQIHI(:,1)/1e6);
axis([thetacomp(1)*180/pi thetaexp(end)*180/pi §; 9]
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plotresults.m

% plotresults.m
%

% Script file to plot output from ahrind.m and cceng results

% with output listed in:

% Ferguson, C.R., 1986, "Internal Combustion Erging/iley, p178;

load ahrind.mat; % results from ahrind.mat

load ferguson.txt; % tabulated output from fergupti8-179

% Set some parameters to make figures look atteacti
NLW=1; % normal line width

NFS=18; % normal font size

NMS=1; % normal marker size

close all;

figure(1);

subplot(1,2,1)
plot(thetacomp*180/pi,pTUWQIHI(:,1)/1e6); hold on;
plot(thetacomp2*180/pi,p2TUWQIHI(:,1)/1e6);
plot(thetacomp3*180/pi,p3TUWQIHI(:,1)/1e6);
plot(thetacomb*180/pi,pTb TUWQIHI(:,1)/1€6);
plot(thetaexp*180/pi,pTbWQIHI(:,1)/1e6);
axis([thetacomp(1)*180/pi thetaexp(end)*180/pi P, 9]

subplot(1,2,2)
plot(ferguson(:,1),ferguson(:,4)*1e5/1e6,'0");
axis([-180 180 0 9]);
%set(gca,'FontSize',NFS)
%set(gca,'LineWidth',NLW)

set(gca, XTick',[-180 -90 0 90 180 ]);
set(gca, XTickLabel',[-180 -90 0 90 180 ]);
xlabel(‘crank angle (degrees ATC)")
ylabel('pressure (MPa)")

print -deps p_ahr.eps

figure(2);
subplot(1,2,2)

plot(ferguson(:,1),ferguson(:,5),'0"); hold on;
plot(ferguson(:,1),ferguson(:,6),'s");

set(gca, XTick',[-180 -90 0 90 180));
set(gca, XTickLabel',[-180 -90 0 90 180 ]);
xlabel(‘crank angle (degrees ATC)")
ylabel('temperature (K)')

legend(‘burned gas','unburned gas',2);

subplot(1,2,1)
plot(thetacomp*180/pi,pTUWQIHI(:,2)); hold on;
plot(thetacomp2*180/pi,p2TuWQIHI(:,2));
plot(thetacomp3*180/pi,p3TuWQIHI(:,2));
plot(thetacomb*180/pi,pTb TUWQIHI(:,3));
plot(thetacomb*180/pi,pTb TUWQIHI(:,2));
plot(thetaexp*180/pi,pTOWQIHI(:,2));
axis([thetacomp(1)*180/pi thetaexp(end)*180/pi @AD);
% set(gca,' FontSize',NFS)

% set(gca,'LineWidth',NLW)

print -deps T_ahr.eps

figure(3);
subplot(1,2,1)
%text (200,170,'Cycle Work'")

nn=4; % for work plot
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plot(thetacomp*180/pi,pTUWQIHI(:,nn-1)); hold on;
plot(thetacomp2*180/pi,p2TUWQIHI(:,nn-1));

plot(thetacomp3*180/pi,p3TUuWQIHI(:,nn-1));

plot(thetacomb*180/pi,pTb TUWQIHI(:,nn));

plot(thetaexp*180/pi,pTOWQIHI(:,nn-1));

axis([thetacomp(1)*180/pi thetaexp(end)*180/pi mIRHTUWQIHI(:,nn)) max(pTbWQIHI(:,nn-1))]);
xlabel('Crank Angle (compression and expansion)')

title ('Opposed Piston Engine Cycle Cunulative Wjork

%pTbWQIHI(end,nn-1)

subplot(1,2,2)
plot(ferguson(:,1),ferguson(:,7),'0";

axis([-180 180 -300 600]);

% set(gca,'FontSize',NFS)

% set(gca,'LineWidth',NLW)

set(gca, XTick',[-180 -90 0 90 180 ]);

set(gca,' XTickLabel',[-180 -90 0 90 180]);
set(gca,'YTick',[-300 -150 0 150 300 450 600]);
set(gca,'YTickLabel',[-300 -150 0 150 300 450 600])
xlabel(‘crank angle (degrees ATC)")

ylabel(‘'work (J)")

title ('Reference Engine Cycle Cumulative Work')
print -deps W_ahr.eps

figure(4);

subplot(1,2,1)

nn=5; % for heat transfer plot

plot(thetacomp*180/pi,pTUWQIHI(;,nn-1)); hold on;
plot(thetacomp2*180/pi,p2TUuWQIHI(:,nn-1));
plot(thetacomp3*180/pi,p3TUuWQIHI(:,nn-1));

plot(thetacomb*180/pi,pTb TUWQIHI(:,nn));
plot(thetaexp*180/pi,pTOWQIHI(:,nn-1));

axis([thetacomp(1)*180/pi thetaexp(end)*180/pi -&xtp TOWQIHI(:,nn-1))]);

subplot(1,2,2)
plot(ferguson(:,1),ferguson(:,8),'0";
axis([-180 180 -50 300]);

% set(gca,'FontSize',NFS)

% set(gca,'LineWidth',NLW)
set(gca,'XTick',[-180 -90 0 90 180 ]);
set(gca, XTickLabel',[-180 -90 0 90 180 ]);
xlabel(‘crank angle (degrees ATC)")
ylabel('heat transfer (J)")

print -deps QI_ahr.eps

figure(5);

subplot(1,2,1)

nn=6; % for heat leakage plot

plot(thetacomp*180/pi,pTUWQIHI(:,nn-1)); hold on;
plot(thetacomp2*180/pi,p2TUWQIHI(:,nn-1));

plot(thetacomp3*180/pi,p3TUuWQIHI(:,nn-1));

plot(thetacomb*180/pi,pTb TUWQIHI(:,nn));

plot(thetaexp*180/pi,pTOWQIHI(:,nn-1));

axis([thetacomp(1)*180/pi thetaexp(end)*180/pi mINHWQIHI(:,nn-1)) max(pTbTUWQIHI(:,nn))]);

subplot(1,2,2)
plot(ferguson(:,1),ferguson(:,10),'0");
axis([-180 180 -8 1]);

% set(gca,' FontSize',NFS)

% set(gca,'LineWidth',NLW)

set(gca, XTick',[-180 -90 0 90 180 ]);
set(gca, XTickLabel',[-180 -90 0 90 180 ]);
xlabel(‘crank angle (degrees ATC)")
ylabel('heat leakage (J)")

print -deps HI_ahr.eps
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figure(6);

doflamearrivalplot=0;
thetaflame=-5*pi/180;
lengththeta=length(thetacomb);
plot(thetacomp*180/pi,qcomp); hold on;
plot(thetacomp2*180/pi,qcomp2);
plot(thetacomp3*180/pi,qcomp3);

if doflamearrivalplot==1,
nflameb=min(find(thetacomb>thetaflame));
nflameu=nflameb-1;

plot(thetacomb(nflameu:nflameb)*180/pi, ...
[gcombu(nflameu) gcombb(nflameb)]);

else

nflameb=1;

nflameu=length(thetacomb);

end

Nunburned=1:nflameu;

Nburned=nflameb:lengththeta;
plot(thetacomb(Nunburned)*180/pi,qcombu(Nunburngd))
plot(thetacomb(Nburned)*180/pi,gcombb(Nburned));
plot(thetaexp*180/pi,qexp);

axis([thetacomp(1)*180/pi thetaexp(end)*180/pi -2eéx(qcombb(Nburned))]);
% set(gca,'FontSize',NFS)

% set(gca,'LineWidth',NLW)

% set(gca,'XTick',[-180 -90 0 90 180 270 360]);

% set(gca, XTickLabel',[-180 -90 0 90 180 270 360])
xlabel(‘crank angle (degrees ATC)")

ylabel('heat flux (W/m”"2)")

print -deps gflux_ahr.eps

RatesComb.m
function yprime=RatesComb(theta,y,flag);

%

% yprime=RatesComb(theta,y,flag)

%

% Function that returns the drivatives of the foflog 6 variables
% w.r.t. crank angle (theta) for the combustionggha

% 1) pressure; 2) unburned temperature; 3) bureragérature;
% 4) work; 5) heat transfer; and 6) heat leakage.

% See Ferguson, C.R., 1986, "Internal Combustiagiriess”, Wiley,
% pl74.

global b stroke eps r Cblowby f fueltype airscheghe...

thetas thetab omega ...

heattransferlaw hcu hcb ...

Tw thetal Vtdc Vbdc massl ...

pl T1 V1 minV maxinV maxexV ...

compressedvolindex plotindex ...

cylindervolume crankoffset conrod ...

crankthrow uppercrankoffset upperconrod ...
uppercrankthrow cranktocrank exportheight ...
uppercranklag thetacorrected maxinvolindex ...
maxexpandvolindex thetaignition upstroke downstroke
splugvolume

p=y(1);

% if p==

% p=1le-6;
% elseif p<0
% p=1le-6;
% end
Tb=y(2);
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Tu=y(3);

yprime=zeros(6,1);

% mass in cylinder accounting for blowby:
mass=mass1*(exp(-Cblowby*(theta-thetal)/omega))"2;
% volume of cylinder:

V=((cranktocrank + (sin(theta+plotindex*pi/180+pi2ppercranklag*pi/180)*uppercrankthrow-...
sgrt(upperconrod”2-(cos(theta+plotindex*pi/1p2+uppercranklag*pi/180)*uppercrankthrow+...

uppercrankoffset).”2)))-(sin(theta+plotindex4@0+pi/2)*crankthrow+sgrt(conrod"2-...
(cos(theta+plotindex*pi/180+pi/2)*crankthrow-aoikoffset).”2)))*pi*(b/2)"2+2*splugvolume;
% derivate of volume:
dvdtheta=((((cranktocrank + (sin(theta+plotindex180+pi/2+0.0001+uppercranklag*pi/180)*...

uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2+0.0001+uppercranklag*...
pi/180)*uppercrankthrow+uppercrankoffset). pn(theta+plotindex*pi/180+pi/2+0.0001)*...

crankthrow+sqgrt(conrod”"2-(cos(theta+plotindeXtg0+pi/2+0.0001)*crankthrow+crankoffset).*2)))*..

pi*(b/2)"2)-(((cranktocrank + (sin(theta+pladiex*pi/180+pi/2-0.0001+uppercranklag*pi/180)*...

uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2-0.0001+uppercranklag*pi/18Q)*.

uppercrankthrow+uppercrankoffset).*2)))-(siett¥ plotindex*pi/180+pi/2-0.0001)*...

crankthrow+sqgrt(conrod”"2-(cos(theta+plotindeXtp0+pi/2-0.0001)*crankthrow+crankoffset).”2)))*..

pi*(b/2)12))/0.0002;

% mass fraction burned and derivative:
x=0.5*(1-cos(pi*(theta-thetaignition)/thetab));
dxdtheta=pi/2/thetab*sin(pi*(theta-thetaignitiomgtab);
if x<0.0001, x=0.0001; end;

if x>0.9999, x=0.9999; end;

switch heattransferlaw

case ‘constant'

hcoeffu=hcu;

hcoeffb=hcb;

case 'Woschni'
upmean=omega*upstroke/((compressedvolindex-maxims#ek)/180*pi); % mean piston velocity
downmean=omega*downstroke/((maxexpandvolindex-cesgadvolindex)/180*pi);
meanps=(upmean+downmean)/2;

C1=2.28;

C2=3.24e-3;

Vs=maxinV-minV;

k=1.3;

pm=p1*(V1/V)"k; % motoring pressure
hcoeffu=hcu*130*b”(-0.2)*Tu”(-0.53)*(p/100e3)"(078)..
(C1l*meanps+C2*Vs*T1/p1/V1*(p-pm))™(0.8);
hcoeffb=hcb*130*b"(-0.2)*Th”(-0.53)*(p/100e3)"(0:8)..
(C1*meanps+C2*Vs*T1/p1/V1*(p-pm))*(0.8);

end

A=1/mass*(dVdtheta+2*V*Cblowby/omega);
Qconvu=hcoeffu*(pi*b”2/2+4*V/b)*(1-sqrt(x))*(Tu-Tw)
Qconvb=hcoeffb*(pi*b"2/2+4*V/b)*sqrt(x)*(Th-Tw);
Constl=1/omega/mass;

[hu,uu,vu,s,Y,cpu,diviTu,divipu]= ...
farg(p,Tu,phi,f,fueltype,airscheme);
[hb,ub,vb,s,Y,cpb,diviTb,dIvipb]= ...

ecp(p, Tb,phi,fueltype,airscheme);
B=Const1*(vb/cpb*diviITb*Qconvb/Tb+ ...
vu/cpu*diviTu*Qconvu/Tu);
C=-(vb-vu)*dxdtheta-vb*dIviTb*(hu-hb)/cpb/Th*(dxd#ta- ...
(x-x"2)*Cblowby/omega);
D=x*(vb"2/cpb/Tb*dIvITb"2+vb/p*divipb);
E=(1-x)*(vu2/cpu/Tu*dIviTur2+vu/p*divipu);
yprime(1)=(A+B+C)/(D+E);
yprime(2)=-Const1/cpb/x*Qconvb+vb/cpb*dIvITb*yprirB+ ...
(hu-hb)/cpb*(dxdtheta/x-(1-x)*Cblowby/omega);
yprime(3)=-Const1/cpu/(1-x)*Qconvu+vu/cpu*diviTu*gime(1);
yprime(4)=p*dVdtheta;
yprime(5)=Const1*mass*(Qconvb+Qconvu);
yprime(6)=Cblowby*mass/omega*((1-x"2)*hu+x"2*hb);
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RatesComp.m

function yprime=RatesComp(theta,y,flag);

%

% yprime=RatesComp(theta,y,flag)

%

% Function that returns the drivatives of the foflog 5 variables
% w.r.t. crank angle (theta) for the compressioasgh

% 1) pressure; 2) unburned temperature;

% 3) work; 4) heat transfer; and 5) heat leakage.

% See Ferguson, C.R., 1986, "Internal Combustiagiries”, Wiley,
% pl74.

global b stroke eps r Cblowby f fueltype airscheghe...
thetas thetab omega ...

heattransferlaw hcu hcb ...

Tw thetal Vtdc Vbdc massl ...

pl T1 V1 minV maxinV maxexV ...

compressedvolindex plotindex ...

cylindervolume crankoffset conrod ...

crankthrow uppercrankoffset upperconrod ...
uppercrankthrow cranktocrank exportheight ...
uppercranklag thetacorrected maxinvolindex ...
maxexpandvolindex thetaignition upstroke downstroke
upper_pist_positionmm, lower_pist_positionmm,sphlgme

p=y(1);

Tu=y(2),

yprime=zeros(5,1);

% mass in cylinder accounting for blowby:
mass=mass1*(exp(-Cblowby*(theta-thetal)/omega))"2;

% volume of cylinder:

% For upper piston positions higher than max(lopiston position), add
% 2*splugvolume

V=((cranktocrank + (sin(theta+plotindex*pi/180+pi{2ppercranklag*pi/180)*uppercrankthrow-...
sgrt(upperconrod”2-(cos(theta+plotindex*pi/1p2+uppercranklag*pi/180)*uppercrankthrow...
+uppercrankoffset).”2)))-(sin(theta+plotindeX80+pi/2)*crankthrow+sqrt(conrod"2-...
(cos(theta+plotindex*pi/180+pi/2)*crankthrow-aoikoffset).”2)))*pi*(b/2)"2;

% derivate of volume:

dvdtheta=((((cranktocrank + (sin(theta+plotindex18i0+pi/2+0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2+0.0001+uppercranklag*...
pi/180)*uppercrankthrow+uppercrankoffset).Apn(theta+plotindex*pi/180+pi/2+0.0001)*...
crankthrow+sqgrt(conrod”~2-(cos(theta+plotindaXtp0+pi/2+0.0001)*crankthrow+crankoffset).~2)))...
*pi*(b/2)"2)-(((cranktocrank + (sin(theta+plotex*pi/180+pi/2-0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2-0.0001+uppercranklag*pi/18Q)*.
uppercrankthrow+uppercrankoffset).*2)))-(siett¥ plotindex*pi/180+pi/2-0.0001)*crankthrow+...
sqgrt(conrod”2-(cos(theta+plotindex*pi/180+p0D001)*crankthrow+crankoffset).A2)))*pi*(b/2)"21)/0002;

switch heattransferlaw

case 'constant’

hcoeff=hcu;

case 'Woschni'
upmean=omega*upstroke/((compressedvolindex-maxims#ek)/180*pi); % mean piston velocity
C1=2.28;
hcoeff=hcu*130*b”(-0.2)*Tu”(-0.53)*(p/100e3)(0.8}1 *upmean;
end

A=1/mass*(dVdtheta+2*V*Cblowby/omega);
Qconv=hcoeff*(pi*b"2/2+4*V/b)*(Tu-Tw);
Constl=1/omega/mass;

[h,u,v,s,Y,cp,divIT,dIvip]=farg(p, Tu,phi,f,fueltypairscheme);
B=Constl*v/cp*dIvIT*Qconv/Tu; % note typo on pl7dq. 4.76
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C=0;

D=0;

E=v/"2/cp/Tu*dIvITA2+v/p*divip;
yprime(1)=(A+B+C)/(D+E);
yprime(2)=-Constl/cp*Qconv+v/cp*dIviT*yprime(1);
yprime(3)=p*dVdtheta;

yprime(4)=Qconv/omega,;
yprime(5)=Cblowby*mass/omega*h;

RatesCompl.m

function yprime=RatesComp1(theta,y,flag);

%

% yprime=RatesComp(theta,y,flag)

%

% Function that returns the drivatives of the foflog 5 variables
% w.r.t. crank angle (theta) for the compressioaseh

% 1) pressure; 2) unburned temperature;

% 3) work; 4) heat transfer; and 5) heat leakage.

% See Ferguson, C.R., 1986, "Internal Combustiagiries”, Wiley,
% pl74.

global b stroke eps r Cblowby f fueltype airscheghe...
thetas thetab omega ...

heattransferlaw hcu hcb ...

Tw thetal Vtdc Vbdc massl ...

pl T1 V1 minV maxinV maxexV ...
compressedvolindex plotindex ...

cylindervolume crankoffset conrod ...

crankthrow uppercrankoffset upperconrod ...
uppercrankthrow cranktocrank exportheight ...
uppercranklag thetacorrected maxinvolindex ...
maxexpandvolindex thetaignition upstroke downstroke
fRC1

p=y(1);

Tu=y(2),

yprime=zeros(5,1);

% mass in cylinder accounting for blowby:
mass=mass1*(exp(-Cblowby*(theta-thetal)/omega))"2;

% volume of cylinder:

% For upper piston positions higher than max(lopiston position), add
% 2*splugvolume

V=((cranktocrank + (sin(theta+plotindex*pi/180+pi{2percranklag*pi/180)*uppercrankthrow-...
sqrt(upperconrod”2-(cos(theta+plotindex*pi/1pd2+uppercranklag*pi/180)*uppercrankthrow...
+uppercrankoffset).”2)))-(sin(theta+plotindeX180+pi/2)*crankthrow+sqrt(conrod”2-...
(cos(theta+plotindex*pi/180+pi/2)*crankthrow-aoikoffset).”2)))*pi*(b/2)"2;

% derivate of volume:

dvdtheta=((((cranktocrank + (sin(theta+plotindex180+pi/2+0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2+0.0001+uppercranklag*...
pi/180)*uppercrankthrow+uppercrankoffset). Apn(theta+plotindex*pi/180+pi/2+0.0001)*...
crankthrow+sqgrt(conrod”~2-(cos(theta+plotindaXtp0+pi/2+0.0001)*crankthrow+crankoffset).~2)))...
*pi*(b/2)"2)-(((cranktocrank + (sin(theta+plotiex*pi/180+pi/2-0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2-0.0001+uppercranklag*pi/18Q)*.
uppercrankthrow+uppercrankoffset).*2)))-(sietg¥ plotindex*pi/180+pi/2-0.0001)*crankthrow+...
sqgrt(conrod”2-(cos(theta+plotindex*pi/180+p0D001)*crankthrow+crankoffset).A2)))*pi*(b/2)"21)/0002;

switch heattransferlaw
case 'constant’
hcoeff=hcu;

case 'Woschni'
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upmean=omega*upstroke/((compressedvolindex-maxims#ek)/180*pi); % mean piston velocity
C1=2.28;
hcoeff=hcu*130*b”(-0.2)*Tu”(-0.53)*(p/100e3)(0.8}1 *upmean;
end

A=1/mass*(dVdtheta+2*V*Chlowby/omega);
Qconv=hcoeff*(pi*b"2/2+4*V/b)*(Tu-Tw);
Constl=1/omega/mass;
[h,u,v,s,Y,cp,divIT,dIvip]=farg(p,Tu,phi,fRC1,fugtpe,airscheme);
B=Constl*v/cp*dIvVIT*Qconv/Tu; % note typo on pl7dq. 4.76
C=0;

D=0;

E=v/"2/cp/Tu*dIvIT 2+v/p*divip;

yprime(1)=(A+B+C)/(D+E);
yprime(2)=-Const1/cp*Qconv+v/cp*dIviT*yprime(1);
yprime(3)=p*dVdtheta;

yprime(4)=Qconv/omega;

yprime(5)=Cblowby*mass/omega*h;

RatesComp2.m

function yprime=RatesComp2(theta,y,flag);

%

% yprime=RatesComp(theta,y,flag)

%

% Function that returns the drivatives of the foflog 5 variables
% w.r.t. crank angle (theta) for the compressioaseh

% 1) pressure; 2) unburned temperature;

% 3) work; 4) heat transfer; and 5) heat leakage.

% See Ferguson, C.R., 1986, "Internal Combustiagiries”, Wiley,
% pl74.

global b stroke eps r Cblowby f fueltype airscheghe...

thetas thetab omega ...

heattransferlaw hcu hcb ...

Tw thetal Vtdc Vbdc massl ...

pl T1 V1 minV maxinV maxexV ...

compressedvolindex plotindex ...

cylindervolume crankoffset conrod ...

crankthrow uppercrankoffset upperconrod ...

uppercrankthrow cranktocrank exportheight ...

uppercranklag thetacorrected maxinvolindex ...
maxexpandvolindex thetaignition upstroke downstroke

fRC1 upper_pist_positionmm lower_pist_positionmrtuggolume...
thetaaddsplug dtheta

p=y(1);

Tu=y(2),

yprime=zeros(5,1);

% mass in cylinder accounting for blowby:
mass=mass1*(exp(-Cblowby*(theta-thetal)/omega))"2;

% volume of cylinder:

% For upper piston positions higher than max(lopiston position), add
% 2*splugvolume

V=((cranktocrank + (sin(theta+plotindex*pi/180+pi{2ppercranklag*pi/180)*uppercrankthrow-...

sgrt(upperconrod”2-(cos(theta+plotindex*pi/1p2+uppercranklag*pi/180)*uppercrankthrow...

+uppercrankoffset).”2)))-(sin(theta+plotindeX80+pi/2)*crankthrow+sqrt(conrod"2-...
(cos(theta+plotindex*pi/180+pi/2)*crankthrow-anikoffset).”2)))*pi*(b/2)"2+2*splugvolume;

% derivate of volume:
dvdtheta=((((cranktocrank + (sin(theta+plotindex18i0+pi/2+0.0001+uppercranklag*pi/180)*...

uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2+0.0001+uppercranklag*...

pi/180)*uppercrankthrow+uppercrankoffset).Apn(theta+plotindex*pi/180+pi/2+0.0001)*...
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crankthrow+sqgrt(conrod”~2-(cos(theta+plotindaXtp0+pi/2+0.0001)*crankthrow+crankoffset).~2)))...

*pi*(b/2)"2)-(((cranktocrank + (sin(theta+plotex*pi/180+pi/2-0.0001+uppercranklag*pi/180)*...

uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2-0.0001+uppercranklag*pi/18Q)*.

uppercrankthrow+uppercrankoffset).*2)))-(sietg¥ plotindex*pi/180+pi/2-0.0001)*crankthrow+...

sqrt(conrod”2-(cos(theta+plotindex*pi/180+pi/2-
0.0001)*crankthrow+crankoffset)."2)))*pi*(b/2)"2)/0002...
+2*splugvolume/dtheta;

switch heattransferlaw
case 'constant’
hcoeff=hcu;

case 'Woschni'

upmean=omega*upstroke/((compressedvolindex-maximdek)/180*pi); % mean piston velocity

C1=2.28;
hcoeff=hcu*130*b”(-0.2)*Tu”(-0.53)*(p/100e3)(0.8}1 *upmean;
end

A=1/mass*(dVdtheta+2*V*Cblowby/omega);
Qconv=hcoeff*(pi*b"2/2+4*V/b)*(Tu-Tw);
Constl=1/omega/mass;

[h,u,v,s,Y,cp,divIT,dIvip]=farg(p, Tu,phi,fRC1,fugtpe,airscheme);
B=Constl1*v/cp*dIvVIT*Qconv/Tu; % note typo on pl7dq. 4.76
C=0;

D=0;

E=v/"2/cp/Tu*dIvIT 2+v/p*divip;

yprime(1)=(A+B+C)/(D+E);
yprime(2)=-Const1/cp*Qconv+v/cp*dIviT*yprime(1);
yprime(3)=p*dVdtheta;

yprime(4)=Qconv/omega;

yprime(5)=Cblowby*mass/omega*h;

RatesComp3.m

function yprime=RatesComp3(theta,y,flag);

%

% yprime=RatesComp(theta,y,flag)

%

% Function that returns the drivatives of the foflog 5 variables
% w.r.t. crank angle (theta) for the compressioasgh

% 1) pressure; 2) unburned temperature;

% 3) work; 4) heat transfer; and 5) heat leakage.

% See Ferguson, C.R., 1986, "Internal Combustiagiries”, Wiley,
% pl74.

global b stroke eps r Cblowby f fueltype airscheghe...
thetas thetab omega ...

heattransferlaw hcu hcb ...

Tw thetal Vtdc Vbdc massl ...

pl T1 V1 minV maxinV maxexV ...
compressedvolindex plotindex ...

cylindervolume crankoffset conrod ...

crankthrow uppercrankoffset upperconrod ...
uppercrankthrow cranktocrank exportheight ...
uppercranklag thetacorrected maxinvolindex ...
maxexpandvolindex thetaignition upstroke downstroke

fRC1 upper_pist_positionmm lower_pist_positionmrtuggolume...

thetaaddsplug dtheta

p=y(1);

Tu=y(2);

yprime=zeros(5,1);

% mass in cylinder accounting for blowby:
mass=mass1*(exp(-Cblowby*(theta-thetal)/omega))"2;
% volume of cylinder:
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% For upper piston positions higher than max(lopiston position), add
% 2*splugvolume

V=((cranktocrank + (sin(theta+plotindex*pi/180+pi{2ppercranklag*pi/180)*uppercrankthrow-...
sgrt(upperconrod”2-(cos(theta+plotindex*pi/1p2+uppercranklag*pi/180)*uppercrankthrow...
+uppercrankoffset).”2)))-(sin(theta+plotindeX80+pi/2)*crankthrow+sqrt(conrod"2-...
(cos(theta+plotindex*pi/180+pi/2)*crankthrow-acikoffset).”2)))*pi*(b/2)*2+2*splugvolume

% derivate of volume:
dVdtheta=((((cranktocrank + (sin(theta+plotixtj#/180+pi/2+0.0001+uppercranklag*pi/180)*...

uppercrankthrow-sqrt(upperconrod”2-(cos(thel@timex*pi/180+pi/2+0.0001+uppercranklag*...
pi/180)*uppercrankthrow+uppercrankoffset). gin(theta+plotindex*pi/180+pi/2+0.0001)*...

crankthrow+sqgrt(conrod”*2-(cos(theta+plotindextp0+pi/2+0.0001)*crankthrow+crankoffset).*2)))...

*pi*(b/2)"2)-(((cranktocrank + (sin(theta+plotiex*pi/180+pi/2-0.0001+uppercranklag*pi/180)*...

uppercrankthrow-sqrt(upperconrod”2-(cos(thel@mex*pi/180+pi/2-0.0001+uppercranklag*pi/18Q)*.

uppercrankthrow+uppercrankoffset).*2)))-(siett¥ plotindex*pi/180+pi/2-0.0001)*crankthrow+-...

sqrt(conrod”2-(cos(theta+plotindex*pi/180+p0D001)*crankthrow+crankoffset).*2)))*pi*(b/2)"2P)/L0002;

end

switch heattransferlaw

case ‘constant’

hcoeff=hcu;

case 'Woschni'
upmean=omega*upstroke/((compressedvolindex-maximdek)/180*pi); % mean piston velocity
C1=2.28;
hcoeff=hcu*130*b”(-0.2)*Tu”(-0.53)*(p/100e3)(0.8}1 *upmean;
end

A=1/mass*(dVdtheta+2*V*Cblowby/omega);
Qconv=hcoeff*(pi*b"2/2+4*V/b)*(Tu-Tw);
Constl=1/omega/mass;

[h,u,v,s,Y,cp,divIT,dIvip]=farg(p, Tu,phi,f,fueltypairscheme);
B=Constl1*v/cp*dIvVIT*Qconv/Tu; % note typo on pl7dq. 4.76
C=0;

D=0;

E=v/"2/cp/Tu*dIvIT 2+v/p*divip;

yprime(1)=(A+B+C)/(D+E);
yprime(2)=-Const1/cp*Qconv+v/cp*dIviT*yprime(1);
yprime(3)=p*dVdtheta;

yprime(4)=Qconv/omega;
yprime(5)=Cblowby*mass/omega*h;

RatesCompO1.m

function yprime=RatesCompQO1(theta,y,flag);

%

% yprime=RatesComp(theta,y,flag)

%

% Function that returns the drivatives of the foflog 5 variables
% w.r.t. crank angle (theta) for the compressioaseh

% 1) pressure; 2) unburned temperature;

% 3) work; 4) heat transfer; and 5) heat leakage.

% See Ferguson, C.R., 1986, "Internal Combustiagiries”, Wiley,
% pl74.

global b stroke eps r Cblowby f fueltype airscheghe...
thetas thetab omega ...

heattransferlaw hcu hcb ...

Tw thetal Vtdc Vbdc massl ...

pl T1 V1 minV maxinV maxexV ...
compressedvolindex plotindex ...

cylindervolume crankoffset conrod ...

crankthrow uppercrankoffset upperconrod ...
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uppercrankthrow cranktocrank exportheight ...
uppercranklag thetacorrected maxinvolindex ...
maxexpandvolindex thetaignition upstroke downstroke
fRC1

p=y(1);

Tu=y(2);

yprime=zeros(5,1);

% mass in cylinder accounting for blowby:
mass=mass1*(exp(-Cblowby*(theta-thetal)/omega))"2;

% volume of cylinder:

% For upper piston positions higher than max(lopiston position), add
% 2*splugvolume

V=((cranktocrank + (sin(theta+plotindex*pi/180+pi{2ppercranklag*pi/180)*uppercrankthrow-...
sqrt(upperconrod”2-(cos(theta+plotindex*pi/1pd2+uppercranklag*pi/180)*uppercrankthrow...
+uppercrankoffset).”2)))-(sin(theta+plotindeX180+pi/2)*crankthrow+sqrt(conrod"2-...
(cos(theta+plotindex*pi/180+pi/2)*crankthrow-aoikoffset).”2)))*pi*(b/2)"2;

% derivate of volume:

dvdtheta=((((cranktocrank + (sin(theta+plotindex180+pi/2+0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@timex*pi/180+pi/2+0.0001+uppercranklag*...
pi/180)*uppercrankthrow+uppercrankoffset).Apn(theta+plotindex*pi/180+pi/2+0.0001)*...
crankthrow+sqgrt(conrod”~2-(cos(theta+plotindaXtp0+pi/2+0.0001)*crankthrow+crankoffset).~2)))...
*pi*(b/2)"2)-(((cranktocrank + (sin(theta+plotdex*pi/180+pi/2-0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@mex*pi/180+pi/2-0.0001+uppercranklag*pi/18Q)*.
uppercrankthrow+uppercrankoffset).*2)))-(siete¥ plotindex*pi/180+pi/2-0.0001)*crankthrow+...
sqrt(conrod”2-(cos(theta+plotindex*pi/180+p0D001)*crankthrow+crankoffset).A2)))*pi*(b/2)"21)/0002;

switch heattransferlaw

case 'constant’

hcoeff=hcu;

case 'Woschni'
upmean=omega*upstroke/((compressedvolindex-maxims#ek)/180*pi); % mean piston velocity
C1=2.28;
hcoeff=hcu*130*b”(-0.2)*Tu”(-0.53)*(p/100e3)(0.8}1 *upmean;
end

A=1/mass*(dVdtheta+2*V*Chlowby/omega);
Qconv=hcoeff*(pi*b"2/2+4*V/b)*(Tu-Tw);
Constl=1/omega/mass;
[h,u,v,s,Y,cp,divIT,dlvip]=farg(p,Tu,phi,fRC1,fugipe,airscheme);
B=Constl1*v/cp*dIvIT*Qconv/Tu; % note typo on pl7dq. 4.76
C=0;

D=0;

E=v/"2/cp/Tu*dIvITA2+v/p*divip;

yprime(1)=(A+B+C)/(D+E);
yprime(2)=-Const1/cp*Qconv+v/cp*dIviT*yprime(1);
yprime(3)=p*dVdtheta;

yprime(4)=Qconv/omega,;

yprime(5)=Cblowby*mass/omega*h;

RatesCompO2.m

function yprime=RatesCompO2(theta,y,flag);

%

% yprime=RatesComp(theta,y,flag)

%

% Function that returns the drivatives of the foflog 5 variables
% w.r.t. crank angle (theta) for the compressioaseh

% 1) pressure; 2) unburned temperature;

% 3) work; 4) heat transfer; and 5) heat leakage.
% See Ferguson, C.R., 1986, "Internal Combustiagiries”, Wiley,

163



% pl74.

global b stroke eps r Cblowby f fueltype airscheghe...
thetas thetab omega ...

heattransferlaw hcu hcb ...

Tw thetal Vtdc Vbdc massl ...

pl T1 V1 minV maxinV maxexV ...
compressedvolindex plotindex ...

cylindervolume crankoffset conrod ...

crankthrow uppercrankoffset upperconrod ...
uppercrankthrow cranktocrank exportheight ...
uppercranklag thetacorrected maxinvolindex ...
maxexpandvolindex thetaignition upstroke downstroke
upper_pist_positionmm lower_pist_positionmm spluguee...
thetaaddsplug dtheta

p=y(1);

Tu=y(2);

yprime=zeros(5,1);

% mass in cylinder accounting for blowby:
mass=mass1*(exp(-Cblowby*(theta-thetal)/omega))"2;

% volume of cylinder:

% For upper piston positions higher than max(lopiston position), add
% 2*splugvolume

V=((cranktocrank + (sin(theta+plotindex*pi/180+pi2ppercranklag*pi/180)*uppercrankthrow-...
sqrt(upperconrod”2-(cos(theta+plotindex*pi/1pd2+uppercranklag*pi/180)*uppercrankthrow...
+uppercrankoffset).”2)))-(sin(theta+plotindeX80+pi/2)*crankthrow+sqrt(conrod"2-...
(cos(theta+plotindex*pi/180+pi/2)*crankthrow-aoikoffset).”2)))*pi*(b/2)*2+2*splugvolume;

% derivate of volume:

if theta==thetaaddsplug
dVvdtheta=((((cranktocrank + (sin(theta+plotixtj#/180+pi/2+0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2+0.0001+uppercranklag*...
pi/180)*uppercrankthrow+uppercrankoffset). Ay (theta+plotindex*pi/180+pi/2+0.0001)*...
crankthrow+sqgrt(conrod”*2-(cos(theta+plotindextp0+pi/2+0.0001)*crankthrow+crankoffset).*2)))...
*pi*(b/2)"2)-(((cranktocrank + (sin(theta+plotex*pi/180+pi/2-0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2-0.0001+uppercranklag*pi/18Q)*.
uppercrankthrow+uppercrankoffset).*2)))-(sietg¥ plotindex*pi/180+pi/2-0.0001)*crankthrow+...
sqgrt(conrod”2-(cos(theta+plotindex*pi/180+p0D001)*crankthrow+crankoffset). 2)))*pi*(b/2)"2)).
/0.0002+2*splugvolume/dtheta;

else
dVvdtheta=((((cranktocrank + (sin(theta+plotixtjg/180+pi/2+0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2+0.0001+uppercranklag*...
pi/180)*uppercrankthrow+uppercrankoffset). Apn(theta+plotindex*pi/180+pi/2+0.0001)*...
crankthrow+sqgrt(conrod”~2-(cos(theta+plotindaXtp0+pi/2+0.0001)*crankthrow+crankoffset).~2)))...
*pi*(b/2)"2)-(((cranktocrank + (sin(theta+plotiex*pi/180+pi/2-0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2-0.0001+uppercranklag*pi/18Q)*.
uppercrankthrow+uppercrankoffset).*2)))-(sietg¥ plotindex*pi/180+pi/2-0.0001)*crankthrow+...
sqrt(conrod”2-(cos(theta+plotindex*pi/180+p0D001)*crankthrow+crankoffset).A2)))*pi*(b/2)"21)/0002;

end

switch heattransferlaw

case 'constant’

hcoeff=hcu;

case 'Woschni'
upmean=omega*upstroke/((compressedvolindex-maxims#ek)/180*pi); % mean piston velocity
C1=2.28;
hcoeff=hcu*130*b”(-0.2)*Tu”(-0.53)*(p/100e3)"(0.8}1 *upmean;
end

A=1/mass*(dVdtheta+2*V*Chlowby/omega);
Qconv=hcoeff*(pi*b"2/2+4*V/b)*(Tu-Tw);
Constl=1/omega/mass;

[h,u,v,s,Y,cp,divIT,dIvip]=farg(p, Tu,phi,f,fueltypairscheme);

164



B=Constl*v/cp*dIvVIT*Qconv/Tu; % note typo on pl7dq. 4.76
C=0;

D=0;

E=v/"2/cp/Tu*dIvITA2+v/p*divip;

yprime(1)=(A+B+C)/(D+E);
yprime(2)=-Const1/cp*Qconv+v/cp*dIviT*yprime(1);
yprime(3)=p*dVdtheta;

yprime(4)=Qconv/omega;
yprime(5)=Cblowby*mass/omega*h;

RatesComptrans.m

function yprime=RatesComptrans(theta,y,flag);

%

% yprime=RatesComp(theta,y,flag)

%

% Function that returns the drivatives of the foflog 5 variables
% w.r.t. crank angle (theta) for the compressioasgh

% 1) pressure; 2) unburned temperature;

% 3) work; 4) heat transfer; and 5) heat leakage.

% See Ferguson, C.R., 1986, "Internal Combustiagiries”, Wiley,
% pl74.

global b stroke eps r Cblowby f fueltype airscheghe...

thetas thetab omega ...

heattransferlaw hcu hcb ...

Tw thetal Vtdc Vbdc massl ...

pl T1 V1 minV maxinV maxexV ...

compressedvolindex plotindex ...

cylindervolume crankoffset conrod ...

crankthrow uppercrankoffset upperconrod ...

uppercrankthrow cranktocrank exportheight ...

uppercranklag thetacorrected maxinvolindex ...
maxexpandvolindex thetaignition upstroke downstroke

fRC1 upper_pist_positionmm lower_pist_positionmrtuggolume...
thetaaddsplug dtheta

p=y(1);

Tu=y(2);

yprime=zeros(5,1);

% mass in cylinder accounting for blowby:
mass=mass1*(exp(-Cblowby*(theta-thetal)/omega))"2;

% volume of cylinder:

% For upper piston positions higher than max(lopiston position), add
% 2*splugvolume

V=((cranktocrank + (sin(theta+plotindex*pi/180+pi{2ppercranklag*pi/180)*uppercrankthrow-...
sgrt(upperconrod”2-(cos(theta+plotindex*pi/1p2+uppercranklag*pi/180)*uppercrankthrow...
+uppercrankoffset).”2)))-(sin(theta+plotindeX180+pi/2)*crankthrow+sqrt(conrod"2-...
(cos(theta+plotindex*pi/180+pi/2)*crankthrow-aoikoffset).”2)))*pi*(b/2)"2+2*splugvolume;

% derivate of volume:

dvdtheta=((((cranktocrank + (sin(theta+plotindex18i0+pi/2+0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2+0.0001+uppercranklag*...
pi/180)*uppercrankthrow+uppercrankoffset). gin(theta+plotindex*pi/180+pi/2+0.0001)*...
crankthrow+sqgrt(conrod”~2-(cos(theta+plotindaXtp0+pi/2+0.0001)*crankthrow+crankoffset).~2)))...
*pi*(b/2)"2)-(((cranktocrank + (sin(theta+plotex*pi/180+pi/2-0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2-0.0001+uppercranklag*pi/18Q)*.
uppercrankthrow+uppercrankoffset).*2)))-(sietg¥ plotindex*pi/180+pi/2-0.0001)*crankthrow+...
sqgrt(conrod”2-(cos(theta+plotindex*pi/180+pi/2-

0.0001)*crankthrow+crankoffset).*2)))*pi*(b/2)"2)/0002...
+2*splugvolume/dtheta;

165



switch heattransferlaw

case 'constant’

hcoeff=hcu;

case 'Woschni'
upmean=omega*upstroke/((compressedvolindex-maxims#ek)/180*pi); % mean piston velocity
C1=2.28;
hcoeff=hcu*130*b”(-0.2)*Tu”(-0.53)*(p/100e3)(0.8}1*upmean;
end

A=1/mass*(dVdtheta+2*V*Cblowby/omega);
Qconv=hcoeff*(pi*b"2/2+4*V/b)*(Tu-Tw);
Constl=1/omega/mass;
[h,u,v,s,Y,cp,divIT,dIvip]=farg(p,Tu,phi,fRC1,fugipe,airscheme);
B=Constl1*v/cp*dIvVIT*Qconv/Tu; % note typo on pl7dq. 4.76
C=0;

D=0;

E=v/"2/cp/Tu*dIvITA2+v/p*divip;

yprime(1)=(A+B+C)/(D+E);
yprime(2)=-Const1/cp*Qconv+v/cp*dIviT*yprime(1);
yprime(3)=p*dVdtheta;

yprime(4)=Qconv/omega;

yprime(5)=Cblowby*mass/omega*h;

RatesExp.m

function yprime=RatesExp(theta,y,flag);

%

% yprime=RatesExp(theta,y,flag)

%

% Function that returns the drivatives of the foflog 5 variables
% w.r.t. crank angle (theta) for the expansion phas

% 1) pressure; 2) unburned temperature;

% 3) work; 4) heat transfer; and 5) heat leakage.

% See Ferguson, C.R., 1986, "Internal Combustiagiriess”, Wiley,
% pl74.

global b stroke eps r Cblowby f fueltype airscheghe...
thetas thetab omega ...

heattransferlaw hcu hcb ...

Tw thetal Vtdc Vbdc massl ...

pl T1 V1 minV maxinV maxexV ...
compressedvolindex plotindex ...

cylindervolume crankoffset conrod ...

crankthrow uppercrankoffset upperconrod ...
uppercrankthrow cranktocrank exportheight ...
uppercranklag thetacorrected maxinvolindex ...
maxexpandvolindex thetaignition upstroke downstroke
portopenindex splugvolume

p=y(1);

Th=y(2),

yprime=zeros(5,1);

% mass in cylinder accounting for blowby:

mass=mass1*(exp(-Cblowby*(theta-thetal)/omega))"2;

% volume of cylinder:

V=((cranktocrank + (sin(theta+plotindex*pi/180+pi{2ppercranklag*pi/180)*uppercrankthrow-...
sgrt(upperconrod”2-(cos(theta+plotindex*pi/1p2+uppercranklag*pi/180)*uppercrankthrow+...
uppercrankoffset).”2)))-(sin(theta+plotindex4@0+pi/2)*crankthrow+sgrt(conrod"2-...
(cos(theta+plotindex*pi/180+pi/2)*crankthrow-aoikoffset).”2)))*pi*(b/2)"2+2*splugvolume;

% derivate of volume:

dvdtheta=((((cranktocrank + (sin(theta+plotindex18i0+pi/2+0.0001+uppercranklag*pi/180)*...
uppercrankthrow-sqrt(upperconrod”2-(cos(thel@timex*pi/180+pi/2+0.0001+uppercranklag*...
pi/180)*uppercrankthrow+uppercrankoffset). pn(theta+plotindex*pi/180+pi/2+0.0001)*...
crankthrow+sqgrt(conrod”"2-(cos(theta+plotindeXtp0+pi/2+0.0001)*crankthrow+crankoffset)."2)))*..
pi*(b/2)"2)-(((cranktocrank + (sin(theta+pladiex*pi/180+pi/2-0.0001+uppercranklag*pi/180)*...

166



uppercrankthrow-sqrt(upperconrod”2-(cos(thel@tmex*pi/180+pi/2-0.0001+uppercranklag*pi/18Q)*.
uppercrankthrow+uppercrankoffset).*2)))-(siett¥ plotindex*pi/180+pi/2-0.0001)*...
crankthrow+sqgrt(conrod”2-(cos(theta+plotindeXtp0+pi/2-0.0001)*crankthrow+crankoffset).”2)))*..
pi*(b/2)"2))/0.0002;

switch heattransferlaw

case 'constant’

hcoeff=hcb;

case 'Woschni'
downmean=omega*downstroke/((maxexpandvolindex-cesgadvolindex)/180*pi); % mean piston velocity
C1=2.28;

C2=3.24e-3;

Vs=maxexV-minV;

k=1.3;

pm=p1*(V1/V)"k; % motoring pressure
hcoeff=hcb*130*b"(-0.2)*Tb"(-0.53)*(p/100e3)"(0.8)*
(C1*downmean+C2*Vs*T1/p1/V1*(p-pm))™(0.8);

end

A=1/mass*(dVdtheta+2*V*Cblowby/omega);
Qconv=hcoeff*(pi*b"2/2+4*V/b)*(Th-Tw);
Constl=1/omega/mass;

if Tbh<1000

[h,u,v,s,Y,cp,dvIT,dIvip]=farg(p, Th,phi,1,fueltypeirscheme);
else
[h,u,v,s,Y,cp,divIT,dIvip]=ecp(p,Th,phi,fueltyperacheme);
end

B=Constl*v/cp*dIvVIT*Qconv/Tb;

C=0;

D=v"2/cp/Tb*dIvIT"2+v/p*divip;

E=0;

yprime(1)=(A+B+C)/(D+E);
yprime(2)=-Const1/cp*Qconv+v/cp*dIviT*yprime(1);
yprime(3)=p*dVdtheta;

yprime(4)=Qconv/omega;
yprime(5)=Cblowby*mass/omega*h;

ringfriction.m

function [ringfrictwork]=ringfriction(dSdt,d2Sdt2pist_positionmm,b,muoil,mu,engpressure);

ringtension=20;
ringwidth=0.003;

% determine Stribeck relation between # and cddffiction (f) from plot
% use as input into Stribeck calculation

graphStNo=[-6 -3];

graphf=[-3 -1.3];

StNofit=polyfit(graphStNo,graphf,1);

%calc Stribeck number
StNo=muoil*abs(dSdt)./(ringtension/(b*pi*ringwidth¢ngpressure);

%determine corresponding coeff of friction
f=10.~(polyval((StNofit),log10(StNo)));

% obtain er piston position increments with'diff'
_pist_position_diff=diff(_pist_positionmm/1000);
_pist_position_diff=[_pist_position_diff,_pist_paisin_diff(end)];

for counter=1:length(engpressure);

if StNo(counter)<=0.01*1e-4
ringfriction=mu*(ringtension+engpressure).*sfdsdt);
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else
ringfriction=f(counter)*(ringtension/(b*pi*ringidth)+engpressure).*sign(dSdt);

end

end

ringfrictworkall=abs(ringfrictioncombined).*abs(_gti position_diff);

ringfrictwork=sum(ringfrictworkall)

slider_bar_input.m

%slider_bar_input - the simulation main file thatablishes the GUI, calls other
%functions and files and displayes the outputs.

% type slider_bar_input in the matlab workspac

clc;
clear;

starttime=cputime;

global b stroke eps r Cblowby f fueltype airscheghe...
thetas thetab omega ...

heattransferlaw hcu hcb ...

Tw thetal Vtdc Vbdc massl ...

pl T1 V1 minV maxinV maxexV ...

compressedvolindex plotindex ...

cylindervolume crankoffset conrod ...

crankthrow uppercrankoffset upperconrod ...
uppercrankthrow cranktocrank exportheight ...
uppercranklag thetacorrected maxinvolindex ...
maxexpandvolindex thetaignition upstroke downstriaieM...
upper_pist_positionmm lower_pist_positionmm spldgute muoil mu fRC1

% Set default values for variable dimensions -aeplenginespec....' on

% line 31 to alter default engine spec setting

[version,uppercrankoffset,upperconrod,uppercrakitorankoffset,...
conrod,crankthrow,cranktocrank,exportheightarpmanklag,...
uppercrankoffsetrange,upperconrodrange,uppetinaowrange, ...
crankoffsetrange,conrodrange,crankthrowrangektocrankrange,...
exportheightrange,uppercranklagrange,thetabdggbdeg,thetasdegrange,...
thetabdegrange,splugport]=enginespecprotoBEXX X X XX XX XXX XXX XXX

%user input for engine simulation speed
RPM = input('Engine Speed in Revs/min : ");

%choose a simulation option using a menu
k = menu('Choose the Model Version','ORIGINAL','CRIRCTED THERMO-CYLE','CORRECTED
THERMO-CYCLE & FRICTIONY;

%establish the blow-by constant for the simulatption
Cblowby=[0.8, 8, 8];
Cblowby=Cblowby(k);

%convert engine specs to mm
crankoffsetmm=crankoffset*1000;
conrodmm=conrod*1000;
crankthrowmm=crankthrow*1000;
uppercrankoffsetmm=uppercrankoffset*1000;
upperconrodmm=upperconrod*1000;
uppercrankthrowmm=uppercrankthrow*1000;
cranktocrankmm=cranktocrank*1000;
exportheightmm=exportheight*1000;
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% Set range for slider-bars
uppercrankoffsetrangelength=uppercrankoffsetramgg{eppercrankoffsetrange(1);
upperconrodrangelength=upperconrodrange(end)-upperdrange(1);
uppercrankthrowrangelength=uppercrankthrowrang@{epgercrankthrowrange(1);
crankoffsetrangelength=crankoffsetrange(end)-criis&tvange(1);
conrodrangelength=conrodrange(end)-conrodrange(1);
crankthrowrangelength=crankthrowrange(end)-craiktnange(1);
cranktocrankrangelength=cranktocrankrange(end)ktoarankrange(1);
exportheightrangelength=exportheightrange(end)-eRkpmhtrange(1);
uppercranklagrangelength=uppercranklagrange(enograpnklagrange(1);
thetasdegrangelength=thetasdegrange(end)-thetasdegt);
thetabdegrangelength=thetabdegrange(end)-thetadops(t);

% Get screen size and set figure size
scrsz = get(0,'ScreenSize");
figure('Position’,[20 100 scrsz(3)-40 scrsz(4)-300]

% Plot each slider-bar in the LH figure - slidersare plots of red dots

% from x=15-45 and y-dimensions of 2, 4, 6,..18,

subplot(1,2,1);
plot(crankoffsetrange*30/crankoffsetrangelengthtt&nkoffsetrange(1)*30/crankoffsetrangelength, Ip,'r
text(1,12,'Lower OffSet’)

labelllow=sprintf('%3.1f',crankoffsetrange(1));

text(15,11.5,labelllow)

labellhigh=sprintf('%3.1f',crankoffsetrange(end));

text(45,11.5,labellhigh)

hold on
plot(conrodrange*30/conrodrangelength+15-conrodeéhd30/conrodrangelength,10,'r.")
text(1,10,'Lower ConRod")

label2low=sprintf('%3.1f' ,conrodrange(1));

text(15,9.5,label2low)

label2high=sprintf('%3.1f',conrodrange(end));

text(45,9.5,label2high)

plot(crankthrowrange*30/crankthrowrangelength+1&nttthrowrange(1)*30/crankthrowrangelength,8,'r.")
text(1,8,'Lower Throw")

label3low=sprintf('%3.1f',crankthrowrange(1));

text(15,7.5,label3low)

label3high=sprintf('%3.1f',crankthrowrange(end));

text(45,7.5,label3high)

plot(uppercrankoffsetrange*30/uppercrankoffsetréength+15-
uppercrankoffsetrange(1)*30/uppercrankoffsetranuygtle 18,'r.")
text(1,18,'Upper OffSet')

label4low=sprintf('%3.1f' ,uppercrankoffsetrange(1))
text(15,17.5,label4low)
label4high=sprintf("%3.1f',uppercrankoffsetrange{gn
text(45,17.5,label4high)

plot(upperconrodrange*30/upperconrodrangelengthaiiferconrodrange(1)*30/upperconrodrangelength,}6,'r
text(1,16,'Upper ConRod")

label5low=sprintf('%3.1f' ,upperconrodrange(1));

text(15,15.5,label5low)

label5high=sprintf('%3.1f',upperconrodrange(end));

text(45,15.5,label5high)

plot(uppercrankthrowrange*30/uppercrankthrowrangglie+15-
uppercrankthrowrange(1)*30/uppercrankthrowrangeleid,'r."
text(1,14,'Upper Throw')
label6low=sprintf('%3.1f',uppercrankthrowrange(1));
text(15,13.5,label6low)
label6high=sprintf('%3.1f',uppercrankthrowrange(énd
text(45,13.5,label6high)

plot(cranktocrankrange*30/cranktocrankrangelengfhetanktocrankrange(1)*30/cranktocrankrangelengtti)é
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text(1,6,'Crank to Crank’)

label7low=sprintf('%3.1f ,cranktocrankrange(1));
text(15,5.5,label7low)
label7high=sprintf('%3.1f',cranktocrankrange(end));
text(45,5.5,label7high)

plot(exportheightrange*30/exportheightrangelengi+ekportheightrange(1)*30/exportheightrangelength’y
text(1,4,'Ex-port Height')

label8low=sprintf('%3.1f ,exportheightrange(1));

text(15,3.5,label8low)

label8high=sprintf('%3.1f',exportheightrange(end));

text(45,3.5,label8high)

plot(uppercranklagrange*30/uppercranklagrangeleritfih
uppercranklagrange(1)*30/uppercranklagrangelengthy) 2
text(1,2,'Crank Lag(deg)")

label9low=sprintf('%3.1f' ,uppercranklagrange(1));
text(15,1.5,label9low)
label9high=sprintf('%3.1f',uppercranklagrange(end))
text(45,1.5,label9high)

plot(thetasdegrange*30/thetasdegrangelength+15agtegrange(1)*30/thetasdegrangelength,22,'r.")
text(1,22,'Burn Start(deg)")

label10low=sprintf('%3.1f'thetasdegrange(1));

text(15,21.5,label10low)

label10high=sprintf('%3.1f',thetasdegrange(end));

text(45,21.5,label10high)

plot(thetabdegrange*30/thetabdegrangelength+1&bdegrange(1)*30/thetabdegrangelength,20,'r.")
text(1,20,'Burn Duration")

labellllow=sprintf('%3.1f'thetabdegrange(1));

text(15,19.5,labellllow)

labell1lhigh=sprintf('%3.1f',thetabdegrange(end));

text(45,19.5,labell1high)

text(12,24.5,'Spec’)
text(12,23.5,version)

% Limit slider-bar figure axes
axis([0,45,1,25])

% Plot default values of variable dimensions as '0'

plot (crankoffsetmm*30/crankoffsetrangelength+1&rtwoffsetrange(1)*30/crankoffsetrangelength,12,'o’,
conrodmm*30/conrodrangelength+15-conrodrang8onrodrangelength,10,'0',...
crankthrowmm*30/crankthrowrangelength+15-crandivrange(1)*30/crankthrowrangelength,8,'0’,...
uppercrankoffsetmm*30/uppercrankoffsetrangeteng)s-

uppercrankoffsetrange(1)*30/uppercrankoffsetranugtle 18,'0',...
upperconrodmm*30/upperconrodrangelength+15-ummeodrange(1)*30/upperconrodrangelength,16,'0’,..
uppercrankthrowmm*30/uppercrankthrowrangelengfix

uppercrankthrowrange(1)*30/uppercrankthrowrangeleig,'o',...
cranktocrankmm*30/cranktocrankrangelength+JIdiktocrankrange(1)*30/cranktocrankrangelength,6,'o’
exportheightmm*30/exportheightrangelength+1pertheightrange(1)*30/exportheightrangelength, 4.0’
uppercranklag*30/uppercranklagrangelength+jsengranklagrange(1)*30/uppercranklagrangelength,2,’
thetasdeg*30/thetasdegrangelength+15-thetasdgefl)*30/thetasdegrangelength,22,'0,...
thetabdeg*30/thetabdegrangelength+15-thetabhdgg(1)*30/thetabdegrangelength,20,'0")

% remove axis ticks on slider-bar figure
axis off

% Plot the default values of the variable dimension each slider-bar

subplot(1,2,1);

floatlabell=sprintf('%3.1f',crankoffsetmm);
text(crankoffsetmm*30/crankoffsetrangelength+15-
crankoffsetrange(1)*30/crankoffsetrangelength, Id&tlabell)
floatlabel2=sprintf('%3.1f',conrodmm);
text(conrodmm*30/conrodrangelength+15-conrodrang8@conrodrangelength,10.8,floatlabel2)
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floatlabel3=sprintf('%3.1f',crankthrowmm);
text(crankthrowmm*30/crankthrowrangelength+15-
crankthrowrange(1)*30/crankthrowrangelength,8.&flabel3)
floatlabel4=sprintf('%3.1f',uppercrankoffsetmm);
text(uppercrankoffsetmm*30/uppercrankoffsetrangglief15-
uppercrankoffsetrange(1)*30/uppercrankoffsetranugtle 18.8,floatlabel4)
floatlabel5=sprintf('%3.1f',upperconrodmm);
text(upperconrodmm*30/upperconrodrangelength+15-
upperconrodrange(1)*30/upperconrodrangelength fléa8abel5)
floatlabel6=sprintf('%3.1f',uppercrankthrowmm);
text(uppercrankthrowmm#*30/uppercrankthrowrangelbmdb-
uppercrankthrowrange(1)*30/uppercrankthrowrangeleiig.8,floatlabel6)
floatlabel7=sprintf('%3.1f',cranktocrankmm);
text(cranktocrankmm*30/cranktocrankrangelength+15-
cranktocrankrange(1)*30/cranktocrankrangelengttfl6alabel 7)
floatlabel8=sprintf('%3.1f',exportheightmm);
text(exportheightmm*30/exportheightrangelength+15-
exportheightrange(1)*30/exportheightrangelengthfib&tlabel8)
floatlabel9=sprintf('%3.1f',uppercranklag);
text(uppercranklag*30/uppercranklagrangelength+15-
uppercranklagrange(1)*30/uppercranklagrangelengitil@atlabel9)
floatlabe20=sprintf('%3.1f',thetasdeg);
text(thetasdeg*30/thetasdegrangelength+15-theteange(1)*30/thetasdegrangelength,22.8,floatlabe20)
floatlabe21=sprintf('%3.1f',thetabdeg);
text(thetabdeg*30/thetabdegrangelength+15-thetabdegg(1)*30/thetabdegrangelength,20.8,floatlabe21)

% create 'exit' button to use 'ginput’
text(1,24,'EXIT','FontSize',16)

line([0 10], [23 23],'Color',[.4,.6,.8],'Linewidt}3)
line([0 10], [25 25],'Color',[.4,.6,.8],'Linewidt|3)
line([0 0], [23 25],'Color',[.4,.6,.8],'Linewidtl3)
line([10 10], [23 25],'Color',[.4,.6,.8],'Linewidt)

% create 'use existing spec' button
text(36,24.6,'Current','FontSize’,11)
text(36,23.6,'Spec','FontSize',12)

line([35 45], [23 23],'Color',[.4,.6,.8],'Linewidt[3)
line([35 45], [25 25],'Color',[.4,.6,.8],'Linewidt3)
line([35 35], [23 25],'Color',[.4,.6,.8],'Linewidt8)
line([45 45], [23 25],'Color',[.4,.6,.8],'Linewidt[3)

% save figure as an image to create a playbackemovi
% h = gcf
% saveas(h,'sliderdefault.fig")

% Set input markers '+' at default position atltheend of each slider
% and replace the displayed position at each gibaut
aa=15;
bb=12;
a=plot(aa,bb,'+");
%(display text at end of bar for changed sesting
atext=text(50,12,sprintf('%3.1f' ,crankoffsetmm)
set(a,'EraseMode’,'xor','MarkerSize',14)
set(atext,'EraseMode’,'xor")

cc=15;

dd=10;

c=plot(cc,dd,'+");
ctext=text(50,10,sprintf('%3.1f ,conrodmm));
set(c,'EraseMode','xor','MarkerSize',14)
set(ctext,'EraseMode’,'xor")

ee=15;

ff=8;

e=plot(ee,ff,'+");
etext=text(50,8,sprintf('%3.1f',crankthrowmm));
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set(e,'EraseMode','xor','MarkerSize',14)
set(etext,'EraseMode’,'xor")

gg=15;

hh=18;

g=plot(gg,hh,'+";
gtext=text(50,18,sprintf('%3.1f',uppercranketfam));
set(g,'EraseMode','xor','MarkerSize',14)
set(gtext,'EraseMode’,'xor")

ii=15;

ji=16;

i=plot(ii,jj, +);
itext=text(50,16,sprintf('%3.1f',upperconrodmm)
set(i,EraseMode’,'xor','MarkerSize',14)
set(itext,'EraseMode’,'xor")

kk=15;

mm=14;

km=plot(kk,mm,'+");
ktext=text(50,14,sprintf('%3.1f' ,uppercrankthrom));
set(km,'EraseMode’,'xor','MarkerSize',14)
set(ktext,'EraseMode','xor")

nn=15;

00=6;

n=plot(nn,oo0,'+";
ntext=text(50,6,sprintf('%3.1f',cranktocrankmm)
set(n,'EraseMode’,'xor','MarkerSize',14)
set(ntext,'EraseMode’,'xor")

pp=15;

q9-=4;

p=plot(pp,qq,'+’);

ptext=text(50,4,sprintf('%3.1f' ,exportheightmm)
set(p,'EraseMode','xor','MarkerSize',14)
set(ptext,'EraseMode’,'xor")

rr=15;

SS=2;

rs=plot(rr,ss,'+");
rtext=text(50,2,sprintf('%3.1f' ,uppercranklag))
set(rs,'EraseMode','xor','MarkerSize',14)
set(rtext,'EraseMode','xor")

tt=15;

uu=20;

tu=plot(tt,uu,'+";
ttext=text(50,20,sprintf('%3.1f' ,thetabdeg));
set(tu,'EraseMode’,'xor','MarkerSize',14)
set(ttext,'EraseMode’,'xor")

vv=15;

ww=22;

vw=plot(vv,ww,'+";
vtext=text(50,22,sprintf('%3.1f' thetasdeg));
set(vw,'EraseMode’,'xor','MarkerSize',14)
set(vtext,'EraseMode','xor")

% zero the ginput control variable, 'z'
z=0;

% set the movie frame counter to 1

% create conditional statement that allows the it assess which
% variable is being input
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while z==
subplot(1,2,1);
[x.y]=ginput(1);

if((y>11) & (y<13));
crankoffsetmm=round((((x+crankoffsetrang&g/crankoffsetrangelength)-
15)/30*crankoffsetrangelength)*10)/10;
aa=crankoffsetmm*30/crankoffsetrangelengtierankoffsetrange(1)*30/crankoffsetrangelength;
crankoffset=crankoffsetmm/1000;
set(a,'XData',aa,"YData',bb)
set(atext,'String',sprintf('%3.1f',cranksztmm))

elseif ((y>9) & (y<11));
conrodmm=round((((x+conrodrange(1)*30/calmemgelength)-15)/30*conrodrangelength)*10)/10;
cc=conrodmm*30/conrodrangelength+15-corande(1)*30/conrodrangelength;
conrod=conrodmm/1000;
set(c,'XData’,cc,"YData',dd)
set(ctext,'String',sprintf('%3.1f',conrodim

elseif ((y>7) & (y<9));
crankthrowmms=round((((x+crankthrowrange@)fcrankthrowrangelength)-
15)/30*crankthrowrangelength)*10)/10;
ee=crankthrowmm*30/crankthrowrangelength¢t&nkthrowrange(1)*30/crankthrowrangelength;
crankthrow=crankthrowmm/1000;
set(e,'XData’,ee,"YData',ff)
set(etext,'String',sprintf('%3.1f',crankttvmm))

elseif ((y>17) & (y<19));
uppercrankoffsetmm=round((((x+uppercrangefifange(1)*30/uppercrankoffsetrangelength)-
15)/30*uppercrankoffsetrangelength)*10)/10;
gg=uppercrankoffsetmm*30/uppercrankoffsegelength+15-
uppercrankoffsetrange(1)*30/uppercrankoffsetrangle
uppercrankoffset=uppercrankoffsetmm/1000;
set(g,'XData',gg, YData',hh)
set(gtext,'String',sprintf('%3.1f',upperkaffsetmm))

elseif ((y>15) & (y<17));
upperconrodmm=round((((x+upperconrodrang8@upperconrodrangelength)-
15)/30*upperconrodrangelength)*10)/10;
ii=upperconrodmm*30/upperconrodrangelengBytipperconrodrange(1)*30/upperconrodrangelength;
upperconrod=upperconrodmm/1000;
set(i,’XData',ii,"Y Data',jj)
set(itext,'String',sprintf('%3.1f',uppercodmm))

elseif ((y>13) & (y<15));
uppercrankthrowmms=round((((x+uppercranktimange(1)*30/uppercrankthrowrangelength)-
15)/30*uppercrankthrowrangelength)*10)/10;
kk=uppercrankthrowvmm*30/uppercrankthrowraleggth+15-
uppercrankthrowrange(1)*30/uppercrankthrowrangeteng
uppercrankthrow=uppercrankthrowmm/1000;
set(km,'XData',kk,"YData',mm)
set(ktext,'String',sprintf('%3.1f',uppenckéhrowmm))

elseif ((y>5) & (y<7));
cranktocrankmm=round((((x+cranktocrankrgyf80/cranktocrankrangelength)-
15)/30*cranktocrankrangelength)*10)/10;
nn=cranktocrankmm*30/cranktocrankrangelemfb-cranktocrankrange(1)*30/cranktocrankrangelengt
cranktocrank=cranktocrankmm/1000;
set(n,'XData’,nn,"YData',00)
set(ntext,'String',sprintf('%3.1f',cranktackmm))

elseif ((y>3) & (y<b));
exportheightmm=round((((x+exportheightrafig80/exportheightrangelength)-
15)/30*exportheightrangelength)*10)/10;
pp=exportheightmm*30/exportheightrangelérdis-exportheightrange(1)*30/exportheightrangelbngt
exportheight=exportheightmm/1000
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set(p,'XData’,pp,'YData',qq)
set(ptext,'String',sprintf('%3.1f',expoitigmm))

elseif ((y>1) & (y<3));
uppercranklag=round((((x+uppercranklagrdhpd&0/uppercranklagrangelength)-
15)/30*uppercranklagrangelength)*10)/10;
rr=uppercranklag*30/uppercranklagrangelend@b-uppercranklagrange(1)*30/uppercranklagranggten
set(rs,'XData',rr,'YData’,ss)
set(rtext,'String',sprintf('%3.1f',uppentkéag))

elseif ((y>19) & (y<21));
thetabdeg=round((((x+thetabdegrange(1)#@#bdegrangelength)-15)/30*thetabdegrangelengft2*2
tt=thetabdeg*30/thetabdegrangelength+1fativegrange(1)*30/thetabdegrangelength;
set(tu,'XData',tt,"Y Data',uu)
set(ttext,'String',sprintf('%3.1f' thetalg)le

elseif ((y>21) & (y<23));
thetasdeg=round((((x+thetasdegrange(1)ha®disdegrangelength)-15)/30*thetasdegrangelengt)*2
vv=thetasdeg*30/thetasdegrangelength+1tasdegrange(1)*30/thetasdegrangelength;
set(vw,'XData',vv,"YData',ww)
set(vtext,'String',sprintf('%3.1f' ,thetagie

elseif ((y>23) & (y<25) & (x>0) & (x<10))
z=1;

elseif ((y>23) & (y<25) & (x>35) & (x<45))
crankoffsetmm=crankoffsetmm;

else
z=0;
end

%convert burn angle to radians
thetas=thetasdeg/180*pi
thetab=thetabdeg/180*pi

% print the current variable values to the workgpac
fprintf("\nUpper Crank Offset = %5.2f mm ',uppentkaffsetmm);
fprintf("\nUpper Con Rod Length = %5.2f mm ',upp@Ermdmm);
fprintf("\nUpper Crank Throw = %5.2f mm ',upperckmowmm);
fprintf(\nLower Crank Offset = %5.2f mm ',crankeétmm);
fprintf("\nLower Con Rod Length = %5.2f mm ',connoch);
fprintf(\nLower Crank Throw = %5.2f mm ',crankthivoam);
fprintf(\nCrank to Crank = %5.2f mm ',cranktocrami);
fprintf("\nEx-port Height = %5.2f mm ',exportheighin);
fprintf(\nCrank Lag = %5.2f deg \n \n',uppercreaa);
fprintf(\nBurn Start = %5.2f deg \n \n',thetasdeg)
fprintf("\nBurn Duration = %5.2f deg \n \n',thetaduy;

% Plot the positions of the pistons in the RH figur
subplot(1,2,2);
axis on

% Set the number of cycles to display
zz=1;

% Set the range of crank angle for the plot witB B&rements

% t=0.01;

thetaplot=linspace(0,2*pi*zz,360);

% calculate the lower piston position for each krangle
lower_pist_positionmm=sin(thetaplot+pi/2)*cramlowmm-+sqgrt(conrodmm”2-

(cos(thetaplot+pi/2)*crankthrowmm-+crankoffsetmm);*2

% find the lower piston closing the exhaustt paisition to use as the start of the plot
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plotindex=max(find(lower_pist_positionmm<exporthatigm));%find(lower_pist_positionmm==max(lower_pis
t_positionmm));

%creat a new crank angle reference ,'thetacteate
thetacorrected=thetaplot+plotindex*pi/180+pi/2;

%shift lower_pist_positionmm to start at exhauat close
lower_pist_positionmm=sin(thetacorrected)*cridmn&wmm-+sqrt(conrodmm”2-
(cos(thetacorrected)*crankthrowmm-+crankoffsetmmn).~2

% plot the lower piston position from the maximvalue at zero crank
% angle

plot(thetaplot*180/pi,lower_pist_positionmm),k'
%plot(theta(plotindex:length(height))

hold on;

% plot the remaining lower piston position \&duo complete the

% piston position for the full range

%plot(theta(length(lower_pist_positionmm)-
plotindex+1:length(theta))/pi*180,lower_pist_positmm(1:plotindex),'k");

%uppercranklag %(test 1)

% set the axis limits to the ploted cycles
axis([ 0 360*zz 0 cranktocrankmm]);

% Plot a line to show the height of the exhaust por

line([0 360*zz], [exportheightmm exportheightmmplor',[.8,.6,.5])
text(10,exportheightmm-2,'exhaust port height' 6€dl8,.6,.5])
%line([0 360*zz], [inportheight inportheight])

% create a 'legend' with respective coloured lines

line([10 20], [cranktocrankmm-1.5 cranktocrankmrBj1Color',[0,0,1])
text(20,cranktocrankmm-2/(90/cranktocrankmm),'Uppiston’,'Color',[0,0,1])
line([10 20], [cranktocrankmm-3.5 cranktocrankmrBj3Color',[0,0,0])
text(20,cranktocrankmm-5/(90/cranktocrankmm),'Loweston','Color',[0,0,0])
text(20,cranktocrankmm-8/(90/cranktocrankmm),'Spec'
text(20,cranktocrankmm-11/(90/cranktocrankmm),\a@r¥i

% Title the plot
title('Piston Positions")

% Annotate the plot with the engines four ‘cycles'
text(210,max(lower_pist_positionmm)-(max(lower_pgsdsitionmm)-exportheightmm)/4,...
'POWER','Color',[1,0,0],'Rotation’,[-60])
text(260,exportheightmm+2,'EXHAUST','Color',[1,0;Bjotation',[0])
text(4,exportheightmm+5,'INDUCTION','Color',[0,0,Hotation',[60])
text(60,max(lower_pist_positionmm)-(max(lower_pgsitionmm)-exportheightmm)/3,...
'COMPRESSION','Color',[0,0,0],'Rotation’,[30])

% Calculate and plot the upper piston positiortifiercrank angle range

upper_pist_positionmm=cranktocrankmm + (sin(thetiemied+uppercranklag*pi/180)*uppercrankthrowmm-...
sqrt(upperconrodmm”2-

(cos(thetacorrected+uppercranklag*pi/180)*upperktlamowmm-+uppercrankoffsetmm).”2));
%plotindex=find(lower_pist_positionmm==max(heip;

plot(thetaplot*180/pi,upper_pist_positionmm);

%uppercranklag %(test 2)

%plot(theta(plotindex:length(height))

%plot(theta(length(upper_pist_positionmm)-
plotindex+1:length(theta))/pi*180,upper_pist_pasitnm(1:plotindex));

%display work out on plot

hold off
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%uppercranklag %(test 3)

%input engine data from file
enginedata;

%uppercranklag %(test 4)

% call pistonclash function to return the requivetlies from the

% current upper and lower piston position vectors

[pistonclashmm, maxinvolmm,compressedvolmm,CR,maaedpolmm,piston_to_pistonmm,thetaignition]=...
pistonclash(upper_pist_positionmm, lower_pissiponmm,exportheightmm);

%uppercranklag %(test 5)

% plot a line to show the position of maximum inthetvolume
line([maxinvolindex, maxinvolindex], [lower_pist_pitionmm(maxinvolindex)-2,...
upper_pist_positionmm(maxinvolindex)+2]JieBtyle','--)%+(length(theta))

% plot a line to show the position of minimum coegsed volume
line([compressedvolindex, compressedvolindex],[loyést_positionmm(compressedvolindex)-2,...
upper_pist_positionmm(compressedvolindek)tipeStyle','--')%+(length(theta))

thetaignitionindex=round(thetaignition*180/pi);

% plot a line to show the position of start of bgignition)

line([thetaignitionindex, thetaignitionindex],[lowepist_positionmm(thetaignitionindex)-2,...
upper_pist_positionmm(thetaignitionindex)#2neStyle','--")%+(length(theta))

%annotate effective compression ratio at ignition
volatignitemm=piston_to_pistonmm(round(thetaigmtjm*180));
CRIG=maxinvolmm/1000*pi*(b/2)"2/(volatignitemm/10€gi*(b/2)"2+2*splugvolume);
ignitlabel=sprintf('C.R.Ign%4.1f',CRIG);

text(5, 65/(90/cranktocrankmm), ignitlabel)

% plot a line to show the position of maximum exgech volume
line([maxexpandvolindex,maxexpandvolindex],[loweistppositionmm(maxexpandvolindex)-2,...
upper_pist_positionmm(maxexpandvolindex)t#jeStyle','--")

% Annotate with minimum piston clearence at the enelxhaust cycle
pclabel=sprintf('P.C.%4.1f' pistonclashmm);
text(200, 2, pclabel)

% Annotate with minimum compressed volume (in uafténear displacement

% of the pistons)
compressedvollabel=sprintf('=%5.1f',(compressedwlt®00*pi*(b/2)"2+2*splugvolume)*1E6);
text(180,cranktocrankmm-19/(90/cranktocrankmm),' @reased')
text(180,cranktocrankmm-22/(90/cranktocrankmm) tviaé (cc)')
text(180,cranktocrankmm-25/(90/cranktocrankmm),caapedvollabel)

% Annotate with the compression ratio
% CRIlabel=sprintf('C.R.=%5.1f',CR);
% text(10,cranktocrankmm-16,CRlabel)

%Calculate the actual compression ratio after gpamds into spark plug

%chamber (variables from 'pistonclashmm’ are lipégton movement in mm, not

%vol.) minimum vol and max inductded vol and mapaxded volume
ACR=maxinvolmm/1000*pi*(b/2)"2/(compressedvolmm/Ddpi*(b/2)"2+2*splugvolume);
ACRIlabel=sprintf('A.C.R.=%5.1f',ACR);
text(10,cranktocrankmm-16/(90/cranktocrankmm),ACRIR

% Annotate with the effective inducted volume
inductvollabel=sprintf('=%5.1f',maxinvolmm/1000*§k/2)"2*1E6);
text(maxinvolindex+5,exportheightmm-+8/(90/cranktodcmm),'Inducted’)
text(maxinvolindex+5,exportheightmm-+5/(90/cranktodemm),'Volume (cc)’)
%text(maxinvolindex+5,12,'.V.Units'")
text(maxinvolindex+5,exportheightmm-+2/(90/cranktodcmm),inductvollabel)
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% Annotate with the effective expanded volume
expandvollabel=sprintf(" =%5.1f',maxexpandvolm@d@*pi*(b/2)"2*1E6);
text(280,exportheightmm-+28/(90/cranktocrankmm), &hqbed")
text(284,exportheightmm+25/(90/cranktocrankmm),Woé (cc)')
%text(4,12,'E.V.Units")
text(287,exportheightmm+22/(90/cranktocrankmm),exjvallabel)

% Annotate with the effective ratio of expandeduoé to inducted volume
AER=maxexpandvolmm/1000*pi*(b/2)"2/(compressedvolth@®0*pi*(b/2)"2+2*splugvolume);
ERlabel=sprintf(A.E.R.=%5.1f ,AER);
text(10,cranktocrankmm-19/(90/cranktocrankmm),ERIab

effectivevariabledisp=AER/ACR,;
EVDlabel=sprintf('E.V.D.R.=%5.1f',effectivevariallisp);
text(10,cranktocrankmm-22/(90/cranktocrankmm), E 2l

%Display burn start and duration and MAx enginespuee
burnstartlabel=sprintf('Burn Start=%5.1f',thetasIg0);
text(200,cranktocrankmm-3/(90/cranktocrankmm),biamigbel)
burndurationlabel=sprintf('Burn Duration=%5.0f" tale/pi*180 );
text(200,cranktocrankmm-6/(90/cranktocrankmm),burationlabel)

% create movie by saving the current figure adr@mes

% for framepause=1:10

%  F((framecounter-1)*10+framepause) = getframe;

% end

% framecounter=framecounter+1

% Commence thermo and losses analysis when lowtmpcloses exhaust port

%analysis_start_index=max(find(lower_pist_positiomaexportheightmm)) %analysis_start_index is NOT

offset by plotindex

%Use input menu reference to run original or reViE&P
if k==1
ahrind(splugport);
whichvers=1
else
ahrind2(splugport);
whichvers=2
end

%load data from output of ESP
load ahrind.mat;
nn=4;
intwork=pTbWQIHI(end,nn-1);
worklabel=sprintf('Int WORK =%5.1f',intwork);
text(100, exportheightmm+25/(90/cranktocrankmwgrklabel)
efficiencylabel=sprintf('Int EFF =%5.3f',eta);
text(100, exportheightmm+22/(90/cranktocrankmefificiencylabel)

%conditional statement to enable full output dadanf ESP

if isempty(thetacomp?2)
engpressure=[pTUWQIHI(:,1);pTb TUWQIHI((2:end)fbWQIHI((2:end),1)]’;
thetaworkcycle=[thetacomp;thetacomb(2:end)aéep(2:end)]’;

else
engpressure=[pTuWQIHI(:,1);p2TuWQIHI((2:end)dbTuWQIHI((2:end),1);p TOWQIHI((2:end),1)]’;
thetaworkcycle=[thetacomp;thetacomp2(2:endjeitemb(2:end);thetaexp(2:end)]’;

end

thetaworkcycleindex=[maxinvolindex:maxexpandvolirfde

%create eng pressure data at crank angle indeces
engpressure=interpl(thetaworkcycle,engpressuraytiogkcycleindex/180*pi);

%Add engine pressure = 80,000 Pa during inductimhemgine press =120,000 Pa during exhaust
addcompzeros=zeros(1,maxinvolindex-1);

engpressure=[addcompzeros+80000,engpressure];
lengthadd=zeros(1,(360-length(engpressure)));
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lengthadd=lengthadd+120000;
engpressure=[engpressure,lengthadd];

%Display RPM and max engine pressure
RPMIlabel=sprintf('RPM=%5.0f ,RPM);
text(200,cranktocrankmm-9/(90/cranktocrankmm), RAddln

maxpresslabel=sprintf('Max MPa=%?5.1f' ,max(engpressie6 );
text(200,cranktocrankmm-12/(90/cranktocrankmm),magglabel)

%ocall friction fucion files
[lowerpistfrictwork,dSlowerdt,d2Slowerdt2,|lowercadiangle,conrodtensionlower,normallower,fAlower,...
lowerpistfrictionvar,lowerpistfrictworkaBtNolower]=...
lowerpistfriction(engpressure,lower_pist_pasithm,thetacorrected,...
crankoffsetmm,conrodmm,crankthrowmm,omega, oassipist,b,thetaworkcycleindex,...
downstroke,muoil,mu,uppercranklag,cranktocramim

[upperpistfrictwork,dSupperdt,d2Supperdt2,upperodangle,conrodtensionupper,normalupper,fAupper,...
upperpistfrictionvar,upperpistfrictwork&tNoupper]=...
upperpistfriction(engpressure,upper_pist_pasitim,thetacorrected,...
uppercrankoffsetmm,upperconrodmm,uppercrantthmm,omega,massupperpist,b,thetaworkcycleindex,...
downstroke,muoil,mu,uppercranklag,cranktocramim

upperpistfrictwork;
lowerpistfrictwork;
pistfrictlosses=lowerpistfrictwork+upperpistfrictnq

[lowerringfrictwork]=lowerringfriction(dSlowerdt,d2lowerdt2,lower_pist_positionmm,b,muoil,mu,engpuesy

tupperringfrictwork]=upperringfriction(dSupperdt,ﬂapperdtz,upper_pist_positionmm,b,muoil,mu,engpm@s

’

upperringfrictwork;

lowerringfrictwork;

ringwork=lowerringfrictwork+upperringfrictwork;
pumpwork=maxinvolmm/1000*pi*(b/2)"2*1E6/50;

%belt and bearing friction is proportional to loditky're proportional to
%inducted volume. Estimate belt/bearing work is @éngine work
work=[pTuWQIHI(:,nn-1);pTbTuWQIHI((2:end),nn);p TbWRI((2:end),nn-1)]’;

%use input menu reference to define bearing frcitiption
bbFfactor=[0.02,0.02,.5];
if k==3
beltbearingwork=work(end)*bbFfactor(k)+(RPM/60)"280 +(RPM/60)*0.01*.25+10;
else
beltbearingwork=work(end)*.02;
end

%calculate nett work and eff
network=intwork-pistfrictlosses-ringwork-pumpworleltbearingwork;
neteff=network/(intwork/eta);

networklabel=sprintf('Nett WORK =%5.1f',network);
text(100, exportheightmm+19/(90/cranktocrankmmeXworklabel)
netefficiencylabel=sprintf('Nett EFF =%5.3f',ne)eff
text(100,exportheightmm-+16/(90/cranktocrankmme}efficiencylabel)

%(display engine pressure at exhaust port opening
engexpress=pTbWQIHI(end,1)/1e6;
engexpresslabel=sprintf('E.O.Press(Mpa)=%5.2f' engss);
text(100, exportheightmm-+13/(90/cranktocrankmmyexpresslabel)
end

close
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finishtime=cputime;
timetaken=finishtime-starttime

Tadiabatic.m

function Tb=Tadiabatic(p, Tu,phi,f,fueltype,airschem

%

% Tb=Tadiabatic(p,Tu,phi,f fueltype,airscheme)

%

% Routine for calculating the adiabatic flame terapare.

% Method involves iteratively selecting flame tematares until

% the enthalpy of the combustion products (in éguiilm) matches
% the enthalpy of the initial gas mixture.

% farg.m is used to determine the enthalpy of titeumned mixture,
% and ecp.m is used to determine the enthalpyeobtinned gas.
% *kkkkkkkkkkhkhkkkkk
% input:

% p - pressure (Pa)

% Tu - temperature of the unburned mixture (K)

% phi - equivalence ratio

% f - residual mass fraction; set f=0 if no combrsproducts

% are present and f=1 if only combustion produotspaesent

% fueltype - 'gasoline’, 'diesel’, etc - see fuedna for full list

% airscheme - 'GMcB' (Gordon and McBride) or 'Charnk

% output:

% Tb - temperature of the burned gas (K) - adialf&time temperature

% *kkkkkkkkkkhkhkkkkk
Maxlter=50;

Tol=0.00001; % 0.001% allowable error in temperaitalculation
Tb=2000; % initial estimate

DeltaT=2*Tol*Th; % something big

Iter=0;

[hu,u,v,s,Y,cp,dIvIT,dIvip]=farg(p, Tu,phi,f,fueltypairscheme);
while (Iter<Maxlter)&(abs(DeltaT/Tb)>Tol)

lter=lter+1;

[hb,u,v,s,Y,cp,dIvIT,dIvip]=ecp(p, Th,phi,fueltypérscheme);
DeltaT=(hu-hb)/cp;

Tb=Tb+DeltaT;

end

if lter>=Maxlter

warning('convergence failure in adiabatic flamepenature loop');
end

upperconrodinclination.m

function upperconrodangle=upperconrodinclinatiopm pist_positionmm,thetacorrected,...
uppercrankoffsetmm,upperconrodmm,uppercranitimm,omega,uppercranklag,cranktocrankmm)

% function to calculate the upper con rod inclioatiupperconrodangle in radians.

smallendmm=upper_pist_positionmm;
xbigendmm=cos(thetacorrected+uppercranklag/180&pipercrankthrowmm-+uppercrankoffsetmm;
ybigendmms=sin(thetacorrected+uppercranklag/180tgpercrankthrowmm-+cranktocrankmm;

for counter=1:length(upper_pist_positionmm)
if xbigendmm(counter)<0 & (smallendmm(countgbjgendmm(counter))<0
upperconrodangle(counter)=acos(xbigendmur(e)/upperconrodmm)+pi;
elseif xbigendmm(counter)>0 & (smallendmm(ceujtbigendmm(counter))<0
upperconrodangle(counter)=acos(xbigendmur(e)/upperconrodmm)+pi;
else upperconrodangle(counter)=acos(xbigendwumnter)/upperconrodmm);
end
end
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upperpistfriction.m

function
[upperpistfrictwork,dSupperdt,d2Supperdt2,upperodangle,conrodtensionupper,normalupper,fAupper,...
upperpistfrictionvar,upperpistfrictwork&tNoupper]=...
upperpistfriction(engpressure,upper_pist_pmsitim,thetacorrected,...
uppercrankoffsetmm,upperconrodmm,uppercranithmm,omega,massupperpist,b,thetaworkcycleindex,...
downstroke,muoil,mu,uppercranklag,cranktocramim

% Function to determine the side thrust on the tgoggston by calculating
% the pressure in the cylinder, the con rod intiomeand the piston

% acceleration.

% Assumes constant crankshaft speed

casepress=0.8*1e5;
massupperpist

% calc piston velocity
dSupperdt=diff(upper_pist_positionmm/1000)/(pi/k88Ega);

dSupperdt = spline(1:length(dSupperdt),dSuppendphce(1,length(dSupperdt),360));

% calc piston acceleration
d2Supperdt2=diff(dSupperdt)/(pi/180/omega);

% repeat first element to return vector to origilealgth
d2Supperdt2 = spline(1:length(d2Supperdt2),d2Sujipdinspace(1,length(d2Supperdt2),360));

upperconrodangle=upperconrodinclination(upper_pissitionmm,thetacorrected,...
uppercrankoffsetmm,upperconrodmm,uppercranitimm,omega,uppercranklag,cranktocrankmm);

%calc stroke for this application
stroke=(max(upper_pist_positionmm)-min(upper_pissifponmm))/1000;
skirt=0.06;

%Force in y-direction =acc in y-direction*piston ssa
%Fy=d2Supperdt2*massupperpist;

% Force on piston (Fy) = force in con rod (Fcontsufupperconrodangle) -

% pressure in cylinder*area - friction ASSUME fi@t is hydrodynamic for piston speeds over 1m/s.
% ASSUME boundary friction (metal to metal) for sge< 1m/s

% with coeff of friction =0.05

% As an initial estimate of normal force (to giveabing pressure) use
% mu=0.01 for entire piston motion, therefore

% Loop the friction calc using previously deterndrigommerfield numbers n
% times

n=50;
fA=.001*ones(1,length(upperconrodangle));
for k=1:n;
ftemp=fA;
for counterA=1:length(upperconrodangle);

if dSupperdt(counterA)<0
upperpistfrictionvar(counterA)=abs((magperpist*d2Supperdt2(counterA)-(engpressure(evAjt
casepress)*pi*(b/2)"2)/...
(abs(tan(upperconrodangle(counterApp (counterA)+1));
else
upperpistfrictionvar(counterA)=-abs(@aapperpist*d2Supperdt2(counterA)-(engpressure(eod)r
casepress)*pi*(b/2)"2)/...
(abs(tan(upperconrodangle(counterApp (counterA)-1));
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end
end

% calculate normal force from coeff friction andiggler projected area
normalupper=upperpistfrictionvar./ftemp;

% determine Stribeck relation between # and cdéffiation (f) from plot
% use as input into Stribeck calculation

graphStNoR=[-5.8 -3];

graphfR=[-3 -1.3];

StNofitR=polyfit(graphStNoR,graphfR,1);

graphStNoM=[-6.8 -6.5 -6.41 -6.1 -5.8];
graphfM=[-1.3 -1.5 -2.1 -2.85 -3];
StNofitM=polyfit(graphStNoM,graphfM,3);

%ocalc Stribeck number
StNo=muoil*abs(dSupperdt)./(abs(normalupper)/(brgki

%determine corresponding coeff of friction
fR=10.”(polyval((StNofitR),log10(StNo)));
fM=10.~(polyval((StNofitM),log10(StNo)));

for counterB=1:length(upperconrodangle);

if StNo(counterB)<=10"-6.8 & dSupperdt(countexB)
upperpistfrictionvar(counterB)=abs((massrpst*d2 Supperdt2(counterB)-(engpressure(counterB)
casepress)*pi*(b/2)"2)/...
(abs(tan(upperconrodangle(counterB)y));
elseif StNo(counterB)<=107-6.8 & dSupperdt(cauB)>0
upperpistfrictionvar(counterB)=-abs((magsenpist*d2 Supperdt2(counterB)-(engpressure(counterB
casepress)*pi*(b/2)"2)/...
(abs(tan(upperconrodangle(counterB)))));
elseif StNo(counterB)<=107-5.8 & StNo(counterB)"-6.8 & dSupperdt(counterB)<=0
upperpistfrictionvar(counterB)=abs((massrpst*d2 Supperdt2(counterB)-(engpressure(counterB)
casepress)*pi*(b/2)"2)/...
(abs(tan(upperconrodangle(counterBy)¢bunterB)+1));
elseif StNo(counterB)<=107-5.8 & StNo(counterB)"-6.8 & dSupperdt(counterB)>0
upperpistfrictionvar(counterB)=-abs((magsenpist*d2 Supperdt2(counterB)-(engpressure(counterB
casepress)*pi*(b/2)"2)/...
(abs(tan(upperconrodangle(counterBy)¢bunterB)-1));
elseif StNo(counterB)<107-3.5 & StNo(counterB®*-5.8 & dSupperdt(counterB)<=0
upperpistfrictionvar(counterB)=abs((massrpst*d2 Supperdt2(counterB)-(engpressure(counterB)
casepress)*pi*(b/2)"2)/...
(abs(tan(upperconrodangle(counterByjbunterB)+1));
elseif StNo(counterB)<107-3.5 & StNo(counterB®*-5.8 & dSupperdt(counterB)>0
upperpistfrictionvar(counterB)=-abs((magsenpist*d2 Supperdt2(counterB)-(engpressure(counterB
casepress)*pi*(b/2)"2)/...
(abs(tan(upperconrodangle(counterByfpbunterB)-1)) ;
%Assume if StNo is very high,(pressure kvd/or speed high
%the piston is centrally located in cylinded f = 0.027 only
%applies at spec10 and 11
elseif StNo(counterB)>107-3.5 & dSupperdt(cenB)<=0
upperpistfrictionvar(counterB)=abs((massapst*d2 Supperdt2(counterB)-(engpressure(counterB)
casepress)*pi*(b/2)"2)/...
(abs(tan(upperconrodangle(counterB)po+1));
else
upperpistfrictionvar(counterB)=-abs((magsenpist*d2 Supperdt2(counterB)-(engpressure(counterB
casepress)*pi*(b/2)"2)/...
(abs(tan(upperconrodangle(counterB)p0-1));

end
end

% obtain upper piston position increments with'diff
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upper_pist_position_diff=diff(upper_pist_positioni@00);
upper_pist_position_diff=spline(1:length(upper_ppsisition_diff),upper_pist_position_diff,...
linspace(1,length(upper_pist_position_diff),360

% upperpistfrictworkall=abs(upperpistfrictionvagbis(upper_pist_position_diff);
%
% upperpistfrictwork=sum(upperpistfrictworkall);

% calc conrod compress/tension load (tension=pesiti
for counterC=1:length(upperconrodangle);

if StNo(counterC)<=10"-6.8
% counterC
normalupper(counterC)=upperpistfrictionear{nterC)/mu;
fA(counterC)=mu;
elseif StNo(counterC)<=10"-5.8
normalupper(counterC)=upperpistfrictionear{nterC)/fM(counterC);
fA(counterC)=fM(counterC);
elseif StNo(counterC)<=10"-3.5
normalupper(counterC)=upperpistfrictionear(nterC)/fR(counterC);
fA(counterC)=fR(counterC);
else
normalupper(counterC)=upperpistfrictionear{nterC)/0.027;
fA(counterC)=0.027;
end
end

conrodtensionupper=(-massupperpist*d2Supperdt2-pfesgure-casepress)*pi*(b/2)"2+...
upperpistfrictionvar)./sin(upperconrodangle);
% upperpistfrictionvar

end

fAupper=fA,

upperpistfrictionvar;

normalupper;

StNoupper=StNo;
upperpistfrictworkall=abs(upperpistfrictionvar).*s(oipper_pist_position_diff);

upperpistfrictwork=sum(upperpistfrictworkall);

upperringfriction.m

function
[upperringfrictwork]=upperringfriction(dSupperdt,8pperdt2,upper_pist_positionmm,b,muoil, mu,engpiress

upperringtension=20;
ringwidth=0.0023;

% determine Stribeck relation between # and cdéffiation (f) from plot
% use as input into Stribeck calculation

graphStNoR=[-5.8 -3];

graphfR=[-3 -1.3];

StNofitR=polyfit(graphStNoR,graphfR,1);

graphStNoM=[-6.8 -6.5 -6.41 -6.1 -5.8];
graphfM=[-1.3 -1.5 -2.1 -2.85 -3];
StNofitM=polyfit(graphStNoM,graphfM,3);

%ocalc Stribeck number
StNo=muoil*abs(dSupperdt)./(upperringtension/(b¥pigwidth)+engpressure);
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StNo2=muoil*abs(dSupperdt)./(upperringtension/(bfipigwidth)+engpressure/2);

%determine corresponding coeff of friction
fR=10.~(polyval((StNofitR),log10(StNo)));
fM=10."(polyval((StNofitM),log10(StNo)));

% obtain upperer piston position increments wiffi'di

upper_pist_position_diff=diff(upper_pist_positioni@00);

upper_pist_position_diff=spline(1:length(upper_ppsisition_diff),upper_pist_position_diff,...
linspace(1,length(upper_pist_position_diff),360

for counter=1:length(engpressure);
if StNo(counter)<=10"-6.8

upperringfriction(counter)=mu*(upperringtension+engssure(counter)*pi*b*ringwidth).*sign(dSupperdi(st

en);
elseif StNo(counter)<=107-5.8

upperringfriction(counter)=fM(counter)*(upperringigion+engpressure(counter)*pi*b*ringwidth).*sign{gpe
rdt(counter));
else

upperringfriction(counter)=fR(counter)*(upperringgon+engpressure(counter)*pi*b*ringwidth).*sign{gser
dt(counter));

end
end

for counter2=1:length(engpressure);
if StNo(counter2)<=10"-6.8

upperringfriction2(counter2)=mu*(upperringtensiongpressure(counter2)*pi*b*ringwidth).*sign(dSupptod
ounter2));
elseif StNo(counter2)<=10"-5.8

upperringfriction2(counter2)=fM(counter2)*(uppermgiension+engpressure(counter2)*pi*b*ringwidth).1s{gS
upperdt(counter2));
else

upperringfriction2(counter2)=fR(counter2)*(uppegtansion+engpressure(counter2)*pi*b*ringwidth).1s{dS
upperdt(counter2));

end
end

upperringfrictworkall=abs(upperringfriction).*abg(per_pist_position_diff);
upperringfrictworkall2=abs(upperringfriction2).*alopper_pist_position_diff);

upperringfrictwork=sum(upperringfrictworkall)+sungperringfrictworkall2);

183



List of default engine input specifications files

Files used in optimisation for constant compressatio (10:1):

enginespecCCR3.m
enginespecCCR4.m
enginespecCCR4_5.m
enginespecCCR5.m
enginespecCCR6.m
enginespecCCR6_2.m
enginespecCCR6_5.m
enginespecCCR7.m
enginespecCCR8.m
enginespecCCR8_5.m
enginespecCCR9.m
enginespecCCR9_2.m
enginespecCCR9_5.m
enginespecCCR10.m
enginespecCCR11.m

Files used in optimisation for constant maximumieagpressure (6MPa):

enginespecoptsize3.m
enginespecoptsize4.m
enginespecoptsize4_5.m
enginespecoptsize5.m
enginespecoptsize6.m
enginespecoptsize6 _2.m
enginespecoptsize6_5.m
enginespecoptsize7.m
enginespecoptsize8.m
enginespecoptsize8 5.m
enginespecoptsize9.m
enginespecoptsize9_2.m
enginespecoptsize9_5.m
enginespecoptsizel0.m

enginespecoptsizell.m

184



Appendix C — Matlab model plot scripts and represetative plots

A functional softcopy of the following list of Miatb plot files is contained on the

submitted Dissertation CD. Printed versions ofyilue files are in Appendix B

plot_both_conrod_inclination.m
plot_both_pist_friction.m
plot_both_piston_acc.m
plot_both_piston_vel.m
plot_both_StNo.m
plot_both_StNo_10toneg5 8.m
plot_both_StNo_10toneg6 _8.m
plot_both_StNo4.m
plot_compare_upperpist_friction_4 7 _10.m
plot_eff disp CCR10 0 M9.m
plot_eff_piston_disp.m
plot_engine_pressure.m
plot_lower_conrod_tension.m
plot_lower_normal_piston_load.m
plot_lower_pist_friction.m
plot_lower_piston_acc.m
plot_lower_piston_vel.m
plot_rel_angle lowerconrod_crank.m
plot_rel_angle_upperconrod_crank.m
plot_rel_piston_position.m
plot_upper_conrod_tension.m
plot_upper_normal_piston_load.m
plot_upper_piston_acc.m
plot_upper_piston_vel.m
plot_work.m
plot_work_cycle_pressure.m

plotresults.m
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‘plotresults.m’ plots the output performance speations for the engine simulation
program in comparison to the original engine sirtiataprogram outputs which
were confirmed to correlate with Ferguson’s [9] exmentally confirmed data. The
following plots are for the corrected thermodynarycle Matlab model for the

prototype as modelled at 2000 RPM as was the ali@&P simulation
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The following are sample plots for the Matlab modgihg an engine speed of 2000
RPM and the corrected thermodynamic cycle.

Conrod Inclination Vs Crank Angle after E.C.
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Lower Normal Piston Load Vs Crank Angle after E.C.
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Relative Position of pistons Vs Crank Angle after E.C.
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The following plots were based on the original Matmodel before the corrections
associated with information from the prototypede3he Matlab model uses an
engine speed of 2000 RPM.
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Appendix D — Engine Components

The fabricated main components for the engine&ss¢mbly

Engine Part Modelled in Drawings Material Manufacturer
ProE (Appendix E)
Lower Crank Yes Functional Mild Steel Author
Case
Lower Crank Yes Workshop 4140 Steel uSsSQ
Shatft Standard Workshop
Lower Con Yes Functional Aluminium Author
Rod (5000 series)
Lower Piston Yes Functional 4140 Stee Author
Upper Crank Yes Functional Mild Steel Author
Case
Upper Crank Yes Workshop 4140 Steel usQ
Shaft Standard Workshop
Upper Con Yes Functional Aluminium Author
Rod (5000 series)
Upper Piston Yes Functional 4140 Steel Author
Barrel Yes Functional Cast Iron P2 Author
(Cylinder)
The fabricated ancillary components for the enggst/assembly
Engine Part Modelled in| Photograph Material Manufacturer
ProE (Appendix F)
Exhaust No No Mild steel Author
collector
Exhaust pipe No (see enging  Mild steel Author
photographs)
Induction reed No Yes Aluminium / Author
valve spring steel
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Induction No (see engine Mild steel Author
Goose neck photographs)
tube
Engine frame No (see enging  Mild steel Author
photographs)
Belt guard No (see engine| Steel mesh Author
photographs)
Belt tensioner No (see engine | Aluminium Author
pulley photographs)
Tensioner No No Mild steel Author
bracket
Pick-up prong No Yes Mild steel Author
Ignition timing No No Mild steel Author
adjuster
Crankcase No (see engine |  Aluminium Auther
covers photographs)

The commercially manufactured components acquoethe engine/test assembly

Engine Part Material Source/model  Manufacturer
Piston gudgeon Centre-less Victa Victa
(wrist) pins and ground case | PowerTorque

clips hardened stee 160
Conrod Bearings needle rolle " Victa
bearings
Crankshaft Pins hardened steel " Victa
Outer crankshaft " Victa
bearings

Piston rings Cast iron " Victa
Inner crankshaft 6008 NTN Bearings

bearings
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Synchronous Cast iron 8M36S12 Gates
belt pulleys
Pulley taper Cast iron 1610-20 Gates
lock bushes
Synchronous Polychain GT2 Gates
Belt 8MGT-720-12
Carburettor Villiers
Ignition BIM 024 Bosch
module
Ignition Caoll BIC800 Bosch
Spark plugs CR5HSB NGK
Fuel tank Polymer Second hand Victa
Electrical

wiring, throttle

cable/lever,
fuel line,
fittings,

fixtures

As required
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Appendix E — Solid Model Images and Drawings of Erige Components

Crankshaft Counterbalance
Crankshaft Assembly Lower Piston
Upper Piston Connecting Rod (upper)
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Barrel (Cylinder)

Lower Crankcase
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Engine Assembly Solid Model
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Appendix F — Engine Component Photographs

Engine test assembly — shown here with crankcasgmonnected

Upper piston in original form
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Upper piston showing combustion ‘print’ after corsban chamber addition

Lower crankcase cover with crankcase pump porteseg— out reed removed.
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Fuel tank and mount showing fuel flow measuremeiné t

Reed valve — outlet and inlet sides
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The three ignition prong plates used

The original prototype engine

211



Engine view showing 12V starter installed
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