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PREFACE

The Unfversity offers several routes to the degree of MSciEng). The one
chosen by the zuthor was by advanced coursework and a four month fuil
time equivalent research project. This report submitted reflects the
Tatter component of the degree requirements.

Such project reports are to take the form primariiy of a paper for
publication and, whers appropriate, supported by appendices or other
documents. The paper is tlus intended to stand by itself. with separate
abstract, figures, references and acknowledgments. The append{ces are
R provided targely for fnternal use by future researchers at the Univer-
= sity requiring a more complete record of the project.

The format of this paper is in keeping with that of publications of the
Soctety of Automotive Engineers (SAE). The fntended readership are
enginears who are not necessarily familiar with the principles of lean-
R burn operation of fnternal combustion engines.
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ABSTRAGT

Lezn burn combustionr has long been recognised as a means of tncreasing
engine efficiancy and reducing poliutant smissions. In this study, the
commissfoning and testing of a particular form of such an engine is
reported. The engine {s a two-strokes two-cylinder machine, the pistons
of which move in unison. An inter-cylinder connecting port was intended
to allow vary 1san mixtures to be relfably fgnited fn one cylindar, by a
flame torch travelling through this port from the other approximately
stoichiometrically charged cylinder. Lack of primary balance was found
to 7ead to excessive vibration at speeds over 2000 rpm. The tests
indicate that the design of the combustion chambers (at present of the
disc type} and of the inter-cylinder connectfng port are umsatisfactorys
Recommendations on the redesign of the engine {or the possibie replace~
ment of the engine with a better batanced medel) and of the test facility
in the interests of improved system performance and reltability are
provided. The materfal is presented briefly in the form of a paper for
publication and in a number of supportive appendice‘s-
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Preliminary Testing of a
Two-Cylinder Two-Stroke
Lean Burn Engine of the
inter.Cylinder Connecting

Port Type

Pater R Csatary

School of Mechanical Engineering
University of the Witwatersrand

N

ABSTRACT

Lean burn combustion has Tong been recognised as a means of Increasing
engine efficiency and reducing npollutant emissfons. In this papers the
commisstoning and testing of a particular form of such an engine is
reported. The engine s a two-stroker iwo~cylinder machine, the pistons
of which move in unison. An inter-cylinder connecting port was iIntended
to allow 1ean mixtures to be relfably fgnited in one ¢ylinders by a flame
torch travelling through this port from the other approximately stoichio—
motrically charged cylinder, Lack of primary balance was found tb Yead
to excosstve vibration at speeds over 2000 rpm. The tests fndicate that
the design of the combustion chambers {at present of the disc type) and
of the {nter-cylindar connecting port are unsatisfactory. Recommend~
ations on the redesign of the engfne (or the possible replacement of the
engine with a better balanced model) and of the test fac{lity in the
intorests of {mproved system performance and reliability are presented.
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INTRODUCTION

Both lean burn {LB) and stratified charge (SC) reciprocating internal
combustion {IC) engines operate with an overall air-fuel ratio (AFR)
considerably higher (weaker) than that of conventional engines (1),
Numerous techniques are used to allow operatfon beyond the lean misfire
Timit of conventional engines, and some of these are discussed 1n the
following section,

The two major motivators for finding a replacement for the conventional
spark fgnitfon (SI) engine are the need to decrease the emissions of
hydrocarbons (HC), carbon monoxide (CO) and oaides of nitrogen (NO,)s and
to improve fuel economy.

Further, the above improvements are required to be achieved without
sacrificing engine performance. A great step in the reduction of toxic
emissfon of poljutants would be the use of unleaded fuel, This usually
1mp1ies that the compression ratte (CR)} has to be lowered, resultfng in
reduced performance and greater fuel consumption as the tean misfire
Vimit is decreased to a richer mixture,

An additional advantage of LB operation {s the improvement {n the thermal
offictency of the engine cycle. Thermal efficiency {s directly related
+to the CR of the angine, which can always be raised when LB techniques
are used, A further advantage fs that most production LB engines do not
require catalytic convertors to meet emissfon specification laws in the
Unfted States at present, and In European countries in the near future.

Lean burn research has also provided a revival of interest in tr:e Two~
stroke cycie engine. At present, two-stroke engines are used largely
where ultra high parformance 1s required (motorcycle racing) or where
cheapnress and operation over a 1imited speed range are sought (generator
motors, Jawnmowers). Thae former use dictates large cylinder port areas
and results in high emission of poilutants at part 1oads high fuel
consumption and erratic operation at low load. By using LB techniques
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these disadvantages may be overceme, whilst retaining the advantages of
simple construction and high performance.

Preduction examples of LB engines alrsady exist. The better known auto—
mobile models are the Honda CVCC, the Ford PROCO and the Jaguar XiS.
Numerous research and development programs aimed at LB designs having
improved emissfon and performance characteristics, and reduced fv>1
consumption are in progress world-wide., The project here reported forms
a small part of this overall effort.

The specific objectives of the project were to complete the
instrumantation and the preliminary testing of the lean burn research
engine which 1s under study in our laboratory.

LEAN BURN TECHNIQUES

The terms 'lean burn' and 'stratified charge' differ in significance,
although they have been used interchangeably on occasion. In some engine
desfgns both techniques are applfed to achieve the common objective of
Tow emissions from Tean overall mixtures,

Lean burn engines gensrally utilize a finite number (between one and
three) mixtures of different AFR'S., In a typical lean burn engine, rich
mixture s ignited 10 a pre-combustfon chamber and the flame front
subsequently propagates into the matn chamber (via ar orifice) which
contains a weaker mixture (Figure 1J. An (B engfne usfing only one
homogeneous AFR would need to generate very high mixture turbulence to
guarantee relfable ignftfon,

Stratiffed charge engines, on the other hand, create a continuous
gradient of varying AFR 1n al1 three dimensions, based on density differw
enices, No physical boundary exists between these layers, and the process
is often improved by careful design to achieve swirl of the {ncoming
mixture, .
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Figure 1 - Example of lean burn operation in engine with one prechamber

The above definitions cover many of the individual LB techniques or
components being researched: pre-cambustion chambers, flame torch
ignition, high turbulence, swirl etc. Additional techniques that have
been studied 1nclude high ensrgy jgnition systems, engine control by
varying the overall AFR (rather than the fiow rate of a nixture of
constant AFR as in conventionally aspirated designs), pre~heating the
incoming mixture {(to improve mixture homogenity), and direct fuel
injection (to create an ignitable mixture around the spark plugh. A}
present LB engine designs use a combfination of some of the above
‘techniques.
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DESCRIPTION OF ENGINE

The ressarch engtine tested in this project is an extensively modified
version of the Yamaha 55 BM, am outboard engine for marine app)ications.
This is a two-~cylinders normally aspirated (two carburettors on the
crankcase side) two-stroke engine having a rated maximum power of 40 kW
and total swept volume of 750 cm® (bore x stroke = 82 x 72 mm).

Lean burn operation was achieved by using ona of the cylinders as a type
of pre-combustion chamber. The crankshaft v+ modified so that both
plstons move in unison, and the fgnition system was altered such that
both spark plugs fire together. A new single-piece aluminium cylinder .
haad was manufactured, with disc type combustion chambers and centrally i
Tocated spark plugs (Figure 2). Thec orifice allowing the flame torch )
from the pre-combustion chamber (called the mixture cylinder) to travel .
to the main chamber {(called the afr cylinder), 1s wide and shallow (40 x
2 mm)» the cross-sectional area having been selected on the basis of the &
work of Hirako and Kataoka (2) by Ne1 and O'Brien (3). This erifice will
henceforth be referred to as the inter-cyl1inder conrecting (ICC) port.

When assembled, the nominal and effective compression ratios of each B
cylinder were calculated to be 8:1 and 5,311 respectively. The carburet- .
tors were also modified to allow the AFR of each cylfnder charge to be B

varisd during operation by installing needies to throttle the main fuel
Jets.

Further sodifications included the replacemsnt of the standard magneto (o
type ighition with a new system utflizing a standard breaker-point and €
cam system with no automat{c advance. Thus, the ignition t1;:)1ng would be ’ N
easily adjusted manually whila the engine was running. The eng*ne was ,g

mounted onto a test bad and aligned with a water brake dynamometer. power
transmfssfon baing accomplished using a Fenner 130 HRC coupling. The
engtne thus lay on 1ts sfde with the crankshaft fn a horizontal positton.
Since the engine {n the outboard motor form is moutited vertfcally: a
redasigned carburettor fnlet manifold was necessary Yor the present
study. i
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The gravity fuel feed system did not appear to be supplying fuel at a
sufficiently high pressure. To soive this problem. and to allew fitting
of a fuel filter into sach 1ine, two diaphragm electric fuel pumps were
instal led before sach carburettor.

1 2 3 Phase =

Figure 3 ~ Research engfne: mode of operation

The anticipated mode of operation {s shown in Figure 3, As both pistons
travel towards top dead centre (T0C), each chamber has recejved its fresh
charge pumped from the crankcase. During LB operation, cylinder 1 {the
mixture cylinder) receives a close to stoichiometric mixture and cylinder
2 (the afr cylinder} recelves a very lean mixture (Figure 3, phase 1),

Cur{ng phase 2, the contents of both cylinders are compressed to equat
prassure and spark ignition occurs, However, the charge in the air p
cylinder fs too weak to support combustion and ohly the mixture &y1inder .
fires, The ICC port permits a torch of flame to propagate fnto the air
cylinder thus igniting its charge.

Finally 1in phase 3, both cylfnders travel towards bottom daad centre
{BDC), expelling the burnt gases through the exhaust ports,
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DESIGNS RELATED TO THE RESEARCH ENGINE

According to the engine classification method of Uyehara et al (4)s the
research engine 1s a reciprocating IC engine using the lean burn tech-
niques with two homogencous mixtures (one in each cyiinder), direct spark
ignition 1n the mixture cylinder, spark torch {gnition in the atr
cylinder, and induction of the ignition mixture by a separate Inlet
man{fold and valve {or transfer ports for a two-stroke) {nto the pre-
chambar (the mixture cylinder).

This classification suggests that those designs most closely related to
the research engine are the Honda CVCC and the Cranfield-Kushul engines.

The Houda CVCC

The Honda CYCC has now been in mass productfon for almost a decads. Each
eylinder, in classic 1ean burn forms consists of a mafn and auxiliary
combustion chamber with separate carburettors, fntake passage and inlet
valves (Figure 4). The auxtlfary chambar contains the spark plug and 1s
connacted to the matn chamber by an orifice (5)

Rk

Y

e —AUXILIARY  CHAMBER
INLET

AUXILIARY
CHAMBER

MAN CHAMBER

Figure 4 - Cross section of Honda CVGC engine (after Date et al)




The success of this eng:" - *s mainly dependent on the control of each
mixture supplied to its iwspective cembustion chamber. During suction,
the ralative conirel of each chamber's charge causes the transfer of some
rich mixture 43 the main chamber, and during compression the transfer of
some of the Tean mixture from the matn to the auxiliary chamber. Thus
good combustion ip achievable in the matin combustion chamber by assuring
stable {gnition of the rich mixture in the auxiliary combustion chamber.

Measurements on this engine indfuate a relatively high mean combustion
temporature throughout the expansion stroke, which promotes the oxtdation
of CO and HC, and a retatively Jow peak combustion temperature in the
main chamber, which minimizes NO formation.

The Cranfiold-Kushul (O}
The C-K engine was originally invented by a Russian engineer V M Kushul
in about 1965. Beale and Hodgetts (5,6} of the Cranfleld Institute of

Technology presented two papers 1n the mid-1970's which reported tests on
a Kushul-type engine based on a Rover four-stroke unit.

This engine, khown as the Cranfield-Kushul, may be considersd a complex
version of our research angine. The major differences between the two
are:

1. The C~K engine fs a four~stroke engine,

2. The crankshaft of the C-K engfne is offsat by 20 to 30 degrees. This

provides a two-stage transfer of charye across the ICC port.
i

3. Different volumetric CR's are used on each cylinder in ths C-K
angtne,

LR W e . & -
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Figure 5 - Cranfield-Kushul engine: mode of operation {after Beale and
Hodgetts}

Operation of the C-K engine involves three phases (Figure 5):

1. The mixture cylinder, leading the afr cylinder, contains a
combustible mixture that is ignited before the piston reaches TDC. Al
‘this position, the difference in compresston ratios (9:1 in the mixture
leylinder and 38:1 In the afr cylinder) and the crankshaft phasing ensure
that the gas pressure in each cylfnder 1s independentiy equatl.

2, The air cy)inder now reaches TDC whare fts volume is a minfmym. The
prossure in the air cylinder {s greater and itg contents are tran’sfsrred
to the mixturs eyl inder via the fnter-cylinder connecting (XCC) ports
allowing a second stage of combustion,

3. The ¥inal stage of combustion accurs during the expansion phase of
both cylinders. The burning gases now anter the air cylinder and combust
in the remaining atr.

AN
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The latest published information on thts engine (7) dates from 1976, At
that time, the teanest overall AF( t had been achieved was 50:1 at Tow
Joads. Most economical operatioun it Tow loads was found to occur at
) richer mixtures, namely at an AFR or .u:l. The engine could be operated
o f at full atr throttle on all loads, although 1t was found that slightly
3 closing the mixture cylinder throtile created a stratification effect and
3 deliversd the best fuel economy. Emissions and specific fuel consumption
af the C-K engine are highly competitive with those of the Honda CVCC,
Beitish Leyland BLML, Toxaco and the Ford Proco designs.

Operation at an overall AFR as 1ean as 50:1 demands that high swirl be
: induced during the second phase of combustion. This was achieved by
angting the I1CC port (Figure 5}, The effect of changing this port con-
figuration was moniteored by measuring the transient pressures in each
cylinder and by noting the pressure differences and the onset of knock.

Both of the above engines differ from the research engine in somg
respects, The CVCC uses a fixed pre-combustion chamber of small volume
as compared with the mixture cylinder of varying volume which also
. extracts work during operatfon. There is 1ittle difference in pressure
' before ignition occurs in tha research engine, thus pone of the advant-
ages of lean and rich charge transfer across the ICC port, namely reduced
emisstons and improved combustion, are realised. The C-Ki» by using a
del iberate phase difference hetwesn the cylinders and different volume
compreéssion ratios is characterised by a mult{-stage charge transfer
operation during which both a torch of flame and an unburnt lean \mixtura
travel via the ICC port during one cycle.

Despfte the less advanced destgn of the research engine, its performance
v should be compared with that of 1ts closest relatives, namely the Honda
CVCC and the Cranfleld-Kushul designs.
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ATION OF THE ENGINE

Engine Input and Output
The fual flow rate to each cylinder was determined using prevfously
calibrated Plerburg {gear type) analogue fue) flow meters.

Total mass flow rate of air to the engine was obtained by measuring the
pressure drép (by means of an electronic micromanometer) across an
orifice plate fitted to an air surge reservoir, and by measuvement of the
inlet afr temperature using a thermocouple.

The mechanical output of the angins was absorbed in a previously calib-
rated water brake dynamometer. Torque was read from a dial fitted to
this {nstrument.

The engine speed was measured using a hand-held tachometer and mean
exhaust prossure was read from a water manometer.

Transfent parametors . \

The most {mportant of these was combustion chamber pressures. Both
r inder heads ware fitted with Kistler 5121Al plezo-electric pressure
transducars enclosed in water cooling jackets. The output signals of the
transducars were convarted into volsages using charge ampiifiers, and fed
to a six channel Datalab transfent recorder. Pressure versus fime traces
for sither single or muitiple engine cycles could be obtained by varying
‘the recorder's sample rate. The traces were displayed om an ascilloscope
and fed to an HP9816 computor for data storage and processing.

The transient racorder was triggered with the pistons at Tch the
triggering signal being obtained from an vptical emitter-sensor unit
bracketed to the ongine. A voltage comparator circuit supplieda 5V
triggering step to the recorder whenever the normally interrupted 11ght
path of the optical sensor was rendared contfnuous. This was achfeved
via a slitcut inte ¢ disc fitted to the crankshaft., Adjustment of the
optical sensor bracket to ensure triggertng at TDC was achieved by motor-

3
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ing the engine at constant speed and ensuring that the TDC marker coip-
cided with the peak pressure of both combustion chambers.

The above pressure records and the TOC signal were used to monitor the
combustion process and the onset of knock.

In order to balance the inlet quantities of fresh charge‘fntﬁ each ¢cylin~
ders a Kistler plezo-slactric differential pressure transducer was
installed across one transfer port for each cylinder. This was necossary
since only one air reservoir was available and this supplfed afr to both
cylinders, Hence, flow rates to each cy)inder were measurable only when
they were equal, Brass taps were installed between the transfer ports
and the transducer, which were closed after balancing for fear of
endangering the transducer 1n case of engine backfire. The output from
this transducer was also fed to the transient recordz~ via a charge
amplifier,

The above three pressurs records and the TDC signal occupied four
chanhels of the recorder. The fifth channel was used to record the
instant of spark discharge through the leads. The spark plug 1eads were
passed through a current transformer, the output from which was stepped
down before feading to the recordsr fnput.

Qutput Plots

The plots available from the menu driven computer program wera:

1. Pressure~time trace 1n fthe mixture cylinder

2. Pressure~time trace in the air cylinder \

3. Superimposed traces of 1 and 2

4, Oifferential pressure - time trace {(mixture cylinder less air
cylindery

5. Inlet differential pressure across transfer ports

6. Ignition timing
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RESULTS AND DISCUSSION

The engine ran for approximately five hours {n toxal. However, the lack
of primary reciprocating balance of the pistons and connecting rods
caused heavy vibration. Even with the engine, coupling and dynamometer
accurately alfgned under statfc conditions, the vibration led to instant-
aneous misalignmant beyond the coupling's specified limit. This in turn
caused overheating of the coupling which severely hampered testing.
Also, a more extensfve testimg period would almost certatnly have
resutted in the destruction of some component of the engfne or test rig.

The Towest achievable speed of the engine at minimal load {approximately
5 Nm due to friction within the dynamometer) was 800 rpm. The occurrance
of only one combustion period per engine cycle, owing to the {n-phases
rather than 180° out of phase operation, probably accounts for this
sT1ightly high id)ing speed.

Only one common afr inlet measurement system was fitted to the engine,
Thus yuantitative information on AFR's was cbtainable only with equal air
flow rate to each cylinder, The alr flows could be balanced by adjusting
the throttles for zero (or minimal) pressure difference between the inlet
transfer ports of the two cylinders,

With equal air and fuel flow to sach cylinder, the maximum speed at
minimum load wat 2000 rpm. On appiying load (sti111 with balanced afr and
fuel flows) the maximum achievable power was 2,9 kW (23 Mm at 1200 rpmd.
The corresponding brake thermal effictency was 4,38, In efther of the
above cases, further opening of the throtties caused mfsfir“\q. This
could not be corrected by adjusting the fgnftion timing.

The engine ran on extremely rich mixtures only, with AFR's of 6:tl or less
for both cylinders, Since such values are normally beyond the rich 1imit
of running, the exhausting of unburnt fuel was indicated. This was
confirmed by the presence of excessiva quantities of two-stroke Jubricant
in the exhaust.
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Such overall {ocomplete combustfon can be caused elther by iatermittent
firing cyclte~to-cycles or by consistent firi g, but with incomplete com-
bustion {n each cycle or by a combination of these. Figure 6 showing
typical consecutive combustion chamber pressure traces, provides clear
evidence of intermittent combustion. The Tower pressure peiks occur at 8
bar (gauge), the value cuorresponding to the previously determined
fmotor{ng® (compresgion without ignition) pressure peaks.

Tt i¢ strongly suspected, however, that even on firing, combystion was
incomplete. The reason for this overall incomplete combustion may be
examined in torms of mixture finhomogensity. Ultimately. homogeneity is
required within the combustion chamber. It can be brought about both
during the carburatfon and inlet processes, and by events occurring
within the combustion chamber ftself.

Since the carburettors and inlet system did not differ radicaily from
those of the engine in orfginal form {which ciearly ran satisfactorily),
the reasons for mixture {nhomogenefty must be assoclated with the nature
of the (modified) combustion chamber. The design of a combustion
chamber, greatly affects the level of turbulence generated during come
pression, Twowstroke engfne designs always use squish bands to generate
turbulence towards TOC. The research engfna's combustion chambers are of
the disc type with centrally located spark plugs and convex crowned
pistons, which, featuring neither squish bands nor a turbulence inducing
cavity, are clearly not conducive to turbulence gemeration,

Furthers the combination of the fiat cylinder heads and the crowned
{convex upwards) pistons, constitutes a weak squish region with flow away
from the spark plug. Thus, the major portion of the mixtures together
with whatever weak turbulence {s generated, resides at the most unfavour~
able position, namely at the quench-prone circumference of the cylindor
head.

C1ear1y the combustion chamber desfgn is totally unsatisfactory. Some
provement {n bustton might b r be possible by Increasing the

BY
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mixture homageneity externally, for example by means of heating the inlet
manifold. While this process Towers volumetric efficiency, this is out-
weighed by the resulting improved combustion (8).

1t §s conceivable that the expulsfon of unburnt mixture was in part
assocfated with the physical orientation of the engine: that is, with
the cylinder axes 1ying horfzontally and the exhaust ports facing down-
wards, Gravity, and the flow patterns created by the pistons rising from
BOC, might thus assist in accelerating the densest portions of the
mixture towards the exhaust port.

No evidence of knock was detected, even with the ignition timing advanced
to 50° BTDC. This constitutes further evidence of fnefficient com=-
bustion.

Figure 7 shows superimposed multiple pressure traces for both cylinders.
1t should be observed that while .harp cycle-~to-cycle pressure differ-
ences (misfiring and firing) occurred, these took place simultaneously
and with virtually {dentical magnitude in both cylinders. It would thus
appear that the two combustfon chambers were not behaving independently.
This was confirmed by attempts to lean out the afr cylinder, which still
rasulted in {dentical prossure traces ‘n both cylinders. In effect, the
two cylinders ware behaving as one. This would imply that the ICC pory
had too large a cross-gectional area. In additfon, the flat shape of the
port expused a Targe and potentially quenching surface area to the flame
torch, if the engine ware to run as originaily intended.

CONCLUSIONS AND RECOMMENDATIONS
The main conclusions of this study are:

1. The test engine vibrates badly owing to lack of primary reciprocating
balance.

an . -
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Figure 8 -~ Schematic of original Yamaha 558M cylinder head

2. The presence of a single air flow measiuring system 1imits testing to
cases of equal air flow into each <ylinder.

3, Combustion was {nefficfent ard {intermittent, owing to the inhomo-
geneity of the incoming mixture, poor combustion chamber design. and
possibly the physical orifantation of the engine cylinders.

4. The design of the ICC port is unsatisfactory.

In view of these findings the foliowing recomwendatfons are offered:

1. If the present sngine is to rematn in use at ail, that the test bed
be rebuitts fitting both dynamometer and engtne to a common rigid base
and replacing the coupling with one tulerating greator misalfignment.

2. That the engine ({1f retained} be repositioned such that the exhaust
ports Tie aTong the upper area of sach cylinder.

3. That an alternative engine be considered which may be modified to
have two adjacent cylinders {interconnected and in phase whils retaining
primary reciprocating balance. In the case of an {n-1{ne four-cyl{inder
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engine, for example, the central two cylinders would b/scnms the mixture
and air cylinders and the outer two, moving in phase with each others but
180° out of phase with the former, would ba non-combusting balancers.
The crankshaft of such engines would not require modification. In the
case of two-stroke engines, the outer cyliinders would require special
Tubrication.

4, That separate air flow measuring systems be fnstalled for each com
busting cylinder.

S, That the combustion chambers be designed to incorporate squish bands
and cavities to induce turbulencs, the latter being situated in close
vicinity to the spark plugs. A design similar to that of the Yamaha 55
BM in original form i. suggested (Figure 8).

8, That consideration be given to homegenizing the incuming mixture by
heating the inlet manifold,

7. That both the cross-sectional and the surface areas of the ICC port
be reduced. Provisfon for varying the sfze of part during testing would
be highly desirable.
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APPENDICES

For the purpose of all appendices, the following abbreviations are used:

AFR
B0C
13
co
CR

Ic
[1:]
MBT

s¢
ST
TOC

AMr-fuel ratio
Bottom dead centre
Compression ignition
Carbon wonoxide
Compression ratio
Hydrocarbons
Intarpal combustion
Lean burn

Maximum best torque
Oxides of nitrogen
Stratified chargs
Spark igaftion

Top dead centra




APPENDIX A

LEAN BURN ENGINES: A GENERAL INTRODUCTION

The purpose of this Appendix 15 to provide a background to the fleld of
lean burn/stratified charge engines in general and to the transfer-port
typa of engina being tested in this project in particular.

A.1 Definition of Lean Burn Engires

Lesan burn reciprocating internal combustion eagines operate with an
overall atr-fusl ratio considerably weaker than conventional engines,
Numerous methods are used to allow operation beyond the Yean misfire
Timit of conventional engines.

A.2 Tho Need for Lean Burn Engines

The two major reasons for finding a replacement for conventional spark
ignition engines are emissfon control and fuel consumption ~ the need to
reduce both the quantity of foss!l fuel being consumed worldwide, as well
as the quantity of noxfous by-products of the energy conversion process.

It 1s commen knowledge that the automobile is a major contributor to the
high hydrocarbon (HC), oxides of nitrogen (NO,} and carbon monoxide (CO)
Tevels in urban areas. Both Stirling and lean burn/stratified charge
engines have come {nte consideration as suitable reptacements (1}

1
Production or near production examples of lean burn engines already
exist; examples include the Honda GVCC, Ford Proco, Jaguar XJS {May
Fireball} and the Porsche $KS and SC.

The process of formation of emission poltutants within the engine are
described {n the next section, However 1t should be noted that consider-




A2

able hydrocarbon vapour emissions occur {in other areas, such as the fuel
tank, carburettor and crankcase vents (2), where fuel and tubricant are
able to evaporate.

Apart from the reduced emission of pollutants, lean burn/stratified
charge technigues hold additional advantages. These include:

1. Improved thermal efficiency resulting from increasingly lean
mixtures. The {mprovement is related to three offects which result from
the lower combustion temperatures with tean mixtures, namely the
increased specific heat ratio, the reduced dissocfat{on losses and the
reduced heat transfer to the combustion chamber walls.

Lean burn tachniques also allow engine operation at higher compression
ratios, due to extending of the Tean misfire 1tmft. This also results in
improved thermal efficiency, since for the air standard Otto cycle:

fy=1- am®n where r = compression ratio
¥ ratio of the prinscipal heat
capacities S and cy

2, Elimination of expensive catalytic convertors fn the exhaust systems
which have become necessary n conventionally powered automobiles to meet
the strict emission control measures - particularly in the Unfted States.

3, Reviving interest in the 2-siroke cycle engine. Various research-
ers, ospacially Onishf and FuJti of the Nippon Clean Engine Research
Company have discovered that 2-stroke engines have greatsr potential for
emission reduction with Yean burn operation.

The factors which in the past often discouraged production plans for lean
burn engines were the unstable operation due to arratic combustion and
misfire, and the previously cheap and plentiful supply of crude ofl.




A3  The Formation of Pollutants

Figure AL shows the three processes of poliutant format{on within a
conventional 4-stroke spark fgnition eng’ue,
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Figure Al - Poliutant furmation within an engine

During the first stage, the ignition of a compressed air-fusel mixture
creates high temparatures and a propagating flame front. As the flame
approaches the cylinder walls, quenching occurs due to the Tower wall
temperature, and a thin tayer of unburnt mixture and hence hydrocarbens
adhere thereto. In add?f.fon, unburnt mixture accunulates above the
piston ring betwsen the piston and wall. Nitric oxide and carbon
monoxide also form during the first stage as a result of the high P
combustion temperatures and ncomplets combustion. .

Vs > - e
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During the second stage. the falling bulk-gas temperature created by gas
expansion prevents the completion of oxidation reactions from occurring.

The final stage exhausts the nitric oxide, carbon monoxide, and the
hydrocarbons {(which are scraped off the cylinder walls as the piston
travels upwards to top dead centra),

This basic description, coupled with the knowlaedge that 1ean mixtures
attain Jower maximun combustion tempsratures suggest the potential of
lean burn/stratified charge engfnes {n reducing NO and CC emissions.

In addition, suitable design of the engine ftself can lead to reduced
mixture quanching on the cytinder walls and reduced HC emissions.
Examples of such designs would frcorporats use of pre-combustion chambers
or swirl technigues.

A4 Techniques of Achfeving Lean Burn/Stratified Charge Operation

In the foregoings the terms 'lean burn' and 'stratified charge' have been
used. Both techniques have the same objective {that is, low emissions
resulting from lean overall mixtures), but the methods to achieve this do
differ somewhat. Certain engine designs utilize both '1ean burnt and
'stratified charge' techniques, so the border {1s not ciearly defined.

Lean burn erigines generally utiiize a finfte number of homogenecus
mixtures of different air-fuel ratios {AFRIs). That number may range
{from one to three. In & typfcal lean burh englne, a rich mx\tura is
ignited {n a pre-combustion chamber and the flame front subsequentiy
propagates into the mafn chamber (via an orifice) which contains a weaker
mixture (Figure AZ). Other examples use one weak mixture only with no
prachamber, but genarate very high turbulence to guarantee reliable
ignhitfon. To supplement this, direct fuel injection towards the spark
¢ . r¥lon has also been used.
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Figure A2 - Example of lean burn operatic.. in engine with oné prechamber

The stratified charge engine creates a continvous gradient of varyirg
afr-fuel mixtures In a1l three dimensions based on density differences.
No physical boundary exists between these Tayers, and the process is
often improved by carsful design to azhieve swirl of the incoming
mixture.

Uyehara ot al (3) derived a classification system for reciprecating
internal combustion engfnes, and placed each lean burn engine sxisting at
that time (1974) into distinct groups (Figure A3)
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This large field was first divided into lean bu.n (Lnat 15, distinct
hamogenecus mixtures } and the stratified charge fi.lds. The following
subdivisions considered the mode of mixture igni’ion-either direct spark
or torch Tgnition {using a pre-combustion chamoer), Finally, most subw-
systems separate the tnduction of the richer mixture into the engine -
either by additional fuel injection into the first regfon to {gnite, or
by separate introduction through a second inlet system.

Further explanations of the physical appearance and operation of some of
‘the sngines bearing the closer similarity to the research engine tested
are discussed 1n Appendix B.

A5 Introductfon of the Research Engine of this Study

The research engine tested in the University of the Witwatersrand
Machanical Engineering Laboratory was kindly supplied by Mr R B Amm of
Durban. Originaliy, the engine was a 40 kW (approximately 750 cc) Yamaha
outboard engine of parallel 2~cylinders 2-stroke configuration with a
180° offset crankshaft.

The engtno has been modified fo, lean burn operation as follows:

1. The crankshaft has been rebuflt such that both pistons move {an phase.

2. A new cylindar head with an tsier-cylinder connecting port has been
fitted.

3. The carburettor systems have been modified to allow the air-fuel ratto
in each cylfinder to be varfaed separately during operation.

4. The tgnition system has beun modifled to allow simultanecus firfng of
both cylinders.
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A fuller description of al) modifications and instrumentation {s provided
in Appendix C and D.

The anticipated mode of operation is shown 1n Figure Ad.

B s 7 %\iﬁmﬂ

1 2 3 Phase

Figure AL - Mode of aperation of tho research engine N

As both pistons travel towards top~dead centre {TDC), each chamber has
received its fresh charge pumpad from the crankcase, During 1san burn
operatfon, cylinder 1 recefves a close to stofchiometric mixture, and
cylinder 2 a very weak mixture (Phase 1}, For brevity, cylinder 1 is
referred to as the 'mixture' cylinder and .ylinder Z as the ‘*atp!
cylinder throughout.

During phase 2, the contents of both cylinders ara compressed to equal
pressura and spark fgnition occurs. Howover. the charge in'the afr
cylinder {s too weak to support combustion, and only the mixturs cylinder
fires. The inter—cylinder port permits a torch of flame to propagate
into the air cyiinder thus fgnfting {ts charge.

Finally {n phase 3, both cylinders travel towards bottom dead centre
(BDC), expelling tha burnt gases through the exhaust ports.
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The spark ptug in the alr cyyinder was retained in order to assist Tn
starting the engine with equally rich air-fusl ratios 1n each cylinder.

A.6  Classifying the Research Engine

The general classification of the ressarch engino was carried out, using
the system of Uyehara et al (3}, fn order to discuss the more closely
related enginy designs already produced in the 11iteraturs survey. Even
50, @ach ’speciffc engine exhibits {ts own unique properties and perform—
ance, and {t is thus difficult to make any predictions with regard to the
research engihs from the work of others.

The stages {n classifying our engine according to the nomenclature of
Figure A3 are as followss

1. Recfprocating internal combustion engine.

2. Homogeneous mixtures (Two, one in each cylinder)

3.  Direct spark fgnition (in mixture cylinder).

4,  Spark torch ignitfon (in air cylinder) N

5, Ignition mixture inducted by separate intake manifold and vaive (or
transfor port for 2«stroke cyclie engines) from the prechamber (the
mixture cytindsr).

According to his analysis, our research engine falls fnto the sams
category as the Honda CYCC and the Volkswagen lean burn enginess although
the prechamber is a cylinder of varying volume, Another related concept
ts the Cranfield-Kushul engine. Its configuration is very similar to the
research engfne, except that the mixture cylinder leads the air aylindar
by twenty to thirty degress crankangle. This, and the different
volumetric compression ratios of each cylindars facilitate a multt-stage
charge transfar mechanism, where etther a torch of flame or an unburnt
air-fuel mixture travels via the fnter-cylinder coanactling port during an
engine cycle,

Nk L PR N
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It is these types of angine which are discussed fn further dotatl in
Appendix B.




APPENDIX B
SURVEY OF LITERATURE

The Titerature survey presented helow deals with potrol~fuelied,
recipracating LB SI engines, and, 1n view of our test enginhe, amphasis is
placed on normally aspirated rather than direct fuel fnjected machines.

The classification technique of Uyehara ot al (3) was applied h{ Appendix
A tp A3), and on this basts, engines and aspects af design which are
related to the research angine are summarized {n Figure Bl.

The major source of fnformation in this survey was the Soclety of
Automotive Engineers {SAE), using the SAE database of the ORBIT system
sold by SDC in Santa Monica, California, USA. It was accessed
telephonfcal 1y via the on-1ine fac!lity a2t the Wartenwe!ller Library,
University of the Witwatersrand, using the key-words 'lean burn',
Istratifled charge' and 'Cranfield-Kushul'. Copies of the abstracts thus
obtained supplament one copy of this reports and are on file in the
Schon1 of Mechanical Engfneering. From this broad spectrum of papers,
those more relavant to our test aengine {and emphasising performance
rather than emission character{stics) were ordered, and are also on file
in the School.

Other sources of information Included the General database of the Dialog
database sold by Lockheed Atrcraft, Palo Alte, California, USA, This
database supplfed references to publications such as'Automotive
Enginesring' (USA), tAutomotive Engineer' (UK), the 'Bulletin of the
Japanese Socfety of Mechanfcal Engineers’, and Conference Procesdings of
the Automobile Division of the Institution of Mechanical Engineers
{London).

g
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This survey fs presented dnder the following headings:

B.1 Introduction to Jean burn engines

B.Z Engine designs related to the ressarch engine
B.3 Specific areas of study

B.4 Miscellanecus

B.1 Introduction to Lean Burn Engines

A number of SAE papers can be recommended as suitable fntroductions of
the lean burn/stratified engine fleld.

The approach towards reciprocating engine classiffcation used by Uyehara
et al (3) covers all aspects of LB operation, The classificatien
(Appendix R, p A6), hawever, dnes not Tnclude the later designs by May
{Fireball head)s Pursche (SC) or Kushul (Cranfield-Kushull. The research
engine, as classified in Appendix A, falls into the categories of Thomo-
goneous mixturel, ‘normally aspirated's 'LB reciprocating IC enginet, and
util{zes both direct spark and spark~torch ignition, Designs by Honda
{CYCC), Nilov and Volkswagen would a'lso appear to be related to the
research engine., The main characteristics in this category are low NO
and CO smisstons, higher than normal HC emissions, and the difficulty of
maintaining reasonably short combustfon times for mixtures of AFR bsyond
25:1.

Dartnel1 (4} studiod the inevitable trade-off between fuel consumption
and emissions in terms of sngine compression ratios, The trends in
comprassion ratios In US cars was a decrease from an aver » of 9:4:1 in
1970 to 8,25:1 {n 1975 (Figura B2) to permit operation with an unleadad
fuel of lower octane number. The resultant increase in fual consumption
represented 3,5% of the total US of1 requirements in 1978, He views the
May Firebal) as a solution to the trade-off - a high compression ratio
design (typically 14:1) operating with normal premium fuel and very high
turbulen- o levels to permit rapid burnfng of fean mixtures,
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Figure BZ ~ Trend in compression ratios of US cars

Beormane et al (5) provide, frou a movt comprehensive reference sources a
revisw of the fundamentals of lean combustion and of the effect of lean
mixtures on engine efficiency, performance and exhaust emissions. The
techntques for lean burn engine control are also discussed. This,
coupled with a thorough treatment of the theory af a1l aspects of lean
burn operation provides a highly recommended introductory paper.

Hartley {6) reviews methods of achieving consfstent combustfon of lean
mixtures. The destgn of modified 1:juction manifolds (Figure 83)s dual
ignitfon systems and high compression combustion chambers (as in the May
Fireball and the Porsche SC engines) are discussed.
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B.2 Enyine Designz Related to the Ressarch Engine
‘These will be discussed under the following headings:

&,2,1 Honda CYCC

8.2,2 Farsche SC

B.2.3  Stagad Combustion Compound Engfne {SCCE)
B.2,4 Tyo-zkroke L9 designe

B.2.5 May fireball

B.2.6  Cranflejd-Kushul

8.2,1 The Horgju Cozpound Yortex Controlled Combustion (CVOC) engine

Date st al (7i o7 Honda Research, provide a comprehensive expianation of
the CVYCCts oparation, which has now beenr mass produced for & number of
years.

A - B P
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Each cylinder consists of a mafn and an auxiliary combustion chamber with
separate carburattors, intake passages and inlet valves. The auxiliary
chamber contains the spark pTug and is conmected to the main chamber by
an orifice (Figure B4).

BUFLIARY WTAKE
PASSAGL N

AUXILIARY
1o
SHAMBER 1Y)

MAIK COMBUSTION CHAMBER (Vp

A,8,6,0: GAS SAPLING POSISIONS
AB ¢ MEASURING POSITIONS OF COMBUSTION
©AS TEMPERATURE.

Figuro B4 - Sectional view of Honda CVCC cylinder

The success of this engine depends mainly on the control of each mixture
supplied to 1ts respective combustion chambers. During suction, the
relative control of each chamber's charge causes the trapnsfer of some
rich mixture to the main chamber, and durfng compressfion the transfer of
some of the lean mixture from the main to the auxilfary chamber.

Meoasurements on this engine indicate a relatively high mean combustion
temparature throughout the expansion stroke, which pronotes the oxidation
of CO and HC, and a relatively Tow peak combustion temperaturd in the
mafn chambers which minimizes NO formatfon (Figure BS). Partial inter=-
eylinder charge transfer prior to ignition may occur in our research
engine as well; thus a comparison of combustion chamber pressure
diagrams for the two engines {under similar operating conditions) would
be of interest.
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Figure BS - Exhaust gas emissions of CVCC engine and a canventional
engine at idiing (isfc = 410 g/PS~hr)

B.2.2 The Porsche stratifies charge {SC) engine

The Porsche SC engfne (8) utilizes two aux!liary chambers per cylindar,
each fitted with a fuel injector (Figure B6). Initial fgnition occcurs in

the first aux1lfary chamber furthest from the main chamber. which is
relatively turbulence free.

The advantage of this design 11es in the fact that the combustion process
can be controlled to release 85% of its energy near TOC, !
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Figure B6 - Cross-section of Porsche SC cylinder

This improvement in the combustion process has bean found to lead to
reduced sensitivity to changes {n CR, fuel characteristics, AFR and
tgnition timing, In addition, the engina operates with a high degres of
stability across a wide speed and load range, and the amissfon character-
istics are considerably improved in comparison with a conventional Otto
cycle engine (Figure B7).
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Figure B7 - Exhaust emissions of Porsche SC engine compared with
conventional engine

Varfous types of Porsche LB engines exist, some using direct fuel
injectian, while others use a separate intake to the auxi)iary chambers.

In sdd{itions other designs such as a high CR LB engine have also been
developed (9),

B.2.3 The stuged cosbustion compound engine (SCCE)
'
Sttewert and Turns (10) prasent the SCCE engine which employs pairs of

cylinders (as tn our research engino), but these are offset by 180° of
crank angle (Figure 88).

¥
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Figure B8 ~ One staged combustion compound engine

The first cylinder of each pair aspirates and burns a homogeneous fuel-
rich mixture. The exhaust gases, containing quantities of combustible
products (CO, HC and Hy) and a small quantity of NO, are cooled (to
suppress knock), mixed with additional atr and combusted n the second
cylinder. Additfonal work {s extracted during this second phase and the
combustion products are reduced further while maintaining low uox cohcan~
trations., The division of fuel energy betwsen the two phases 1s
constdered to ba fundamental to the process,

No further information regarding the SCCE is aveilable. Test results of
a V-8 prototype indicated that iy was not possible to meet US emisston
control specifications without a catalytic convertor. This, coupled with
the neéed to incroase the engine dispiacement by 40% fn order \fur tts
power output to equal that of conventional engines, probably removes 1t
from serious consideration, WNevertheless, the use of coupled cyifndarss
as with our research engine, prompts the dea of using multiple pairs of
cylinders, such as a flat four engfne in futurs projecis.
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B.2.4 Tuo~-stroke cycle lean burn designs

Since our research angine {s of the two-stroke type, all available
Titerature retating to such 1ean burn operations was acquired. If the
traditional disadvantages of a two-stroke engine (high emissfons at part
1oad, high fuet consumption and erratic operation at Tow load) can be
overcomes the advantage of simple constructfon and high performance per
unit volume could sti11 be retained.

Until recently, the ationtion devoted to measu ng power output and the

subseguent use of ‘1inder port areas has caused the above
disadvantages, The due to {ncreased hlow-by tato the exhaust
passages at high engin .

A further number of differences between conventional two and four-stroke
engines exfst (il):

Trapping eff{cisncy

Figure B9 relates the offects of oquivalence ratio on the tharmal
officiency of a fuel-air cycle as a fynction of trapping effictency.
With conventfona) two-stroke cycle engines the trapping efficiency 1ies
between 0,6 and 0,7 while with four-stroke engines the thermal
offisfency is almost equal to a trapping efficlency of untty. Thus the
thermal efficlency of conventional two-stroke cycle enginas {s lowered by
its Tow trapping efficioncy.
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A two~stroke engine has advantagss for operation close to whe lean 1imft,
namely the existance of high temperature residual gases, turbulent flow
caused by scavenging flows, and a wide freedom 1n deciding on the shape
of the combustion chamber.

Losses

Important noticeable characteristics of two-stroke sngines are the
reductfons in mechanicals heat and pumping losses. These result from the
machanical simpliicity and absence of valve driving mechanismss and from
the compactness of the combustion chambers. Two-stroke engines have Tow
pumping Josses at part-throttle loads (contrary to four-stroke engines)
and this characteristic partfally accounts for their unstable combustion
at part load.

Yui and Onishi (12) doveloped iheir combustion process for a fuel
injected two-stroke engine. A1l three texic pellutants are controlled

and performance 1s improved by deliberately retaining a proportion of the
exhaust gases fn the engine using controlied swirl {Figure B0}

FUEL INJECTION

RESIDUE GAS

Figure B0 ~ YOCP process: Cylinder head showing residue gas

T
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They suggast that by such means the traditional disadvantages of twow
stroke engines ars removed, and that fuel consumption, specific power
output and engine raéponse are suparfor to those of a four-stroke engine,

Yu! and Onishi's paper was presented in 1969 and ne further work of the
YOCP process appears to have been published. In 1984 however, Onishi et
al (11) presented a study on the Multi Layer Stratified Scavenging (MULS}
process., Two methods of stratifying two-stroke engine charges may be
empioyeds

1. Combusted gas exists bafore a fresh charge 1s introduced {eg uniflow
scavenging).

2, Provention of the rich mixture from escaping by stratificatfon of 1t
with air or a l1ean mixture {eg engines with double atr inlets and
transfar ports).

The MULS process follows method 2, but uses a single alr fniet (Figure
B11%. It was found that the tncoming mixture was always heterogeneous,
Thuss 1 the mixture was introduced towards the wall opposite the exhaust
port. the density and phase differences between the unmixed fuel and atr
resulted in stratification occurring.

The above techniques suggested ¢hat 1t {s possible to introduce a number
of afr-fuel mixtures of varying concentrations through separate scavenge
ing ports and allow more precise control of the combustion process
(Figure B11). \
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Figuio BIl ~ MULS engfne scavenging

The results of this study indicates that the MULS engine approach
displays the following deafrable characteristics:

1. Improved thermal effictency and brake specific power output.
2. Reduced HC and NO, emissions.
3. Applicability to any two-stroke engine irrespective of size, load
conditions or purpose.
4. Machantcal stmplicity.

\
Add{itianal information on this systom would be desfrable. The heteroge~
nfty of the Inlet mixture using a normal carburettor is of some concern
in the research engine as well, since, in 1ts present locatfon, the
exhaust ports 1fe at the base of the sleaves (Appendix C) A proportion
of the heavy, fresh rich mixture regios could be pumped through directly
fnto the exhaust.
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8.2,5 The May Fireball head “ : <
oA
The design of May (13) 1s not directly related to the research engine, .
but serves as a fine example of high compressfon L3 operation using ‘
deliberately high induced turbulence within the engine. Such a technique ,‘ .
could also be of use in future development of the research engine, ‘
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May followed a process of elimination in his search for a combustfon
chamber permitting high campression ratfos. He considored the use of the
bowl-1n=piston design and the advantages of constrafning combustion to
occur beneath the hot exhaust valve only before finatly recommending the
Fireball chamber (Figure B12).

The spark plug 1s located on the &ide of the actual combustion chamber,

and ignites the highly turbulent inlet mixture, Turbulence 1s squish -

Inducted using an eccentric connecting channel.

Results using CR's as high as 14,6:1 indicate mest efficient operation at
AFR's or 18 to 20:1. AT) three pollutants are reduced to the same extent
as 1n the Honda CVCC, but the fuel consumption 1s stgnificantly better
(Tabte Bl) than either the Honda or a conventional engine prior to the
Fireball conversfon.
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Table Bf - Car data: May Firsball vs standard engine and Honda
cvee

Generat data
Car type MW Prasak VW Passat | tonda
Variant \artant v
Standard Ny Firaselt] Standurd
Model yoar 1974 1874
car waight (kg) 810 o9ta 780
englne capactty (em® 1470 1470 1488
compression ratic 8,711 4,811 KRR
output PS DIN ] s0 &
cylinders 4 . a
fuel required ROZ o7 o7 ot
EOE Tast
emissions  HC a,1t 2,58 1,4
gr/tast co 60,4 20,0 17,8
NOX 614 2,0 2,8
ECE Test
cansumptions MPG 19,87 29,0 18,0
/107 km 1,97 8,1 12,58
4
% reduction 100 % -o2 %
-a5 % 100 %
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B.2.6 The Cranfield-Kushul (C-K) enging

The earifest publication relating to this engfne was 1n a Russfan text-
book published {n Leningrad 1n 1965 by Vv M Kushul. Beale and Hodgetts
(14,15) presented two papars {n the mid~1970's after conducting tests
with a suitably modified Rover engine at the Cranffeld Institute of
Technology.

The C~K engfne may be considerey as a complex version af the research
engine. The major differences between the two are:

1. The C-K sngine is a four~stroke engine.

2, The C-K's crankshaft 1s offset by 20 to 30 degrees. This provides a
two~stage transfer of charge.

3, Different volumetric CR's are used on each cylinder in the C-K
engine.

MiX.. AR MiX. AR MIX. AR

Figure B13 - Cranfield-Kushu) engine operating phases
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operation of the C-K engina invelves three phases (Figure BI3J. ;A
}@i h
1. The mfxture cylinder, Yeading the atr cy)inder, contains a combust~ L

ible mixture that is ignited before the piston reaches TDC. A%t this
position, the difference in compression ratfos (9:1 in the mixture
cylinder and 38:1 in atr cylinder) and crankshaft phasing ensure that the P
gas pressure in each cylfinder {s indepandently equal. ’

2, The air cy)inder now reaches TOC where its volume 1s a minimum. The
pressure in the ai‘r cylinder is greater and 1ts contents are transferred B
to the mixture cyliinder via an inter-cyifinder connestiag (ICC} port.
allowing a second stage of combustionm.

3. The final stage of combustien occurs during the expansion phase of
poth cylinders. The burning gases now entar the air cslinder via the ICC
port and combust in the remaining afr.

The Jatest published informatidn an this engine (15) dates from 1976. At B
that time, the Jeansst overall AFR that hiad been achisved was 5031 (by
mass) at low loads. Most economical operation at Tow Toads was found to
occur at richer mixtures, namely at an AFR of 26:1. The engine could be
operated at full air throtfle on all Toads, although it was found that
s1ightly closing the mirture cylinder throttle created a stratification
effect and delivered the hest fuel consumption. Emissions and specific
fuel consumption of the C-K engine are compared in Figures 1417 with
those of the Honda CVCC, the British Leyland BLML, the Texaco and the
Ford Proco designs. A1 ongines were adjusted for minimum emibsions, .
while the C-K was alse adjusted for minimum fuel consumption.

o
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Operation at AFR's as lean as 50:1 overall demands +hat high swirl be
tnduced during the second phase of combustion. This was achleved by an
angled ICC port {(Figure B13). The effect of changing this port
configuration was monitored by measuring the trans{sat pressures in each
cylinder and by noting the pressure differences and the onset of knock.

Argues {16) comrents, "The cycle and the engine conceived by Kouchoul
presents the particular feature of enabling technical separation of the
two functions of mass transfer and ensrgy release during combustion®. He
presents a theoret!~al model of the C~K engine and concludes that the
engine 1s well adapted to the study of flame propagation fn SI engines.

B,3 Specific Areas of Study

Presented here are areas of engine desigr which effect LB engine
parformance and emfssions. Certafn of these may be incorporated fnto the
research engine by future researchers.

\
The matertal is discussed under the following headings:

B.3.1 Ignition systems

B.3.2 Orifice and prechamber size and shape
8.3.3 External devices (eg catalytic convertors)
B.3.4 Combustion chamber size and shape

8.3.5 1ully open air throttling

8.3.1 Ignttion systous

\
Tanuma ot al (17) studted the effacts of spark plug gap width, gap
projection, spark energy, and mixture turbulence on the lean 1imit of
their research engine, Thay found that:

1. The lean 1imit is highest and least effected by spark gap width with
small centre electrode diameters (Figures B18, B19, B20)
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" ’ 2. The 1lsan 1imit extendoed the highest AFR with the deepesi spark plug
gap projection into the cylinders (Figure B21),
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Figure B21 - Effect of spark plug gap projection on lean limit

3. Varying the spark energy at constant ignftion timing did not extend
the Tean Yimit significantly. The greatest effect occurred at the lower
spark plug gap widths (Figure B22),

s 1l 2
£ -t
A
‘ o5 o 5 0 %

GAP WIDTH, mm
Figure B22 - Effect of spark energy on lean limits
4, Increasing the {nlat mixture turbulence using shrouded inlet valve

guides 1mproyed the lean 1imit and um of operation considerably
on their engine.




B25

Dale and Oppsnheim {18) review the more novel methods of ignition for
Yean burn engines:

1. High energy spark plugs
2, Plasma jJet igniters L]
| 3. Photochemical, laser and microwave ignition concepts ’
3 4, Torch cells {pro-chamber cavities)

7 5, Divided chamber SC engines {pre-chamber with separate fnlet)

. 6, Flame torch igniters {as 5 but using small orifii}

/f{ 7. Combustion Jet igniters {as 6 but supersonic torch velocities)
8, EGR (exhaust gas recycling) ignition systems

They concliude that on the basis of fast disporsfon of ignition sources to
improve LB operatfon, the EGR, combustion fet and plasma jet {gniter
systems are the most desirable. Such systems are sti11 under research
and nro production examples exist.

=

. single spark plug per cylinder {Figure B23). While the technique led to
sti11 unacceptable emission characteristics, It did verify the faster
rates of pressure riso and the increase in the lean 1imit.

|
ObTander ot al (19} tested an engine fitted with two, rather than a v‘ M

|

|

|
|




Figure B23 - Combustion chamber design of single cylinder angfne with
dual ignttion

8.3.2 Orifice and pre—combustion chamber size and shape

Sinnamon and Cole (20}, using a modiffed Cooperative Fuel Research (CFR)
flat head engfne with a divided chamber head, studfed the effects of
varying the ¢ ».hamber and matn chamber inlet AFR's, They definud the
torm ‘degres » stratification' as the ratic of prechamber to main
chamber equivaience ratfos at ignitfon. Both chambers were fitted with
thefr own inlet systems (Figure B24).




Figure B24 - Cross section of CFR engine

Although the prechamber on the research engine tested by the author is
{tse1f a cyltndor (the mixture cylinder) which 1s used to oxtract powers
the following finding of the above study may be of relevance:

1. The shape and cross-sectfonal area of the comne.ting orifice affects
the Tntensity of combustion induced turbulence, produced by the torch
Jot.

2, The relative size of the rich and Jean zones can be controlled by the
chofce of prack.mber and main chamber volumes.

3, The best fuel consumptfon tccurred with an overall equfvalence ratio
of 0.8. The 1east varfation in fuel consumption over a wide range of
overall mixtures occurred with the lowest degree of stratification
{Figure B25).
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Figure B25 - Effect of stratificatfon and overall equivalence ratio on
fuel consumption

Yagt et al (21) observe that a branched conduit type torch passage
betweon the auxflfary and main combustton chambers 'esults in improved
anti-knock qualities (Figure B26),

It has been confirmed by high speed photography (22) that the different
pressure drops across each conduft results in one branch igniting the
main chargs only. The pressure rise in the mafn chamber recirculdtes the
unburnt gases in the remaining conduits. Fiqure B27 demonstrates the
anti~knock faprovements &t tull throttle on the engine used by Yagi ot
al. The compression ratfo was 8.8:1 andAQ {s the diffence botween the
crank angle at the onset of knock and the mintnum best torque advance
(MBTY.
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Figure BZ7 ~ Anti-knock quality of stratifled charge engines

Although fuel injection into both the auxiifary and matn chambers was
used, Kataoka and Hirake (23) observed the fmportance of the torc,
fssufng from the ori{fice. A well regulated torch caused a rapid
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combustion even with a fairly 1ean mixture (Figure B28), This occurs
since, as the orifice diameter is decreased, a larger fraction of the
mixtura fs burnt in the early stags., reducing the combustion duration and
consequently a higher peak pressure can be obtained in the cycle {(Figure
829), This indicates that the combustion process is related to the torch
kinetic energy.

Prechamber

Fuef inyection
oriice

Figure B28 ~ Cross section of combustion chamber

+ Drifice diameter
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Figure B2% - Effects of orifice dimensions
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8,3.3 External devices

GouTburn and Hughes {24} presented a study of the homogenfzatfon of the
inlet afr~fuel mixture by means of heating, The advantages of the leansr
mixtures, namely improved thermal efficiencies and emission characteris-
tics offset the reduction in velumetric efficiency,

B.3.4 Combustion chamber size and shape

Lucas and Brunt {25) investigated the {interaction of combustion chamber
shapa, spark piug location and compression ratio, Designs tested wers
the May Fireball, ‘bathtub® and 'disch.

They conclude that for fixed compression ratios, flame speed is not
effected by combustion chamber shape but the rate of combustion pressure-
rise and cyclic dispersion are. Thus, for lean mixtures, combustion
chambers capable of fast combustidn rates are preferred. Examples
include the 'bowl-in~piston? and May Fireball designs.

B.3.5 Fully open atr throttling

The elimination of inlet atr throttling, and the control of power by
moans of fuel supply onlys results in a charge of higher density and thus

an improved volumetric efficfency. Harrow and Clark (26) studied such

operation on an LB engine. A mixture generatar provided a homogeneous
inlet charge. The following tests were conducted:

1. Awide open throttle (WOT) the AFR was varied and spark plug timing
optimised to MBT.

2. At WOT the spark timing was varfed at various AFR's until knock
occurred.
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3. For a series of AFR's, the engine was throttled and spark timing
optimized,

It was concluded that with normal carburation ({a fn the absence of a
mixture generator, such operation would cause a complex pattern of
instabii{ty, and even with a mixture generator a WOT condition coulid be
used only at the top 30% of the Iadicated power output, Alsos the
advance in microprocessor technology could allow automatfc advances in
spark timing. .

B.4 Miscellansous

Sakal et al (27) and Hall and Sorenson (28) compared the performance of a
conventional engfne with that of the same engine modified For LB
operation. In both studfes LB operation 1ed to lower CO and uox and
higher HC emissions. No noticeable impr: . .ou* {n fuel consumption
oecurred vhen converting to LB operation.

\
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AFPENDIX ©

DESCRIPTION OF THE RESEARCH ENGINE

¢ The mode of operatfon and a brief description of the research engine was
- presented in Appendix A, p A7. Mechanical details and history of
mod{fication to the engine follow,

N C.1 Basfic Engine Dimensfons

B : The research engine 1s a modified version of the Yamaha 558M, an outboard
T engine for marine applications, This s a two~cylinder, normally
aspirated (two carburettors), two-stroke engine having a rated maximum
. power of 40 kW (55 HP). Typical of two-stroke cycle engines, peak power
i ‘4 is developed at high speeds namely 7000 rev/min (Figure Cl).

[ l The first cylinder leads the second by a crankangle of 180%, with piston
i strokes of 72 mm. Each cylinder has a bore of 82 mms» glving an over-
square engine of 760 om? capacity, The carburetters are Tocated on the
crankcase, the mixture beéing contained by the uswal reed valve arrange-
ment. Combustible mixtures are supplied to the cylinders via three
i transfar ports per cyltnden

# scaled tracing of the cross-section of the cylinder ports are shown in
Figure C2. The approximate areas of the exhaust port and each transfer
port are 1460 wZ and 470 mn? respectively. The top of each piston at the
i circumforance coincides with the top of each cylinder sleave. Thus the
i top of the sleeve vwas used as the datum for the relationship between
ey piston depth and crank angle (Table Cl, Figure C3)

JE
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Figure C2 - Production Yamaha 558M engine
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3 Fignre C2 - Cylinder port locatfon and dimensions

TABLE Cl1 - Piston depth (below cylinder sleeve) vs crank angle

Piston Crank Piston Crank Piston Crank

depth {mm}|angle{Dag)| Depth (mn}| angle (Deg) | Depth (mm) | Angle (Deg)
L [} 10 64,7 135 52,9 250
. 2,4 20 66,3 140 48,4 260
L L 7.0 30 68,7 150 41,3 270
¥ ] 10,7 40 70,5 160 34,5 280

. 15,4 4 71,6 170 28,1 290 .
17,3 50 71,9 | 1600 e00) | 21,8 300!
2.9 50 71,6 190 15,3 310
28,9 70 10,4 200 12,5 315
36,6 80 68,5 210 10,0 320
. 42,7 90 65,8 220 5.7 330
W . 48,7 100 64,2 225 2,5 340
54,2 116 62,2 230° 0,5 350 i
58,9 120 56,0 240 0,1 360 (T0C)
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Figure C4 shows tue range of crank angles for which the exhaust and
transfor ports are open. This information w11 be of use when studying
the cylinder combustion prassure curves. The exhaust port 1s open
betwoen 92 and 266° after TDC. The transfer ports are open between 115
and 244° after TOC.

N EXHAUST
k PORT OPEN
BOTH PORTS
BOC QPEN

Figure C4 ~ Port timing on research engine

C.2 Engine Modif by Past

The engine as supplied by Mr R M Amm was fitted with his patented
cylinder head of vartable compressien ratio stratified charge design
(VCRSC). The crankshaft had been rebuilt so that both pistons moved in
unfson. This mod{ficatfon was necessary both for the VORSC cylinder head
and for the head tested in this study. )

[
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'Brion and Nel (29), during their final year research project in 1984
init{ated the conversion of the engine and test rig to its present form.
In o~der to connect the engine to a water brake dynamometer, the crank
flywheel was removed. The fiywheel also contained part of the ignitfon
system. Details and drawings of all modiffcations and squipment acquired
are presented 1n their report (29}

A new flywheel ws manufactured to be used for starting the engine
manually with a ripcord. The redesigned ignition system was fitted to
the final drive end of the crankshaft. and ut{)fzed a standard breaker-
point and cam system with no automatic advance. Manual arjustment of the
fgnition timing during engine testing was considered fmportant and
aliowed for,

A new single piece aluminfum cylinder head (Figure C5) was manufactured
which uses the existing water cooling system of the engine. The
resulting combustion chambers are of the disc type with centrally located
spark pTugs. Proviston for the fitting of pressure transd\ucers vas made
(Figure C5), The inter-cylinder transfer port is wide but shallow
{40 x Zmm)» the cross-sectional area having been selected on the basis of
the work of Hirake and Katacka {23). The port was not machined at an
angle to the 1ine connecting the centres of the cylinder bores, as
practised with the Cranfield-Kushul engine, since the direction of swirl
in the cylinders for the Yamaha was not known, The cool{ing jacket may
also be seen in Figure C5.

A spacer plate and two gaskets nest between the cylinder sieeves and the
head to reduce the compression ratio (Figure US).




WATER
JACKET

GASKET ;L—

{1,5mm}

SPARK|
PLUG

EYLINDER'_ _E
HEAD

GASKET

SPACER
PLATE ]

GASKET —

ENGINE .
BLOCK

PISTON

)

'

Figure 06 ~ Cylinder head assombly
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Using Figure 06, (and neglecting the volume of the inter-cylinder
connecting port), the nominal and effective compression ratios were
culculated as follows:

Nominal compression ratio

A BDC V, = 2xW/4 % HS,  wherer d = 62 mm
5, ~ 82,5 mn

¥, = 8,68 x 10" n°

A TOC V, =2WW/A ¥ XS, where: d =82wn
S, = 10,3 mm

v, = 1,0679 x 10" a®
Yolume compressfon ratio = CR =V‘/v,_
CR=%/1
Hominal CR Bel
Effective compression ratio
As the pistons close tho exhaust port

V= 2xW4%d* %5 whores d = 82 mm
S, = 62,3 « 28 = 54,3 o
v

¥, = 5,735 x 10" n?
At TOC N, = 1,0879 x 10 nas previously

Effective CR 5,3 3 1
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Originally the research engfne ran with the crankshaft axis vertical, as
intended by the manufacturers. The intake manifold had to be replaced
with one that allowed the carburettors to operate with the engine mounted
horizontally. Both carburettors were connected to a common afr
reservoir. The afr flow into the reservoir was measured using an orifice
plate with corner tappings.

The research engine was never run by Nel and 0'Brien, hence no test
results using the new cylinder head were avatlable.

C.3 Further Modifications During the Prosent Study

In order to permit relfable operatfon of tha test facility, a number of
further modifications had to be made to the engine, the dynamemeter and
the coupting pbetwean the two. Detalls of yet furtber modifications
permitting the installation of fastrumentation are discussed in the
following Appendix,

The englne could not be started manually using the ripcord. An electric
motor was thus used as a starter (Figure C7), By means of flat belt
pulleys fitted o the motor and dynamometer, (203 and 406 mm dfameter
respectively), the research engine was motored at 860 rev/min via the
dynamometer. The ignition was then switched on, and once the engine had
started, power to the electric motor was disconnected. I desired, the
bslt could be removed by pivoting the motor hase plate fully upwards. A
guard was fitted around tha dynamometer pulley.

In addition to ease of startings the abi1tty to motor the enging proved
most useful in the calfibration of fnstruments and tie alignment of the
engtne and dynamometer.

i
i
i
|
i
i
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Figure C7 - Starter motor assembly

’ \

Only one common atr inlet reservoir to both carburettors was fitted.
Hence afr inlet pressures could be equalised only by varying the throttle
settings. In order to permit testing under a wider range of conditions,
and to fnvestigate the use of no air throttling on ona cyiinders the
dependence of fus) flow on the air throttie setting (as fn conventionaily
aspirated engines) was removed. This was achleved by modifying the
carburettors and fitting an extornally adjustable needls directed Into
the main fuel Jet within each carburettor. It was now possible to vary
the air fuel ratio into each carburettor without changing the fnain Jet
{Figures C8~CL1).

Lubricant for this 2-stroke engine was premixed 1nto the fuel. Conse~
quentlys leaning out the air-fuel mixture in the Tean/afe cylinder would
also dacrease the quantity of ubricant and fncrease the possib{lity of
sefzure.

e




Figure C8 - Fuel flow throttling device

To overcome the above danger {n lean burn operations, an auxilfary
Tubrication system was provided as a supplement, he lubricant was
induced into the vacuum between the atr cylinder carburettor and the reed
valve (Figurs C12). A needle valve permitted equalization of the
Jubricant flow rate under varying vacuum pressures.
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Figure C10 - Fuel needle
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FIGURE C12 - Afr cylinder lubricant reserve

In order to improve the low fuel line pressures, a Mitsuba diaphram
eloctric fuel pump was installed inte sach fuel 1ine. The fua'( pumps
also contained f1Tters which could not be installed previously due to the
tncreased fuel 1ine losses.

During preliminary testing, the research engine and dynamometer were
found to be misaligned. Also, the coupiing (Fenner HRC 130) had been
eccentrically mochined, Tho total result of these errors was a vibration

~l

|
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during running of approximately three millimatres ampiitude. This was
originally thought to be due to the fnherent Tack of primary fmbalance in
the research engine,

T After remachining the coupliings and realfigning the engine and
4 dynamometer, the engine was secured to the base plate and located using
dowel pins.

Henceforth, should the couplfng require any malntenance, the dynamomater
half may be s11d backs the flexible water cooling pipes removed, the atr
5 intake reservoir disconnected, and the engine 1odsened and removed.
i Replacing the engine to the base plate and refitting the dowel pins, w11l
. aensure that the engine and dynamometer wi11 be fmmedilately realigned.
Thuss 1t 1s not recommended that either the dynamometer or tne engine
base plate be moved from their present location.
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APPENDIX D
INSTRIMENTATION ﬂ
This appendix describes the instrumentatfon system used {n determining

engine performance characteristics. The emissfon of pollutants was not
b monftorsd.

D1 Test System Paramstors

The fnterretatfon betwaen operator induced nput parameters, inherent
engine parameters and engine output parawmeters is shown in Figure [l.

’ * Input by
operator
{contra}s
1 Toading) v
. [ i
Change in Inherent
i engine engine
. parameters parameters ’
g
i ! i
I OQutputs E
) Measured

. Lol Figure DL - Logte diagram of engine inputs and outputs




274
D.1.1 System fnputs

The {nput parameters which were varied by the operator durlng this study
were the engire Toading» fuel and air fTow rates to the cylinders, and
the spark fgnition timing.

0.1.2 Systew outputs

The parameters which were measured during testing, and the type of
instrumentation fitted to the system are discussed balow.

Combustion chamber pressures

The transient pressure in both combustion chambers was monitored in order
to observe the onset of knack and te ascertain the direction of charge
transfer through the {nter-~cylfinder transfer port. Piezo-electric
pressyra transducers are best suited to this task.

Fuel consumption

The fuel supply to each cylinder was findependently measured using
constant volume glass fuel flow meters. In viow of the large varfatfon
in fuel #lows (while Jeaning out the air cylindar), neither rotameters
nor turbine bladed fue) flow meters were considered suitable. At a later
stage pozitfve displacenent gear pump fuel flow meters with an analogue
sutput were fitted, In order to reduce the time taken for sach test, and
to provide a means of continuousty monftoring the fuel low ratﬁ to each
cylinder.

Spued

Engine spoed was moasured using a dfgital hand-held tachomster,
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Torque

The enginets power output was absorbed using a water-brake dynamometer.
The torque could be read off a dial connected to the pivoting dynamometer
housing.

Air mass flow rate

The total air flow rate to this engine was measured using an orifice
plate fitted to the inlet of an afr surge damper drum. At present, a
common drum suppliies air to both mixture and air cylinders, thus Timiting
testing to equal afr throttle settings (that is, oqual air mass flow
rates to both cylinders).

Inlet afr temperature

The 1ntet alr temperature was measured by a thermocouple fitted to the
interfor of the surge drum

Exhaust gas pressure

Some means of recording combustion pressurs with respact to atmospheric
pressure was required. Hence a manometer was fitted to the exhaust
manifold from which the mean exhaust pressure was read. This exhaust
pressure was taken to ccincide with the minimum combustion chamber
prossure recorded after the oxhaust port had opened (EPO) (Figure D2).
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EPC EPO

MINIMUM EXHAUST
PRESSURE

Figure D2 ~ Exhaust pressure datum

Transfer port differentfal pressures

It was found that 1t was not possible to balance the carburettors during\

tosting; thus the pressures across the transfer ports were balanced
instead. This was achiaved by tapping hales into one of each cylinderts
transfer port and connecting a differential pleze-electric transducer
across them.

0.2 Specification and Calidration of Instruments
0.2.1 Cosbustion chavber pressures

Instrument description + Piezo~electric pressurs transducers }

Hako t Kistler

Origin t  Winterthur, Switzeriand

Modal T 6121A1

Application ¢ One fitted por cylinder enclosed in a

protective water cooled jacket {Figura D3)

I
|
i
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Sertal numbor : 143266 (mixture cylinder)

' ¢ 179758 (alr cylinder)
Range s 0-250 bar
Sens 1tivity : ~13,95 pfloar (mixture cylindsr}

: ~12,9 pC/bar (air cylinder)

Output to : Kistler charge amplifiers, medel 5001
Calibration : Supplfed with fnstrument by manufacturers

KISTLER 6121 A1
PRESSURE
TRANSDUCER

WATER COOLED
TRANSDUCER
HOUSING

COMBYSTION
CHAMBER

Figure DI - Water cr~ !ed transducer housing = ¢ rassembled and assembled
inte cylinder head with transducer

0.2.2 Fuel consumption

Two methods of fuel consumption were used during testing.

e
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1) Instrument description : Glass bowl fuel flow meters. One bowl per
fuel suppiy 1ine to each cyiinder. The
time taken for each bowl to empty was
recorded.

Manufactured in-house

Fitted between the main fuel suppiy tank
and each cylinders carburettor. (Figure D4)

Hake
Application

[y

36,842 { ICALIBRATED
grams | |MARKINGS e

ey

. O MIXTURE T0 AR -
b . CYUNDER CYLINDER

MEASURING{ 73,783
BUWLS | grams

Figure D4 ~ Glass bowl fuel flow meters
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Bowl specificattions

Caltbration

o7

73,783 g fuel {mixture cylinder)
36,842 g fuel ) tair cylinder)
see Table DL

Table DL Calibration of glass bowl fuel flow meters

Test 1 (g) lTest 2 lg) | Test 3 (g) | Mean (g)| Standard

BOWL

devirtion (g)]
Mixtura 73,80 73,85 73,70 73,78 0,0624
cylinder
Atr cylinder] 37,00

36,75 36,77 36,84 0,0471
'

11) Instrument descriptfon : Positive displacement gear pump fuel flow

Hake
Origin
Hodel

Application

Sertal numbor

Calibration

meter with contfnuous analogue display and

voltags outpyt

Plarburg

Neuss, Wast Germany

s PLY 206

One fitted per cylinder between the main

fuel supply tank and each cylinder

carburettor (Figure DS)

3 3749 {mixture cylinder)

s 2542 {air cylinder)
The indicated outputs both from the analo-
gue display and the DC voltage output were
recorded for a varfoty of fuel flows. The

, fuel flows were obtafned by throttiing the
output of each fuel pump and measuring the
rate of change of mass as the fuel was
discharged into a beaker on an electronic
balance.

%
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PIERBURGS

CARBURETTORS

l
FUEL PUMPS .
]
[
)

.
Figuve ¥5 « Pierburg fuel flow meters 1n fuel supply iine

MAIN

FUEL

TANK
ANALOG
DISPLAYS

DATA
LOGGER

‘Table DZ Plerburg 3749 fuel flow meter calfbration - Mixture cylinder

Display Electrical Fuel mass Time Fuel flow
output (1/hr) oufput (m¥) change (g} {s) Rate {(g/s)
0,85 11,4 36,0 221 0,163
1,10 14,2 36,0 185 0,195
1,75 22,0 36,0 107 0,336
2,80 35,3 46,0 84 0,548
3,60 45,6 60,0 85 0,706
4,05 51,7 85,0 108 0,810
4,92 62,8 85.0 89 0,960
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¢
Tabte D3 Plerburg 2542 fuel flow meter calibratfon - Afr cylinder
Display Electrical Fuel mass Time Fuel Flow
output (1/hr) output (m¥) Change (g} (s) Rate {g/s)
1,50 6,9 20,0 59,4 0,337
1,80 8,1 25,0 64,2 0,389
2,00 9,1 25:0 58,2 0,430 9
2,70 12,2 35,0 60,4 0,579 ==
3,55 15,8 45,0 59,2 0,760
4,20 18,9 55,0 61,0 0,902 .
4,60 20,6 60,0 61,8 0,971 !
5,10 22,3 65,1 61,2 1,064 “
6,20 27,2 80,3 62,0 1,295 -
. !
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D.2.3 Torque

Instrument description : Water brake dynamometer with mechanical
analogue tourque output ndfcator

Make ¢ Hoffmann

Origin 1 Elzey West Germany

Hodel ¢ Mot knawn

Application : Driven from engine via Fenner HRC 130 coupling

Catibration

Applying torque to the dynamometer statically
using known masses and a laver arm (Tahle D4,
Figure DBY. Engine vibration was simulated by
1ightly tapping the dial face.

Table DA Dynamometer catlibration

Test No [ Applied torque | Indfcated | Test Mo | Applied torque | Indicated
(Nm) output (N} output
{units) (untts) i .
|
1 [ 1,025 15 . 31,30 5,950 ; :
z 3,73 1,500 16 34,28 5,706 |
3 6,78 1,900 7 31,23 5,300 |
4 9,80 2,350 18 29,53 5,000 '
5 12,77 2,750 19 26,49 4,650 '
6 15,81 3,150 20 23,47 4,300 |
7 17,45 3,400 21 20,49 3,900 !
8 20,49 3,600 22 17,45 3,475 .
9 23,47 4175 =2 15,8 4,250 J ;
10 26,49 4,575 % 12,77 2,850 '
1 29,53 5,000 2 9,80 2,350 s |
12 31,21 5,200 2% 5,78 2,050 .
13 34,28 5,575 27 37,33 4,575
14 37,30 5,950
3
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D.2.4 Mass flow rate of air

Instrument desceiption:

Remarks

Orifice plate
calculation i

G = "‘5% AVZZpy

p=2=0 thus ¢ = 0,5959

Oriftce plate fitted to inlet of air surge
damper drum with corner tappings. Manufactured
according to 150 5167~-1980(E).

Three orifice plates were available (as
required) having diameters of 20,0, 25,0 and
35,0 mm respectively. The 20,0 mn orifice plate
was used for testing.

Praliminary tests for the speed ranges required
showed the 20 mm orifice plate to be suitable.
the criter{a being that the pressure drop should
never oxceed 206 mm of water, this value being
the maxfmum of a range on the digital electronic
AIR (Afr Instrumonts Resources} micromanometsr
used (Model MPSKMD}

whore : = mass flow rate {kg/s)
orifica dfametar = 0,02 m
atmospheric atr denstty (kg/m')
change In pressura (Pa)
flow coefficient
expansion factor .
diameter of reservoirZ 0,6 m
coafficient of discharge =?
velocity of approach factorsul

E
2

Mmoo mEES e
R

ol a OF thus et C = 0,5959

€ 21 for assumed incompressible flutds

Apmpgah

i

whore 1 p = density of water 2= 1000 kg/m’
g ™ 9,79546 m/s*
Ah =~ drop across orifice (m H,0)

APCPal = moo[hg /m'] n-9.79546[fh s‘]no.om- &b Tond




1S
10008 P[kPal = 9,79546 ¥ A b [nmd ~ (1)

I BEE'\'." whera ¢ ¢ = air density of atmosphere
P = atmospheric pressure {Pa)
R = 287 kd/kg K
T = temperature (K)
=PkPalw000 ()
287 %T

Substituting (1) and (2):

dn = 0,6959% ¥ 0,07 Jz * 9,79546% & h [mnl % PlkPa}» 1000
= PlkPal» 1000

287=T1°K1
& = 1,5467 % 16° /[ P{kPalea himm]

K]

For all tests, air flow rate into each cylinder assumed equal. Thus

TGatx * Gatr = G2 = 773356 % 16 /PlkPalle 8 himm]
TEoK]

D.2.5 Inlet air temperzture

Instrument description ¢ Thermocouple Type J
Application Fitted into air inlet tank
OQutput to

contigrado.

Fluke 2240A Datalogger . th celd fhnctfon
compensation to provide an sutput tn degrees




D,2,6 Exhaust pressure

Instrument de, . fption
Application

D16

Water manometer

Fitted to e;(haust manifold of engine to
provide a differential pressure between the
mean exhaust pressure and atmospheric,

D.2.7 Transfar port differential pressure

Instrument description

Make

Origtn
Mode'
fpplication

Serfal number
Range
Sensittivity
Output to

B.3 Data Precessing

Differsntial pilezo~electric pressure
transducer

Kistler

Winterthur, Switzerland

7251

Fitted acruss one pair of transfer ports for
purposes of balancing air flow rates into each
cylinder. Protection in case of engine
backfire provided by taps, which were only
openad when the transfer port pressures were
heing balanced,

42036

0 - 1 bar

2480 pc/bar

Kistler charge ampiifier model 5001,

In ordar to reduce the time roquired to collect all output data for esch
‘tests the test procedu ‘e was computerised. Previously, the combustion
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chamber pressures were captured by means of a transfent recorder and thus
hard copled using an XY plotter. This procedure was time-consuming
because a1l desired graphs had to be plotted before the commencement of
the next test. In addition, the gathered data was lost once the test
pressures were recorded. Monitoring of the plotter and manually writing
in the scales and titles of each graph was tedious and prone to error
daring the excitement of testing.

Sioopetarisation required the installation of some additfonal equipment
i e Incorporazion into the overall system It 1s this and the actual
computer program used which is discussed fn this sectfon.

0.3.1 fesputertzation requirements

Pressure~tine traces of each combustion chamber, and the diffarential
pressure hotxeen thems were required to be able to analyse any charge
transfar acruss the inter-cylinder connecting port. A plot of the
difverential pressura (measured between one transfer port of each
cylindar), and of the spark fgnition with respect to TDC to enadle
accurate measurement of the fgnition timing was also programmed. The
additicnal equipwent required on the engine was a trigger mechanism and a
spark {gnition sensor.

Trigger circuit

A transiont data racorder requires a trigger to sample the fnputs from
the engine's instrumantation In finite steps. The TDC's of both pistens
wsre used to trigger the recorder, since on motoring the angine w\ﬂ:h the
ejectric starter, TOO's coincide accurately with that chamber's maximum:
pressure, The trigger circuit could be monftored using an osciiioscope
and adjusted to coincide with the peak pressure very accurately.

A stafnless steel disc with one 511t cut tn was mounted botween the
engine and the coupiing (Figure D). The circumference of the disc
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rotated within an optical emitter sensor unit (Texas Instruments TIl-
i43), The voitage comparator circuit (Figure D10) registered an output
of 5 volits continuously to the transient recordsr until the s)it of the
disc passed bwhween the pickup. The comparator then returned to a
quiescent state of approximately 0,2 volts. The trigger circuit of the
transfent recorder sensed the drop in voltage, and recorded the fncoming
data after a predetermfned number of step voltages.

0
COUPLING TRANSENT

Ob O

Figure D9 - Operation of TOC trigger circuit

by

b
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a current transformer, the output of which was transforred directly te
the transfent recarder,

. : 0.3,2 Incorporatfon fnto instrumentation systom

A1l outputs from the three charge amplfifiers, as well as those from the
. TOC voltage comparator and the ignftion timing current transformer, were
E ) fed to the transient recorder. When a test was conducted» the transient
i recorders which had been continuously sampiing the above data from the
engine at @ predetermined sample rate, was Jocked, and retained the last
set of data storod. This information could thus be transforred to the
1 computer and efther stored on diskettas or plotted, using the computer
o+ program.

o
Sy
2000 0Kk a E‘lKn ]
it
i <
: 2pf T T
i r H ouT ‘
! ne | A
. %3 |I I iooopF
' 100 K o
! ! LIN j
. N [ N—— TRIMPOT |
" |
i |
Figure D10 ~ Voltage comparator circult k !
\ j :
L.; Ignition timing i I
- : ¢
The spark ignition was monitored by passing both spark piug Teads through r




T

D20
D.3.3 Computer program

Tha computer program was written fn BASIC for the HP 9816 computer by
N Lane and has formed the basis for most othor engines testsd Yn the
Mechanical Engineering Laboratory. The program for the present tests,
together with thefr results, are identifted by the title !'YAMAHA'.

The first requirement for the program was to use the data stored n the
transfent recorder to produce scaled graphs of the followfngs

1. Pressure in the mixture cylinder vs tino.

2. Pressure in the afr cylinder vs time.

3, Superposition of the mixture and alr cylinder pressures.

4, Differonce between the mixtura and air cylinder pressures.

5. Differential pressure across the transfer port of each cvlinder.
6. Spark ignftion trace, ’ .

A1l of the above were plotted with headinas, axis scales and the TDC
marker, ‘

The second requirement (which was not used {n the present study)s was to
process manually recorded data {for example, orifice pressure drop, fuel
consumption fa each cylirder, inlet air temperature. and engine torque
and speed) to calculate ajr-fuel ratios, power, braka mean sffective
pressura and brake specific fual consumption. ,
A flow chart of the program shows that @ach test is assigned a test coda
befors the data 1s transferred onto dfsc (Figure OLL).

RO Y oL .. T T T

—p
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TRANSIENT
RECORDER

R CALL DISC CALL
ok INPUT DATA
. .
| — )"
i CALL :
?\ SAMPLE RATE .
; :
CALL cALL ¢
PLOT MENU PLOT MENY,
; STORE DATA ‘

YES

Figure DIt - Flowchart of computer program




enm e

TN

o

3

APPENDIX E
RESLTS
E.1 Intended Test Prccedure

Knowing that both carburettor afr throtiie settings had to be balanced
for equal air mass flows 1t was decided that the throttles be fixed for a
serfos of tests (Figure El). The loading and spark timing {adjusted for
MBT) would be var{ed across as wide a speed range as possible. After
completing a range of tests, tha AFR on the air cylinder would be leaned
out to another setting, and thz procedure repeated.

The maximum safe running speed, considering the 1nherent lack of sven
primary reciprocating force batance fn this engfne was inttially
sstimated to be no mers than 3000 rev/mihs while the minimum speed was
found to be approximately 800 rev/min.

INCREASING
{ | LEAN SETTING
W AR

CYLINDER
'

POWER

i

800 SPEED (rpm) 3000

Figure EL - Intended power-speed cutves for cne air throttle setting

- v . PR ]




e

E2

The resultant power-speed graph would provide a usefu) means of monitor—
ing the results during testing and selecting any trends in performance,
Constant speed {nformation could also be obtained (for example, MBT,
spark timing, AFR, engine stabllity, engine Knock, pressure differential
across {nter-cylinder connecting port).

The combustion chamber pressure curves would be useful to monitor:

1, The overall nature of comhustion,

2. The onset of kposk,

3, Significant changes JFerential pressures of the combustion
chambers,

E.2 Rosults Obtained

An initial test run (test code 1). with both fuel needles fully open, low
engine loading (approximately 7 Nm) at speads of 1210 rev/min, showed
Targe vombust’on pressure fluctuations 1n both cylinders (Figures E2,
E3). The mixture cylfnder (cyiinder 1) attained peak combustiox
pressures of ovar 27 bar, but these alternated with peak pressures of
only 9 bar. The air eylinder (eylinder 2) behaved visuaily {denticaily,
but all psak pressures arve lowar by about L bar,

The exhaust pressure of the aty cylinder rose throughout successive
plotted cycles, as raflected in the trace of differential pressure across
the intercylinder connecting port (Figure E4}.

MBT was found not to be sensftive to spark timfng. Flgure ES shows the
spark timiug to ba 55° before TDC, Considering the Tow speeds and that
the engfne fs a iwo-stroke engfne, this value 1s extremely advanced. The
shapes of all pressure curves howesver {ndfcate that the spark timing was
cloge to optimal and that no knock was tbserved,
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Durfeg the following test sessfons the intended performance curves (as in
Figure El) were attempted. Three results (test code 09108501 to
09108503) were obtained before the coupling overheated (Tab‘'e El, Figuros
§6 - E20), For each test the loading was increased without varying the
leanness of the atr cylinder.

Table El ~ Test results, code 09108501 - 09108503

PARAMETERS UNITS TEST TEST TEST
09108501 | 09108502 { GI1085C3
Speed rpm 1680 1513 1488
Torque Nm 2,30 3,65 8,60
Power kW 0,408 0,578 1,337
Afr fusl ratle - atr | - 2,94:1 | 3,43:1 | 3,43:1
cylinder (by mass)
Afr fuel ratfo - mixture - 6,823 1 7,90: 1 7:90: 1
cylinder (by mass)
Spark ignitfon timing OBafore TDC 48 40 22
Exhaust presssure m Hy0 110 130 229

Test code 09108501

Despite an aivanced tgnition timing of 48° hefore TDCs the pressure
traces obtafnad for both cylinders show s11ght signs of late pressure
rises far the high Teva?l prassure cycles {psak pressures approximetatly 20
bari, A pawer of 0,405 kW was developed with an overall AFR of 4,78:1,
The exhaust pressure was very high (110 mm Mz0), which suggests a
blockage in the exhaust passage.




SN / S WA AR v A S L e TS~ - S LR S S

10580160 3591 JBPULLAD BUNIXLW - DIeA} 94nSS3UJ - 97 Bunbirg

(Spuooas|{iw) ewif

26°iB br 18 96°B% ) er 62 oe’'8

T i =)
L 4%
3 8
- 121 3
.1
- -Em
© o
& - 1e2 A&
- .vmm.
- 482 7
- q2e
- 1 9€
) . ; . as
. 19588160 : 1 H¥IANITIAD




10580160 1581 :JapULIAD AL® - 90BJ} 3unssaud - [3 sanbly

(spucoss) || tu) e}

267iB vy 18 96°8v 53 2" I n&.mw

£9
(420} JANSSIY

- , {82

. , : B
19580168 : 2 dIUNITIAD o




10S80L60 3581 :S49PULLAD 4309 - 3BJ3 3udNssaUd - 83 aanbrl

(Spucoesi||iu) swij

26°18 bb°19 9678y 8v @2 &&.J@

10
(4R9) RANSS3ud

: — L 744
1BS8B1I6E *+ 2 % 1 SAIUNITIAD




£

10980160 3591

c6°18

vy°189

(SpucoeS)|[1w) ew|]
-1 14

8b-@ge

1543PUL1AD $SOUDB [BLIUBAISILP - BORJY B4NSSAL] ~ 63 34nbid

f
™\
f
h

1 " I

(4ad) RINSSId

18580160

2 d3ANITTAD — 1 Jd3ANITAD




by°18

(SPuUOOBS|[|tw) eu}|

E12

T

1

18588160

ONIWIL MaddSs

:Bubwyy uorytubl saeds - i3 adnbry

v2°8

a
eat

pae

28s
203
g8
ees
2es
oee1

LNdLNO AIDNASNEAL



E13

Test code 09108502

This test differed from the previous one 1n that the power output was
rafsed to 0,578 kW and the speed lovered to 1513 rem/min. A spark
ignition timing of 40° before TDC, and an overall air fuel ratio of
5,67:1 improved the cyclic peak varfatfon and the late presssure rise
found in the previous test, The engine appeared to be running better,
possibly owing to Tncreased Toad. *

Test code 09108503

On Ferther increasing the engine load to 1.337 kW autput at 1485 rev/min,
the spark timing for MBT was found to be In the region of 22° before TOC,
The overall AFR was 5,67:1, that is, similar to that of the previous
tost. The transient recorder sample rate had been {increased to observe
pressure varfatfons over a greater number of cycles. Peak pressure
varfatfon between cycles was as high as 3 bar, although this did not
often occur, The pressure differsnce between the cylinders remained
reasonably constant at 1 bar (Figure £ 19).

The next test at Increased load did not succoed since the engine stalled.
The spark timing was adjusted in an attempt to eliminate {t, but to no
avail. -

The engine was next run starting with higher Joad (Test 09108504) and
opaning the afr throttle wider. At an ignitfon timing of 39° before TOC,
\ spead of 1500 rev/min, and an indicated torque of 15 Nm, the pressure
cyrves obtafned {n test 09108504 (Figures E21 to E25) were consistently
Tow (approximately 10 bar), This pressure concides with the pressure
obtatned when the engine was motored without fgnitfon at 850 rev/min,
suggesting lack of firing. -
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For the final test the majn fuel jets were reborsd to 2,5 mm and the
Pierburg fuel flow meters were calibrated and fnstalled {Appendix D,
pp D7) Given the analogue output of these meters, it was decided to
pliot the drop in prassure across the atr flow orifice against the
required fuel flow for a desired AFR., The engine could then be tun at a
fixed air-throttle setting, and the fuel neadles adjusted to deliver the
correct fuel flow for each cylinder for the indfcated orifice pressure
drop.

For example 1f the desfred AFR = 12,5

AFR = 12,5 =0, /2
* = acy Grust

Gagr = 7,73356 x 10°* | PlkPalA himm]
K1

o ! '6'
Thus Gy = 6,1868 x 10~ {ﬂkPa] ahl Lnl@l] tkg/s]
TI%K)

Each cyifnder has a fitted callbration curve.
For the mixture cylinder :

3 = ~0,013997 + 2% qg;  where: 3¢, = scale reading  (1/hr)
af = actual flox  (g/s}

Substituting: -0,013997 + .2x g, = 6,1868 x 10° [_mPa]Ah(mm]
TieK]
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On tho testing day that this graph was used:
Patm = 82,64 KPa i [
Tin = 224 °C = 295,55 %K,

%
Thus gy = 1463574 x 107 (ahfmal) + 0,07 [1/hr] tE1 !
Simflarly, for the air cylinder:
Ggg = 1,59269 x 107’ @htonds*  ~0,1226 [1/he] tE21

[ Substituting a range of values for Ah into equations [E1] and [E2) gives
the required flow rate to be displayed by the fuel flow meters for each
cylinder at an afr-fusl ratio of 12,5:1 (Figure E26).

Attempting to use this method proved to be d1fficult and did not provide
‘the desired engine response. The engine did not run sufficiently stably
to attain constant afr and fuel flow rates which could be adjusted
accurately. Tha time 1ag between adjusting the fuel needles and the
engine response was long, and the engine d1d not run at al1 with the
increased AFP's towards 12,5:1. The orifice coefficfent calculations
were {mmadiately checked.

, A calctlatfon was also mide to estimate the raquired air mass flow rate
g- ) based on the swept volume of the engine at a certain spead. An

efficlency of 708 was used (thfs fs reasonable for a two-stroke engine).
1

Aty requirements per engine cycle:

Engine swept volume after the inle% ports have closed:

Vig * 760 x 107° - x (0,082 0,005)42)

3 N Vg = 601,57 x 107 n®




E32
Yolumetric efficiency:

Fresh afr required per cycle = ’Zv* Vo
= 0,7 * 601,57-10"¢
= 4,21 x 10~ " m'/eycle
At engine spead of 1500 rpm =300 = 25 cycles/s
(2]

Frash air roquirement = 4,21 x 107" x 25
&ror = 10,52 3 307 w¥/s = 10,52 x 107" kg/s

‘The engine running at 1500 rpm,» indicated approximately 180 mm drop
across the orifice. Thus total air flow

4
° i | B, Gt % 18O
Gror = 2 x 1,73356 x 10 [ 29555 ]

° 3 \
aror = 20,97 x 107 kg/s

Thus the orifice calculatfons were cross-checked.

The last test was an attempt to raise the engine spead, MNagTecting the
previous requirement of balancing the transfer port pressures, sach air
throttle was varied in turn. The engine stalled whensver the air
cylinder throttle was opened. However when the mixture cylinder was
opaned further than that of the air cylinder throttle, the engfne ran to
far higher speeds than those previously attalned. The spesd was' In the
vicinity of 2500 rpm and resulted in severs vibration due to the engine
imbalance. This caused the coupling to overheat and the rubber to
collapse. A series of pressure plots was taken at this condition
(Fiyuras E27 - E31), and with the 1gnition timing set at 32° BTOC for
MBY. The pressure tracés showed no signs of knock, but the peculiar
additfonal change in slope before the exhaust port opened was present.
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