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A Second Mulled Toast

When as a student a long time ago

my books gave no theory glimmers,

why two-strokes ended in second place slow,
and four-strokes were always the winners.

Williams and Craig were heroes enough

whose singles thumped to Tornagrough,

such as black 7R or silver Manx,

on open megas they enthused the cranks.

Wallace and Bannister gave me the start
into an unsteady gas dynamic art,

where lambdas and betas meshed in toil
for thirty years consumed midnight oil.

With the parrot on Bush a mental penny
into slot in brain fell quite uncanny.
Lubrication of grey cells finally gave
an alternative way to follow a wave.

That student curiosity is sated today

and many would describe that as winning.
Is this then the end of the way?

No, learning is aye a beginning.

Gordon Blair
July 1994
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Foreword

Several years ago [ wrote a book, The Basic Design of Two-Stroke Engines. It was no
sooner published than a veritable revolution took place in several areas of two-stroke design
and development. Thus, some time ago, I settled to update that book to a Second Edition. It
soon became very obvious that the majority of the material was so different, and the changes
so extensive, that to label the book as simply a “second edition” was not only unreasonable
but would be both inaccurate and misleading. Nevertheless, the basic premise for providing
the book had not changed so the original Foreword is still germane to the issue and is pro-
duced below, virtually in its entirety. The fundamental approach is no different the second
time around, simply that the material is much more detailed and much more extensive. So
here it is, with a postscript added:

This book is intended to be an information source for those who are involved in the design
of two-stroke engines. In particular, it is a book for those who are already somewhat knowl-
edgeable on the subject, but who have sometimes found themselves with a narrow perspec-
tive on the subject, perhaps due to specialization in one branch of the industry. For example,
I am familiar with many who are expert in tuning racing motorcycle engines, but who would
freely admit to being quite unable to design for good fuel economy or emission characteris-
tics, should their industry demand it. It is my experience that the literature on the spark-
ignition two-stroke engine is rich in descriptive material but is rather sparse in those areas
where a designer needs specific guidance. As the two-stroke engine is currently under scru-
tiny as a future automobile engine, this book will help to reorient the thoughts of those who
are more expert in designing camshafts than scavenge ports. Also, this book is intended as a
textbook on design for university students in the latter stages of their undergraduate studies,
or for those undertaking postgraduate research or course study.

Perhaps more important, the book is a design aid in the areas of gas dynamics, fluid me-
chanics, thermodynamics and combustion. To stop you from instantly putting the book down
in terror at this point, rest assured that the whole purpose of this book is to provide design
assistance with the actual mechanical design of the engine, in which the gas dynamics, fluid
mechanics, thermodynamics and combustion have been optimized so as to provide the re-
quired performance characteristics of power or torgue or fuel consumption.

Therefore, the book will attempt to explain, inasmuch as I understand, the intricacies of,
for example, scavenging, and then provide you with computer programs written in Basic
which will assist with the mechanical design to produce, to use the same example, better
scavenging in any engine design. These are the very programs which I have written as my
own mechanical design tools, as I spend a large fraction of my time designing engines for test
at The Queen's University of Belfast (QUB) or for prototype or production development in
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industry. Many of the design programs which have been developed at QUB over the last
twenty-five years have become so complex, or require such detailed input data, that the op-
erator cannot see the design wood for the data trees. In consequence, these simpler, often
empirical, programs have been developed to guide me as to the data set before applying a
complex unsteady gas-dynamic or computational fluid dynamic analysis package. On many
occasions that complex package merely confirms that the empirical program, containing as it
does the distilled experience of several generations, was sufficiently correct in the first place.

At the same time, as understanding unsteady gas dynamics is the first major step to becom-
ing a competent designer of reciprocating IC engines, the book contains a major section deal-
ing with that subject and you are provided with an engine design program of the complete
pressure wave motion form, which is clearly not an empirical analytical package.

The majority of the book is devoted to the design of the two-stroke spark-ignition (SI)
engine, but there will be remarks passed from time to time regarding the two-stroke diesel or
compression-ignition (CI) engine; these remarks will be clearly identified as such. The total-
ity of the book is just as applicable to the design of the diesel as it is to the gasoline engine, for
the only real difference is the methodology of the combustion process.

I hope that you derive as much use from the analytic packages as do 1. T have always been
somewhat lazy of mind and so have found the accurate repetitive nature of the computer
solution to be a great saviour of mental perspiration. At the same time, and since my schooldays,
I have been fascinated with the two-stroke cycle engine and its development and improve-
ment. In those far-off days in the late 1950s, the racing two-stroke motorcycle was a music-
hall joke, whereas a two-stroke-engined car won the Monte Carlo Rally. Today, there are no
two-stroke-engined cars and four-stroke engines are no longer competitive in Grand Prix
motorcycle racing! Is tomorrow, or the 21st Century, going to produce yet another volte-
face?

I have also had the mestimable privilege of being around at precisely that point in history
when it became possible to unravel the technology of engine design from the unscientific
black art which had surrounded it since the ime of Otto and Clerk. That unravelling occurred
because the digital computer permitted the programming of the fundamental unsteady gas-
dynamic theory which had been in existence since the time of Rayleigh, Kelvin, Stokes and
Taylor.

The marriage of these two interests, computers and two-stroke engines, has produced this
book and the material within it. For those in this world who are of a like mind, this book
should prove to be useful.

Postscript

The above was the original Foreword, but the changes have been so great that, as ex-
plained before, this is a new book. The original book had the computer program listings at the
back of it, occupying some 270 pages. This book is already larger without them than the
original book was with them! However, the computer programs have been extended in num-
ber and are available from SAE on diskette as applications for either the IBM® PC or
Macintosh® platforms.
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The changes to the fundamental chapters on unsteady gas flow, scavenging, combustion
and emissions, and noise are very extensive. The new material is synthesized to illustrate
engine design by simulation through modeling. These enhanced modeling methods are the
product of the last five years of activity, They have been the busiest, and perhaps the most
satisfying, years | have known in my career. I find it very hard to come to terms with the
irrefutable, namely that I have made more progress in the thermo-fluids design area for recip-
rocating engines in general, and two-stroke engines in particular, than in the previous twenty-
five years put together!

I hope that you will agree.

Gordon P. Blair
14 April 1995
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Chapter 1

Introduction to the Two-Stroke Engine

1.0 Introduction to the two-stroke cycle engine

It is generally accepted that the two-stroke cycle engine was invented by Sir Dugald
Clerk in England at the end of the 19th Century. The form of the engine using crankcase
compression for the induction process, including the control of the timing and area of the
exhaust, transfer and intake ports by the piston, was patented by Joseph Day in England in
1891. His engine was the original “three-port” engine and is the forerunner of the simple two-
stroke engine which has been in common usage since that time.

Some of the early applications were in motorcycle form and are well recorded by Caunter
[1.5]. The first engines were produced by Edward Butler in 1887 and by ].D. Roots, in the
form of the Day crankcase compression type, in 1892; both of these designs were for powered
tricycles. Considerable experimentation and development was conducted by Alfred Scott,
and his Flying Squirrel machines competed very successfully in Tourist Trophy races in the
first quarter of the 20th Century. They were designed quite beautifully in both the engineering
and in the aesthetic sense. After that, two-stroke engines faded somewhat as competitive units
in racing for some years until the supercharged DKW machines of the '30s temporarily re-
vived their fortunes. With the banning of supercharging for motorcycle racing after the Sec-
ond World War, the two-stroke engine lapsed again until 1959 when the MZ machines, with
their tuned exhaust expansion chambers and disc valve induction systems, introduced a win-
ning engine design which has basically lasted to the present day. A machine typical of this
design approach is shown in Plate 1.1, a 250 cm? twin-cylinder engine with a rotary sleeve
induction system which was built at QUB about 1969. Today, two-stroke-engined motor-
cycles, scooters and mopeds are still produced in very large numbers for general transport and
for recreational purposes, although the legislative pressure on exhaust emissions in some
countries has produced a swing to a four-stroke engine replacement in some cases. Whether
the two-stroke engine will return as a mass production motorcycle engine will depend on the
result of research and development being conducted by all of the manufacturers at the present
time. There are some other applications with engines which are very similar in design terms
to those used for motorcycles, and the sports of go-kart and hydroplane racing would fall into
this category.

The two-stroke engine is used for lightweight power units which can be employed in
various attitudes as handheld power tools, Such tools are chainsaws, brushcutters and con-
crete saws, to name but a few, and these are manufactured with a view to lightness and high



Design and Simulation of Two-Stroke Enpgines

Plate 1.1 A QUB engined 250 ec racing motorcycle showing the tuned exhaust pipes.

specific power performance. One such device is shown in Plate 1.2. The manufacturing num-
bers involved are in millions per annum worldwide.

The earliest outboard motors were pioneered by Evinrude in the United States about
1909, with a 1.5 hp unit, and two-stroke engines have dominated this application until the
present day. Some of the current machines are very sophisticated designs, such as 300 hp V6-
and V8-engined outboards with remarkably efficient engines considering that the basic sim-
plicity of the two-stroke crankcase compression engime has been retained, Although the im-
age of the outboard motor is that it is for sporting and recreational purposes, the facts are that
the product is used just as heavily for serious employment in commercial fishing and for
everyday water transporl in many parts of the world. The racing of outboard motors is a
particularly exciting form of automotive sport, as seen in Plate 1.3.

Some of the new recreational products which have appeared in recent times are snowmo-
biles and water scooters, and the engine type almost always employed for such machines is
the two-stroke engine. The use of this engine in a snowmobile is almost an ideal application,
as the simple lubrication system of a two-stroke engine is perfectly suited for sub-zero tem-
perature conditions. Although the snowmobile has been described as a recreational vehicle, it
1s actually a very practical means of everyday transport for many people in an Arctic environ-
ment.

The use of the two-stroke engine in automobiles has had an interesting history, and some
quite sophisticated machines were produced in the 1960s, such as the Auto-Union vehicle
from West Germany and the simpler Wartburg from East Germany. The Saab car from Swe-
den actually won the Monte Carlo Rally with Eric Carlson driving it. Until recent times,
Suzuki built a small two-stroke-engined car in Japan. With increasing ecological emphasis on
fuel consumption rate and exhaust emissions, the simple two-stroke-engined car disappeared,

but
inte
VAr
Var

plo
spe
Fii'i

spe
wil
ha
Spt
pai
die
do
pre

rat



Chapter 1 - Introduction to the Two-Stroke Engine

e

Plate 1.2 A Homelite chainsaw engine illustrating the twe-stroke powered tool
(courtesy of Homelite Textron).

but interest in the design has seen a resurgence in recent times as the legislative pressure
intensifies on exhaust acid emissions. Almost all car manufacturers are experimenting with
various forms of two-stroke-engined vehicles equipped with direct fuel injection, or some
variation of that concept in terms of stratified charging or combustion,

The two-stroke engine has been used in light aircraft, and today is most frequently em-
ployed in the recreational microlite machines. There are numerous other applications for the
spark-ignition (SI) engine, such as small electricity generating sets or engines for remotely
piloted vehicles, i.e., aircraft for meteorological data gathering or military purposes. These
are but two of a long list of multifarious examples.

The use of the two-stroke engine in compression ignition (CI) or diesel form deserves
special mention, even though it will not figure hugely in terms of specific design discussion
within this book. The engine type has been used for trucks and locomeotives, such as the
designs from General Motors in America or Rootes-Tilling-Stevens in Britain. Both of these
have been very successful engines in mass production. The engine type, producing a high
specific power output, has also been a favorite for military installations in tanks and fast naval
patrol boats. Some of the most remarkable aircraft engines ever built have been two-stroke
diesel units, such as the Junkers Jumo and the turbo-compounded Napier Nomad. There is no
doubt that the most successful of all of the applications is that of the marine diesel main
propulsion unit, referred to in my student days in Harland and Wolff's shipyard in Belfast as
a "cathedral” engine. The complete engine is usually some 12 m tall, so the description is
rather apt. Such engines, the principal exponents of which were Burmeister and Wain in
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Plare 1.3 A high-performance multi-cylinder owtboard motor in racing trim
(courtesy of Mercury Marine).

Copenhagen and Sulzer in Winterthur, were typically of 900 mm bore and 1800 mm stroke
and ran at 60-100 rpm, producing some 4000 hp per cylinder. They had thermal efficiencies in
excess of 50%, making them the most efficient prime movers ever made. These engines are
very different from the rest of the two-stroke engine species in terms of scale but not in design
concept, as Plate 1.4 illustrates.

The diesel engine, like its spark-ignition counterpart, is also under legislative pressure to
conform to ever-tighter emissions standards. For the diesel engine, even though it provides
very low emissions of carbon monoxide and of hydrocarbons, does emit visible smoke in the
form of carbon particulates and measurable levels of nitrogen oxides. The level of emission
of both of these latter components is under increasing environmental scrutiny and the diesel
engine must conform to more stringent legislative standards by the year 2000, The combina-
tion of very low particulate and NO, emission is a tough R&D proposition for the designer of
CI engines to be able to meei. As the combustion is lean of the stoichiometric mixture by
some 50% at its richest setting to avoid excessive exhaust smoke, the exhaust gas 15 oxygen
rich and so only a lean burn catalyst can be used on either a two-stroke or a four-stroke cycle
engine. This does little, if anything at all, to reduce the nitrogen oxide emissions. Thus the
manufacturers are again turning to the two-stroke cycle diesel engine as a potential alterna-
tive powerplant for cars and trucks, as that cycle has inherently a significantly lower NO,
emission characteristic. Much R&D is taking place in the last decade of the 20th Century
with a view to eventual manufacture, if the engine meets all relevant criteria on emissions,
thermal efficiency and durability.

It is probably true to say that the two-stroke engine has produced the most diverse opin-
ions on the part of both the users and the engineers. These opinions vary from fanatical enthu-
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Plate 1.4 Harland and Wolff uniflow-scavenged two-stroke diesel ship propulsion engine
af 21,000 bhp (courtesy of Harland and Wolff plc).

siasm to thinly veiled dislike. Whatever your view, at this early juncture in reading this book,
no other engine type has ever fascinated the engineering world to quite the same extent. This
is probably because the engine seems so deceptively simple to design, develop and manufac-
ture. That the very opposite is the case may well be the reason that some spend a lifetime
investigating this engineering curiosity. The potential rewards are great, for no other engine
cycle has produced, in one constructional form or another, such high thermal efficiency or
such low specific fuel consumption, such high specific power criteria referred to either swept
volume, bulk or weight, nor such low acid exhaust emissions.
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1.1 The fundamental method of operation of a simple two-stroke engine

The simple two-stroke engine is shown in Fig. 1.1, with the various phases of the filling
and emptying of the cylinder illustrated in (a)-(d). The simplicity of the engine is obvious,
with all of the processes controlled by the upper and lower edges of the piston. A photograph
of a simple two-stroke engine is provided in Plate 1.5. It is actually a small chainsaw engine,
giving some further explanation of its construction.

In Fig. 1.1(a), above the piston, the trapped air and fuel charge is being ignited by the
spark plug, producing a rapid rise in pressure and temperature which will drive the piston
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Fig. 1.1 Various stages in the operation of the two-stroke cycle engine.
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Flate 1.5 An exploded view of a simple two-stroke engine.

down on the power stroke. Below the piston, the opened inlet port is inducing air from the
atmosphere into the crankcase due to the increasing volume of the crankcase lowering the
pressure below the atmospheric value. The crankcase is sealed around the crankshaft to en-
sure the maximum depression within it. To induce fuel into the engine, the various options
exist of either placing a carburetor in the inlet tract, injecting fuel into the inlet tract, injecting
fuel into the crankcase or transfer ducts, or injecting fuel directly into the cylinder before or
after the closure of the exhaust port. Clearly, if it is desired to operate the engine as a diesel
power unit, the latter is the only option, with the spark plug possibly being replaced by a glow
plug as an initial starting aid and the fuel injector placed in the cylinder head area.

In Fig. 1.1(b), above the piston, the exhaust port has been opened. It is often called the
“release” point in the cycle, and this allows the transmission into the exhaust duct of a pulse
of hot, high-pressure exhaust gas from the combustion process. As the area of the port is
increasing with crankshaft angle, and the cylinder pressure is falling with time, it is clear that
the exhaust duet pressure profile with time is one which increases to a maximum value and
then decays. Such a flow process 15 described as unsteady gas flow and such a pulse can be
reflected from all pipe area changes, or at the pipe end termination to the atmosphere. These
reflections have a dramatic influence on the engine performance, as later chapters of this
book describe. Below the piston, the compression of the fresh charge is taking place. The
pressure and temperature achieved will be a function of the proportionate reduction of the
crankcase volume, i.e., the crankcase compression ratio.

In Fig. 1.1(c), above the piston, the initial exhaust process, referred to as “blowdown,” 1s
nearing completion and, with the piston having uncovered the transfer ports, this connects the
cylinder directly to the crankcase through the transfer ducts. If the crankcase pressure ex-
ceeds the cylinder pressure then the fresh charge enters the cylinder in what is known as the
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scavenge process, Clearly, if the transfer ports are badly directed then the fresh charge can
exit directly out of the exhaust port and be totally lost from the cylinder. Such a process,
referred to as “‘short-circuiting,” would result in the cylinder being filled only with exhaust
gas at the onset of the next combustion process, and no pressure rise or power output would
ensue, Worse, all of the fuel in a carburetted configuration would be lost to the exhaust with
a consequential monstrous emission rate of unburned hydrocarbons. Therefore, the directioning
of the fresh charge by the orientation of the transfer ports should be conducted in such a
manner as Lo maximize the retention of it within the cylinder. This is just as true for the diesel
engine, for the highest trapped air mass can be burned with an appropnate fuel quantity to
attain the optimum power output. It is obvious that the scavenge process is one which needs to
be optimized to the best of the designer’s ability. Later chapters of this book will concentrate
heavily on the scavenge process and on the most detailed aspects of the mechanical design to
improve it as much as possible. It should be clear that it is not possible to have such a process
proceed perfectly, as some fresh charge will always find a way through the exhaust port.
Equally, no scavenge process, however extensive or thorough, will ever leach out the last
molecule of exhaust gas.

In Fig. 1.1(d), in the cylinder, the piston is approaching what is known as the “trapping”
point, or exhaust closure. The scavenge process has been completed and the cylinder is now
filled with a mix of air, fuel if a carburetted design, and exhaust gas. As the piston rises, the
cylinder pressure should also nise, but the exhaust port 15 still open and, barring the interven-
tion of some unsteady gas-dynamic effect generated in the exhaust pipe, the piston will spill
fresh charge into the exhaust duct to the detriment of the resulting power output and fuel
consumption. Should it be feasible to gas-dynamically plug the exhaust port during this trap-
ping phase, then it is possible to greatly increase the performance characteristics of the en-
gine. In a single-cylinder racing engine, it is possible to double the mass of the trapped air
charge using a tuned pipe, which means doubling the power output; such effects are discussed
in Chapter 2. After the exhaust port is finally closed, the true compression process begins
until the combustion process is commenced by ignition. Not surprisingly, therefore, the com-
pression ratio of a two-stroke engine is characterized by the cylinder volume after exhaust
port closure and is called the rrapped compression ratio to distinguish it from the value com-
monly quoted for the four-stroke engine. That value is termed here as the geometric compres-
sion ratio and s based on the full swept volume.

In summary, the simple two-stroke engine is a double-acting device. Above the piston,
the combustion and power processes take place, whereas below the piston in the crankcase,
the fresh charge is induced and prepared for transfer to the upper cylinder. What could be
simpler to design than this device?

1.2 Methods of scavenging the cylinder
1.2.1 Loop scavenging

In Chapter 3, there is a comprehensive discussion of the fluid mechanics and the gas
dynamics of the scavenging process, However, it is important that this preliminary descrip-
tive section introduces the present technological position, from a historical perspective. The
scavenging process depicted in Fig. 1.1 is described as loop scavenging, the invention of
which is credited to Schnurle in Germany about 1926. The objective was to produce a scav-
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Chapter I - Introduction to the Two-Stroke Engine

enge process in a ported cylinder with two or more scavenge ports directed toward that side of
the cylinder away from the exhaust port, but across a piston with essentially a flat top. The
invention was designed to eliminate the hot-running characteristics of the piston crown used
m the original method of scavenging devised by Sir Dugald Clerk, namely the deflector pis-
ton employed in the cross scavenging method discussed in Sec. 1.2.2. Although Schnurle was
credited with the invention of loop scavenging, there i1s no doubt that patents taken out by
Schmidt and by Kind fifteen years earlier look uncannily similar, and it is my understanding
that considerable litigation regarding patent ownership ensued in Germany in the 1920s and
1930s. In Fig. 1.2, the various layouts observed in loop-scavenged engines are shown. These
are plan sections through the scavenge ports and the exhaust port, and the selection shown 1§
far from an exhaustive sample of the infinite variety of designs seen in two-stroke engines.
The common element is the sweep back angle for the “main™ transfer port, away from the
exhaust port; the “main” transfer port is the port next to the exhaust port. Another advantage
of the loop scavenge design is the availability of a compact combustion chamber above the
flat-topped piston which permits a rapid and efficient combustion process. A piston for such
an engine is shown in Plate 1.6. The type of scavenging used in the engine in Plate 1.5 is loop

scavenging.

Fig. 1.2 Various scavenge port plan layouts found in loop scavenging.
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Plate 1.6 The pistons, from L to R, for a QURB-1ype cross-scavenged, a conventional cross-
scavenged and a loop-scavenged engine.

1.2.2 Cross scavenging

This is the original method of scavenging proposed by Sir Dugald Clerk and 1s widely
used for outboard motors to this very day. The modern deflector design is illustrated in Fig.
1.3 and emanates from the Scolt engines of the early 1900s, whereas the original deflector
was a simple wall or barrier on the piston crown. To further illustrate that, a photograph of
this type of piston appears in Plate 1.6. In Sec. 3.2.4 it will be shown that this has good
scavenging characteristics at low throttle openings and this tends to give good low-speed and
low-power characteristics, making it ideal for, for example, small outboard motors employed
in sport fishing. At higher throttle openings the scavenging efficiency is not particularly good
and, combined with a non-compact combustion chamber filled with an exposed protuberant
deflector, the engine has rather unimpressive specific power and fuel economy characteristics
(see Plate 4.2). The potential for detonation and for pre-ignition, from the high surface-to-
volume ratio combustion chamber and the hot deflector edges, respectively, is rather high and
s0 the compression ratio which can be employed in this engine tends to be somewhat lower
than for the equivalent loop-scavenged power unit. The engine type has some considerable
packaging and manufacturing advantages over the loop engine. In Fig. 1.3 it can be seen from
the port plan layout that the ¢ylinder-to-cylinder spacing in a multi-cylinder configuration
could be as close as is practical for inter-cylinder cooling considerations. If one looks at the
equivalent situation for the loop-scavenged engine in Fig. 1.2 it can be seen that the transfer
ports on the side of the cylinder prohibit such ¢lose cylinder spacing; while it is possible to
twist the cylinders to alleviate this effect to some extent, the end result has further packaging,
gas-dynamic and scavenging disadvantages [1.12]. Further, it is possible to drill the scavenge
and the exhaust ports directly, in-situ and in one operation, from the exhaust port side, and
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Fig. 1.3 Deflector piston of eross-scavenged engine.

thereby reduce the manufacturing costs of the cross-scavenged engine by comparison with an
equivalent loop- or uniflow-scavenged power unit.

One design of cross-scavenged engines, which does not have the disadvantages of poor
wide-open throttle scavenging and a non-compact combustion chamber, is the type designed
at QUB [1.9] and sketched in Fig. 1.4. A piston for this design is shown in Plate 1.6. However,
the eylinder does not have the same manufacturing simplicity as that of the conventional
deflector piston engine. I have shown in Ref. [1.10] and in Sec. 3.2.4 that the scavenging is as
effective as a loop-scavenged power unit and that the highly squished and turbulent combus-
tion chamber leads to good power and good fuel economy characteristics, allied to cool cylin-
der head running conditions at high loads, speeds and compression ratios [1.9] (see Plate 4.3).
Several models of this QUB type are in series production at the time of writing.

1.2.3 Uniflow scavenging
Uniflow scavenging has long been held to be the most efficient method of scavenging the

two-stroke engine. The basic scheme is illustrated in Fig. 1.5 and, fundamentally, the method-
ology is to start filling the cylinder with fresh charge at one end and remove the exhaust gas
from the other. Often the charge is swirled at both the charge entry level and the exhaust exit
level by either suitably directing the porting angular directions or by masking a poppet valve.
The swirling air motion is particularly effective in promoting good combustion in a diesel
configuration. Indeed, the most efficient prime movers ever made are the low-speed marine

11
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Fig. 1.4 QUB type of deflector piston of cross-scavenged engine.

diesels of the uniflow-scavenged two-stroke variety with thermal efficiencies in excess of
30%. However, these low-speed engines are ideally suited to uniflow scavenging, with cylin-
der bores about 1000 mm, a cylinder stroke about 2500 mm, and a bore-stroke ratio of 0.4. For
most engines used in today’s motorcycles and outboards, or tomorrow’s automobiles, bore-
stroke ratios are typically between 0.9 and 1.3. For such engines, there is some evidence
(presented in Sec. 3.2.4) that umiflow scavenging, while still very good, is not significantly
better than the best of loop-scavenged designs [1.11]. For spark-ignition engines, as uniflow
scavenging usually entails some considerable mechanical complexity over simpler methods
and there is not in reality the imagined performance enhancement from uniflow scavenging,
this virtually rules out this method of scavenging on the grounds of increased engine bulk and
cost for an insignificant power or efficiency advantage.

1.2.4 Scavenging not employing the crankcase as an air pump

The essential element of the original Clerk invention, or perhaps more properly the varia-
tion of the Clerk principle by Day, was the use of the crankcase as the air-pumping device of
the engine; all simple designs use this concept. The lubrication of such engines has tradition-
ally been conducted on a total-loss basis by whatever means employed. The conventional
method has been to mix the lubricant with the petrol (gasoline) and supply it through the
carburetor in ratios of lubricant to petro] varying from 25:1 to 100:1, depending on the appli-
cation, the skill of the designers and/or the choice of bearing type employed as big-ends or as
main crankshaft bearings. The British term for this type of lubrication is called “petroil”
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Fig. 1.5 Two methods of uniflow scavenging the two-stroke engine.

lubrication. As the lubrication is of the total-loss type, and some 10-30% of the fuel charge is
short-circuited to the exhaust duct along with the air, the resulting exhaust plume is rich in
unburned hydrocarbons and lubricant, some partially burned and some totally unburned, and
15 consequently visible as smoke, This is ecologically unacceptable in the latter part of the
20th Century and so the manufacturers of motorcyeles and outboards have introduced sepa-
rate oil-pumping devices to reduce the oil consumption rate, and hence the oil deposition rate
to the atmosphere, be it directly to the air or via water. Such systems can reduce the effective
oil-to-petrol ratio to as little as 200 or 300 and approach the oil consumption rate of four-
stroke cycle engines. Even so, any visible exhaust smoke 1s always unacceptable and so, for
future designs, as has always been the case for the marine and automotive two-stroke diesel
engine, a crankshaft lubrication system based on pressure-fed plain bearings with a wet or dry
sump may be employed. One of the successful compression-ignition engine designs of this
type is the Detroit Diesel engine shown in Plate 1.7.

By definition, this means that the crankcase can no longer be used as the air-pumping
device and so an external air pump will be utilized. This can be either a positive displacement
blower of the Roots type, or a centrifugal blower driven from the crankshaft. Clearly, it would

13
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Plate 1.7 The Detroit Diesel Allison Series 92 uniflow-scavenged, supercharged and
turbocharged diesel engine for truck applications (courtesy of General Motors).

be more efficient thermodynamically to employ a turbocharger, where the exhaust energy (o
the exhaust turbine is available to drive the air compressor. Such an arrangement is shown in
Fig. 1.6 where the engine has both a blower and a turbocharger. The blower would be used as
a starting aid and as an air supplementary device at low loads and speeds, with the turbo-
charger employed as the main air supply unit at the higher torque and power levels at any
engine speed. To prevent short-circuiting fuel to the exhaust, a fuel injector would be used to
supply petrol directly to the cylinder, hopefully after the exhaust port is closed and not in the
position sketched, at bottom dead center (bde). Such an engine type has already demonstrated
excellent fuel economy behavior, good exhaust emission characteristics of unbumed hydro-
carbons and carbon monoxide, and superior emission characteristics of oxides of nitrogen, by
comparison with an equivalent four-stroke engine. This subject will be elaborated on in Chapter
7. The diesel engine shown in Plate 1.7 is just such a power unit, but employing compression
ignition,

Nevertheless, in case the impression is left that the two-stroke engine with a “petroil”
lubrication method and a crankcase air pump is an anachronism, it should be pointed out that
this provides a simple, lightweight, high-specific-output powerplant for many purposes, for
which there is no effective alternative engine, Such applications range from the agricultural
for chainsaws and brushcutters, where the engine can easily run in an inverted mode, to small
outboards where the alternative would be a four-stroke engine resulting in a considerable
weight, bulk, and manufacturing cost increase.

14

-

1.3 Valvi

The :
from, the
wall. In tl
port timir
to change
but this i
manufact
haust timi
phasing o
the crank:
intake sys
intt as
valves for



ey o
Ywn in
sed as
lurbo-
it any
sed to
in the
‘rated
ydro-
n, by
apter
ssion

roil”
“ that
i, for
tural
mall
able

Chapter 1 - Introduction to the Two-Stroke Engine
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Fig. 1.6 A supercharged and turbocharged fuel-injected two-stroke engine.

1.3 Valving and porting control of the exhaust, scavenge and inlet processes

The simplest method of allowing fresh charge access into, and exhaust gas discharge
from, the two-stroke engine is by the movement of the piston exposing ports in the cylinder
wall. In the case of the simple engine illustrated in Fig. 1.1 and Plate 1.5, this means that all
port timing events are symmetrical with respect to top dead center (tdc) and bdc. It is possible
to change this behavior slightly by offsetting the crankshaft centerline to the cylinder centerline,
but this is rarely carried out in practice as the resulting improvement is hardly worth the
manufacturing complication involved. Tt is possible to produce asymmetrical inlet and ex-
haust timing events by the use of disc valves, reed valves and poppet valves. This permits the
phasing of the porting to correspond more precisely with the pressure events in the cylinder or
the crankcase, and so gives the designer more control over the optimization of the exhaust or
intake system. The use of poppet valves for both inlet and exhaust timing control is sketched,
in the case of uniflow scavenging, in Fig. 1.5. Fig. 1.7 illustrates the use of disc and reed
valves for the asymmetrical timing control of the inlet process into the engine crankcase. It is
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virtually unknown to attempt to produce asymmetrical timing control of the scavenge process
from the crankcase through the transfer ports.

1.3.1 Poppet valves

The use and design of poppet valves is thoroughly covered in texts and papers dealing
with four-stroke engines [1.3], so it will not be discussed here, except to say that the flow
area-time characteristics of poppet valves are, as a generality, considerably less than are eas-
ily attainable for the same geometrical access area posed by a port in a cylinder wall. Put in
simpler form, it i1s difficult to design poppet valves so as to adequately flow sufficient charge
into a two-stroke engine. It should be remembered that the actual time available for any given
inlet or exhaust process, at the same engine rotational speed, is about one half of that possible
in a four-stroke cycle design.

1.3.2 Disc valves

The disc valve design is thought to have emanated from East Germany in the 1950s in
connection with the MZ racing motorcycles from Zchopau, the same machines that intro-
duced the expansion chamber exhaust system for high-specific-output racing engines. A twin-
cylinder racing motorcycle engine which uses this method of induction control is shown in
Plate 1.8. Irving [1.1] attributes the design to Zimmerman. Most disc valves have timing
characteristics of the values shown in Fig. 1.8 and are usually fabricated from a spring steel,
although discs made from composite materials are also common. To assist with comprehen-
sion of disc valve operation and design, you should find useful Figs. 6.28 and 6.29 and the
discussion in Sec. 6.4. '
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Plate 1.8 A Rotax disc valve racing motorcycle engine with one valve cover removed
exposing the disc valve.

1.3.3 Reed valves

Reed valves have always been popular in outboard motors, as they provide an effective
automatic valve whose timings vary with both engine load and engine speed. In recent times,
they have also been designed for motorcycle racing engines, succeeding the disc valve. In
part, this technical argument has been settled by the inherent difficulty of easily designing
multi-cylinder racing engines with disc valves, as a disc valve design demands a free crank-
shaft end for each cylinder. The high-performance outboard racing engines demonstrated that
high specific power output was possible with reed valves [1.12] and the racing motorcycle
organizations developed the technology further, first for motocross engimes and then for Grand
Prix power units. Today, most reed valves are designed as V-blocks (see Fig. 1.7 and Plates
1.9 and 6.1) and the materials used for the reed petals are either spring steel or a fiber-rein-
forced composite material. The composite material is particularly useful in highly stressed
racing engines, as any reed petal failure is not mechanically catastrophic as far as the rest of
the engine is concerned. Further explanatory figures and detailed design discussions regard-
ing all such valves and ports will be found in Section 6.3.

Fig. 1.7 shows the reed valve being given access directly to the crankcase, and this would
be the design most prevalent for outhboard motors where the crankcase bottom is accessible
(see Plate 5.2). However, for molorcycles or chainsaws, where the crankcase is normally
“buried” in a transmission system, this is somewhat impractical and so the reed valve feeds
the fresh air charge to the crankcase through the cylinder. An example of this is illustrated in
Plate 4.1, showing a 1988 model 250 cm? Grand Prix motorcycle racing engine. This can be
effected [1.13] by placing the reed valve housing at the cylinder level so that it is connected to
the transfer ducts into the crankcase.
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(c) REED VALVE ENGINE AT LOW SPEED & (d) AT HIGH SPEED.

Fig. 1.8 Typical part timing characteristics for piston ported, reed
and disc valve engines.

1.3.4 Port timing evenis

As has already been mentioned in Sec. 1.3.1, the port timing events in a simple two-stroke
engine are symmetrical around tdc and bdc, This is defined by the connecting rod-crank
relationship. Typical port timing events, for piston port control of the exhaust, transfer or
scavenge, and inlet processes, disc valve control of the inlet process, and reed valve control of
the inlet process, are illustrated in Fig. 1.8. The symmetrical nature of the exhaust and scav-
enge processes 15 evident, where the exhaust port opening and closing, EO and EC, and trans-
fer port opening and closing, TO and TC, are under the control of the top, or timing, edge of
the piston.

Where the inlet port is similarly controlled by the piston, in this case the bottom edge of
the piston skirt, is sketched in Fig. 1.8(a); this also is observed to be a symmetrical process.
The shaded area in each case between EO and TO, exhaust opening and transfer opening, is
called the blowdown period and has already been referred to in Sec. 1.1, It is also obvious
from various discussions in this chapter that if the crankcase is to be sealed to provide an
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Plate 1.9 An exploded view of a reed valve cylinder for a motorcycle.
effective air-pumping action, there must not be a gas passage from the exhaust to the crank-
case. This means that the piston must always totally cover the exhaust port at tdc or, to be
specific, the piston length must be sufficiently in excess of the stroke of the engine to prevent
gas leakage from the crankcase. In Chapter 6 there will be detailed discussions on porting
design. However, 1o set the scene for that chapter, Fig. 1.9 gives some preliminary facts re-
garding the typical port timings seen in some two-stroke engines. It can be seen that as the
demand rises in terms of specific power output, so too does the porting periods. Should the
engine be designed with a disc valve, then the inlet port timing changes are not so dramatic
with increasing power output.
roke Piston Port Control Disc Valve Control
ank Exhaust Transfer Inlet of Inlet Port
¥ Opens Opens Opens Opens Opens
: :; Engine Type °BTDC °BTDC °sTDC | °BTDC °BTDC
av- Industrial, Moped,
InS- Chainsaw,
s of Small Cutboard 110 122 65 130 60
Enduro, Snowmobile,
: of APV, Large Outboard 97 120 75 120 70
188. Motocross, GP Racer 82 113 100 140 80
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e Fig. 1.9 Twpical port timings for two-stroke engineg applications.
an




Design and Simulation of Two-Stroke Engines

For engines with the inlet port controlled by a disc valve, the asymmetrical nature of the
port timing is evident from both Figs, 1.8 and 1.9, However, for engines fitted with reed
valves the situation is much more complex, for the opening and closing characteristics of the
reed are now controlled by such factors as the reed material, the crankcase compression ratio,
the engine speed and the throttle opening. Figs. 1.8(c) and 1.8(d) illustrate the typical situa-
tion as recorded in practice by Fleck [1.13]. It is interesting to note that the reed valve opening
and closing points, marked as RVO and RVC, respectively, are quite similar to a disc valve
engine at low engine speeds and to a pisten-controlled port at higher engine speeds. For
racing engines, the designer would have wished those charactenstics to be reversed! The
transition in the RVO and the RVC points is almost, but not quite, linear with speed, with the
total opening period remaining somewhat constant. Detailed discussion of matters relating
specifically to the design of reed valves is found in Sec. 6.3.

Examine Fig. 6.1, which shows the port areas in an engine where all of the porting events
are controlled by the piston. The actual engine data used to create Fig. 6.1 are those for the
chainsaw engine design discussed in Chapter 5 and the geometrical data displayed in Fig. 5.3.

1.4 Engine and porting geometry

Some mathematical treatment of design will now be conducted, in a manner which can be
followed by anyone with a mathematics education of university entrance level. The funda-
mental principle of this book is not to confuse, but to illuminate, and to arrive as quickly as 15
sensible to a working computer program for the design of the particular component under
discussion.

(a) Units used throughout the book

Before embarking on this section, a word about units is essential. This book is written in
S1 units, and all mathematical equations are formulated in those units. Thus, all subsequent
equations are intended to be used with the arithmetic values inserted for the symbols of the SI
unit listed in the Nomenclature before Chapter 1. If this practice is adhered to, then the value
computed from any equation will appear also as the strict SI unit listed for that variable on the
left-hand side of the equation. Should you desire to change the unit of the ensuing anthmetic
answer to one of the other units listed in the Nomenclature, a simple arithmetic conversion
process can be easily accomplished. One of the virtues of the SI system is that strict adher-
ence to those units, in mathematical or computational procedures, greatly reduces the poten-
tial for arithmetic errors. I write this with some feeling, as one who was educated with great
difficulty, as an American friend once expressed it so well, in the British “furlong, hundred-
weight, fortnight™ system of units!

(B) Computer programs presented throughout the book

The listing of all computer programs connected with this book is contained in the Appen-
dix Listing of Computer Programs. Logically, programs coming from, say, Chapter 3, will
appear in the Appendix as Prog.3. [n the case of the first programs introduced below, they are
to be found as Prog.1.1, Prog.1.2, and Prog.1.3. As is common with computer programs, they
also have names, in this case, PISTON POSITION, LOOP ENGINE DE AW, and QUB CROSS
ENGINE DRAW, respectively. All of the computer programs have been written in Mic rosoft®
QuickBASIC for the Apple Macintosh® and this is the same language prepared by Microsoft
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Corp. forthe IBM® PC and its many clones. Only some of the graphics statements are slightly

different for various IBM-like machines.
Almost all of the programs are written in, and are intended to be used in, the interpreted

QuickBASIC mode. However, the speed advantage in the compiled mode makes for more
effective use of the software. In Microsoft QuickBASIC, a “user-friendy” computer language
and system, it is merely a flick of a mouse to obtain a compiled version of any program listing.

The software is available from SAE in disk form for direct use on either Macintosh or IBM

PC (or clone) computers.

1.4.1 Swept volume
If the cylinder of an engine has a bore, dps, and a stroke, L, as sketched in Fig. 4.2, then

the total swept volume, Vg, of an engine with n cylinders having those dimensions, is given
by:

V,, =“§5§ul~m (1.4.1)

The total swept volume of any one cylinder of the engine is given by placing n as unity in

the above equation.
If the exhaust port closes some distance called the trapped stroke, Ly, before tdc, then the

trapped swept volume of any cylinder, Vg, is given by:

o2
Vis = 0ol (1.4.2)

The piston is connected to the crankshaft by a connecting rod of length, Lgr. The throw of
the crank (see Fig. 1.10) is one-half of the stroke and is designated as length, L. As with
four-stroke engines, the connecting rod-crank ratios are typically in the range of 3.5 to 4.

POINT X AT tdc| Let=0.5 x Lst
POINT X AT 6° atdc |
'f 1'- e
L
B QPN
-E-—-H—ih-*l: F - ..(E)..

Fig. 1.10 Position af a point on a piston with respect 1o top dead center.
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1.4.2 Compression ratio
All compression ratio values are the ratio of the maximum volume in any chamber of an
engine to the minimum volume in that chamber. In the crankcase that ratio is known as the

crankcase compression ratio, CR., and is defined by

R, = Yeet Vv (1.4.3)
Vcl:
where V. is the crankcase clearance volume, or the crankcase volume at bde.

‘While it is true that the higher this value becames, the stronger is the crankcase pumping
action, the actual numerical value is greatly fixed by the engine geometry of bore, stroke, con-
rod length and the interconnected value of flywheel diameter, In practical terms, it is rather
difficult to organize the CR value for a 50 cm? engine cylinder above 1.4 and almost physi-
cally impossible to design a 500 cm® engine cylinder to have a value less than 1.55. There-
fore, for any given engine design the CR . characteristic is more heavily influenced by the
choice of cylinder swept volume than by the designer. It then behooves the designer to tailor
the engine air-flow behavior around the crankcase pumping action, defined by the inherent
CR;¢ value emanating from the cylinder size in question. There is some freedom of design
action, and it is necessary for it to be taken in the correct direction.

In the cylinder shown in Fig. 4.2, if the clearance volume, V., above the piston at tdc is
known, then the geometric compression ratio, CRg, is given by:

CRE = Mﬂ (1.4.4)
vcu

Theoretically, the actual compression process occurs after the exhaust port is closed, and
the compression ratio after that point becomes the most important one in design terms. This is
called the trapped compression ratio. Because this 1s the case, in the literature for two-stroke
engines the words “compression ratio” are sometimes carelessly applied when the precise
term “trapped compression ratio” should be used. This is even more confusing because the
literature for four-stroke engines refers to the geometric compression ratio, but describes it
simply as the “compression ratio,” The trapped compression ratio, CR,, is then calculated
from:

CR, = vt Vev (1.4.5)

1.4.3 Piston position with respect to crankshaft angle

Al any given crankshaft angle, 6, after tdc, the connecting rod centerline assumes an
angle, ¢, to the cylinder centerline. This angle is often referred to in the literature as the
“angle of obliquity” of the connecting rod. This is illustrated in Fig. 1,10 and the piston
position of any point, X, on the piston from the tdc point is given by length H. The controlling
trigonometric equations are:

and
and

and
by P

by P

then

Clea
such as ¢
should tk
heirhts, :
late. chaj
nected w
tions sho
and Prog

1.4.4 Cor
This
the input
output da
of operat:
out whicl

~ The prog

geometry
shown in

1.4.5 Con

This |
Magcintos|
making b

formon d



ol

| as we,

-

(1.4.3)

mping
Z, con-
rathee
physi-
Ihere-
by the
tailor
Rerent

lesign

idc is

14,

|, and
his is
troke
ecise
e the
es it
lated

4.5)

5 an

the
ston
ling

Chapter |1 - Introduction to the Two-Stroke Engine

as H+F+G=L,+Lg, (1.4.6)
and E=Lgsin® =L sin¢ (1.4.7)
and Pt G5 (1.4.8)
and G =1L, cosB (14.9)
by Pythagoras 12 =B +G? (1.4.10)
by Pythagoras L.';l:r = E? 4+ 2 (14.11)
s H = Lgp + Log(1 ~ c050) = /L2, — (L 5in 6)° (1:4.12)

Clearly, it is essential for the designer to know the position of the piston at salient points
such as exhaust, transfer, and inlet port opening, closing and the fully open points as well,
should the latter not coincide with either tdc or bdc. These piston positions define the port
heights, and the mechanical drafting of any design requires these facts as precise numbers. In
later chapters, design advice will be presented for the detailed porting design, but often con-
nected with general, rather than detailed, piston and rod geometry. Consequently, the equa-
tions shown in Fig. 1.10 are programmed into three computer programs, Prog.1.1, Prog.1.2
and Prog.1.3, for use in specific circumstances.

1.4.4 Computer program, Prog.1.1, PISTON POSITION

This is a quite unsophisticated program without graphics. When RUN, the prompts for
the input data are self-evident in nature. An example of the simplistic nature of the input and
output data is shown in Fig. L.11. If you are new to the ways of the Macintosh or IBM system
of operation then this straightforward program will provide a useful introduction. The print-
out which appears on the line printer contains further calculated values of use to the designer.
The program allows for the caleulation of piston position from bdc or tde for any engine
geometry between any two crankshaft angles at any interval of step between them. The output
shown in Fig. 1.11 is exactly what you would see on the Macintosh computer screen.

1.4.5 Computer program, Prog.1.2, LOOP ENGINE DRAW
This program is written in a much more sophisticated manner, using the facilities of the

Macintosh software to speed the process of program operation, data handling and decision
making by the user. Fig. 1.12 illustrates a completed calculation which you can print in that

form on demand.
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RUNNING THE PROGEAM(Y OR N7)7 ¥

enter BORE in mm 60

enter STROKE in mm 60

enter CON-ROD LENGTH tnmm 110

enter CRANK-ANGLE after tdc at start of calculation 100

enter CRANK-ANGLE after tdc at end of calculation 120

enter CRANK-ANGLE interval for the calculation step from stert to finish S

Swept volume,CM3,= 169.6

crank-angle after tdc height from tde height from bde

100.00 39.25 20.79
105.00 41.65 18.35
110.00 4393 16.07
115.00 46.09 13.91
120.00 48.11 11.89

WANT A PRINT-0UT(Y OR N7)7 N

Fig, 1.11 Example of a caleulation from Prog. 1.1, PISTON POSITION.

BORE,mm= 60
STROKE,mm= 60
CON-ROD,mm= 110
EXHAUST DPENS.2atdc= 100

|

TRANSFER OPENS 2atdc= 120 O

INLET OPENS 2btdc= 65 -
TRAP COMPRESSION RATI0= 7 170.05— /7 ( )

SOUISH CLEARANCE mm= 1.5 g i
WRIST PIN TO CROWN,mm= 30 ( )

WRIST PIN TO SEIRT,mm= 32 o

SWEPT VOLUME,cm3=1696

TRAP SWEPT YOLUME,cm3=111.0
CLEARANCE VOLUME,cm3= 185 1307

1218/ ¥ Q 108.0

Fig. 1.12 Example of a calculation from Prog.1.2, LOOP ENGINE DRAW.
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The data input values are written on the left-hand side of the figure from “BORE" down
to “WRIST PIN TO SKIRT." All other values on the picture are output values. “Wrist pin” is
the American term for a gudgeon pin and the latter two data input values correspond to the
dimensions P and Q on Fig. 1.10. It is also assumed in the calculation that all ports are opened
by their respective control edges to the top or bottom dead center positions. The basic geom-
etry of the sketch is precisely as Fig. 1.1; indeed that sketch was created using this particular
program halted at specific crankshaft angular positions.

When you run this program you will discover that the engine on the screen rotates for one
complete cycle, from tde to tdc. When the piston comes to rest at tdc, the linear dimensions of
all porting positions from the crankshaft centerline are drawn, as illustrated. By this means, as
the drawing on the screen is exactly to scale, you can be visually assured that the engine has
no unusual problems in geometrical terms. You can observe, for example, that the piston is
sufficiently long to seal the exhaust port and preserve an effective crankcase pumping action!

The inlet port is shown in Figs. 1.1 and 1.12 as being underneath the exhaust port for
reasons of diagrammatic simplicity. There have been engines produced this way, but they are
not as common as those with the inlet port at the rear of the cylinder, opposite to the cylinder
wall holding the exhaust port. However, the simple two-stroke engine shown in Plate 1.5 is
just such an engine. It is a Canadian-built chainsaw engine with the engine cylinder and
crankcase components produced as high-pressure aluminum die castings with the cylinder
bore surface being hard chromium plated. The open-sided transfer ports are known as “finger

poris.”

1.4.6 Computer program, Prog.1.3, QUB CROSS ENGINE DRAW

This program is exactly similar in data input and operational terms to Prog.1.2. However,
it designs the basic geometry of the QUB type of cross-scavenged engine, as shown in Fig. 1.4
and discussed in Sec. 1.2.2.

You might well inquire as to the design of the conventional cross-scavenged unit as sketched
in Fig. 1.3 and also discussed in the same section, The timing edges for the control of both the
exhaust and transfer ports are at the same height in the conventional deflector piston engine.
This means that the same geometry of design applies to it as for the loop-scavenged engine.
Consequently, Prog.1.2 applies equally well.

Because the exhaust and transfer port timing edges are at different heights in the QUB
type of engine, separated by the height of the deflector, a different program is required and is
listed as Prog.1.3 in the Appendix. An example of the calculation is presented in Fig. 1.13, As
with Prog.1.2, the engine rotates for one complete cycle. One data input value deserves an
explanation: the “wrist pin to crown” value, shown in the output Fig, 1.13 as 25 mm, is that
value from the gudgeon pin to the crown on the scavenge side of the piston, and is not the
value to the top of the deflector. As the engine rotates, one of the interesting features of this
type of engine appears: the piston rings are below the bottom edge of the exhaust ports as the
exhaust flow is released by the deflector top edge. Consequently, the exhaust flame does not
partially burn the oil on the piston rings, as it does on a loop-scavenged design. As mentioned
carlier, the burning of oil on the piston rings and within the ring grooves eventually causes the
rings to stick in their grooves and deteriorates the sealing effect of the rings during the com-
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BORE,mm= 60
CON-ROD,mm= 110 "

EXHAUST DPENS 2atdc= 100

TRANSFER OPENS 2atdc= 120 O =
INLET OPENS 2btdc= 65 ( J

TRAP COMPRESSION RATIO= 7 )
SQUISH CLEARANCE,mm= 1.5
WRIST PIN-CROWN,mm= 25

WRIST PIN-SKIRT,mm= 25 T 143.7
DEFLECTOR HEIGHT,mm= 18
SWEPT VOLUME,cm3=169.6 116.9 115.0
TEAP EWEPFT VOLUME,CM3=111.0
CLEARANCE VYOLUME,cm3= 185 165.0

e - @ L L

Fig. 1.13 Example of a calculation from Prog. 1.3, QUB CROSS ENGINE DRAW.

pression and expansion strokes, reducing both power output and fuel economy. Therefore, the
QUB-type engine has enhanced engine reliability and efficiency in this regard over the life
span of the power unit.

The data values used for the basic engine geometry in Figs. 1.10-1.13 are common for all
three program examples, so it is useful to compare the actual data output values for similari-
ties and differences. For example, it can be seen that the QUB cross-scavenged engine is
taller to the top of the deflector, yet is the same height to the top of the combustion chamber
as the loop-scavenged power unit. In a later chapter, Fig. 4.13 shows a series of engines which
are drawn to scale and the view expressed above can be seen to be accurate from that com-
parative sketch. Indeed, it could be argued that a QUB deflector engine can be designed to be
a shorter engine overall than an equivalent loop-scavenged unit with the same bore, stroke
and rod lengths.

1.5 Definitions of thermodynamic terms used in connection with engine design and
testing
1.5.1 Scavenge ratio and delivery ratio

In Fig. 1.1(c), the cylinder has just experienced a scavenge process in which a mass of
fresh charge, mgg, has been supplied through the crankcase from the atmosphere. By measur-
mg the atmospheric, i.e., the ambient pressure and temperature, py; and Ty, the air density
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will be given by py from the thermodynamic equation of state, where R, is the gas constant
for air:

_ Pa (15.1)
Py == -
RﬂTﬂ[

The delivery ratio, DR, of the engine defines the mass of air supplied during the scavenge
period as a function of a reference mass, mg,er, which is that mass required to fill the swept
volume under the prevailing atmospheric conditions, i.e.:

Myref = Pat Vsy (1.5.2)

DR = —Das (1.5.3)
Mdref

The scavenge ratio, SR, of a naturally aspirated engine defines the mass of air supplied
during the scavenge period as a function of a reference mass, mges, which is the mass that
could fill the entire cylinder volume under the prevailing atmospheric conditions, i.e.:

Mgy = Pat(vsv + er] (1.5.4)
SR = Mas_ (1.5.5)
Mgpaf

The SAE Standard J604d [1.24] refers to and defines delivery ratio. For two-stroke en-
gines the more common nomenclature in the literature is “scavenge ratio,” but it should be
remembered that the definitions of these air-flow ratios are mathematically different.

Should the engine be supercharged or turbocharged, then the new reference mass, Mg,
for the estimation of scavenge ratio is calculated from the state conditions of pressure and

temperature of the scavenge air supply, ps and Ts.

s B8 (1.5.6)
Ps R,T,
SR Mas (1.5.7)

ps{vsv + vcv]

The above theory has been discussed in terms of the air flow referred to the swept volume
of a cylinder as if the engine is a single-cylinder unit. However, if the engine is a multi-
cylinder device, it is the total swept volume of the engine that is under consideration.
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1.5.2 Scavenging efficiency and purity

In Chapter 3 it will be shown that for a perfect scavenge process, the very best which
could be hoped for is that the scavenging efficiency, SE, would be equal to the scavenge ratio,
SR. The scavenging efficiency is defined as the mass of delivered air that has been trapped,
Miag, by comparison with the total mass of charge, my,, that is retained at exhaust closure. The
trapped charge is composed only of fresh charge trapped, my,,, and exhaust gas, m.4, and any
air remaining unbumed from the previous cycle, mgr, where:

(1.5.8)

Hence, scavenging efficiency, SE, defines the effectiveness of the scavenging process, as
can be seen from the following statement:

SE = mﬂlﬁ = My {1.5.9}

However, the ensuing combustion process will take place between all of the air in the
cylinder with all of the fuel supplied to that cylinder, and it is important to define the purity of
the trapped charge in its entirety. The purity of the trapped charge, I, is defined as the ratio of
air trapped in the cylinder before combustion, mgg, to the total mass of cylinder charge, where:

My = Wy, + 0 (1.5.10)
- Ma (1.5.11)
My

In many technical papers and textbooks on two-stroke engines, the words “scavenging
efficiency” and “purity™ are somewhat carelessly interchanged by the authors, assuming prior
knowledge by the readers. They assume that the value of my is zero, which is generally true
for most spark-ignition engines and particularly when the combustion process is rich of
stoichiometric, but it would not be true for two-stroke diesel engines where the air is never
totally consumed in the combustion process, and it would not be true for similar reasons for a
stratified combustion process in a gasoline-fueled spark-ignition engine. More is written on
this subject in Secs. 1.5.5 and 1.6.3 where stoichiometry and trapping efficiency measure-
ments are debated, respectively.

1.5.3 Trapping efficiency
Definitions are also to be found in the literature [1.24] for trapping efficiency, TE. Trap-

ping efficiency is the capture ratio of mass of delivered air that has been trapped, mggs, to that
supplied, myg, or:

Mias (1.5.12)
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Chapter I - Introduction to the Two-Stroke Engine

It will be seen that expansion of Eqg. 1.5.12 gives:

mySE (1.5.13)

It will also be seen under ideal conditions, in Chapter 3, that my; can be considered to be
equal to myeer and that Eq. 1.5.13 can be simplified in an interesting manner, Le..

TE =2
SR

In Sec. 1.6.3, a means of measuring trapping efficiency in a firing engine from exhaust
gas analysis will be described.

1.5.4 Charging efficiency

Charging efficiency, CE, expresses the ratio of the filling of the cylinder with air, by
comparison with filling that same cylinder perfectly with air at the onset of the compression
stroke. After all, the object of the design exercise is to fill the cylinder with the maximum
quantity of air in order to burn a maximum quantity of fuel with that same air. Hence, charg-

ing efficiency, CE, is given by:
CE = s (1.5.14)

It is also the product of trapping efficiency and scavenge ratio, as shown here:

CcE = Mas o Mas _ g » SR (1.5.15)
My, Mgpaf

It should be made quite clear that this definition is not precisely as defined in SAE 1604d
[1.24]. In that SAE nomenclature Standard, the reference mass is declared to be myer from
Eq. 1.5.2, and not mgrer as used from Eq. 1.5.4. My defense for this is “custom and practice in
two-stroke engines,” the fact that it is all of the cylinder space that is being filled and not just
the swept volume, the convenience of charging efficiency assessment by the relatively straight-
forward experimental acquisition of trapping efficiency and scavenge ratio, and the opinion
of Benson [1.4, Vol. 2].

1.5.5 Air-to-fuel ratio
It is important to realize that there are narrow limits of acceptability for the combustion of

air and fuel, such as gasoline or diesel. In the case of gasoline, the ideal fuel is octane, CgH, ¢,
which burns “perfectly” with air in a balanced equation called the stoichiometric equation.
Most students will recall that air is composed, volumetrically and molecularly, of 21 parts
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oxygen and 79 parts nitrogen. Hence, the chemical equation for complete combustion be-
COIMEs.

2CgH g + 25[02 + gmz] = 16C0O5 + 18H,0 + ﬁ%nz (1.5.16)

This produces the information that the ideal stoichiometric air-to-fuel ratio, AFR, is such
that for every two molecules of octane, we need 25 molecules of air. As we normally need the
information in mass terms, then as the molecular weights of O4, Hz, N7 are simplistically 32,
2 and 28, respectively, and the atomic weight of carbon C is 12, then:

25x32+25><28xj£

= 21 (1.5.17)
2(8x12+18x1)

As the equation is balanced, with the exact amount of oxygen being supplied to bumn all
of the carbon to carbon dioxide and all of the hydrogen to steam, such a burning process
yields the minimum values of carbon monoxide emission, CO, and unburned hydrocarbons,
HC. Mathematically speaking they are zero, and in practice they are also at a minimum level.
As this equation would also produce the maximum temperature at the conclusion of combus-
tion, this gives the highest value of emissions of NO,, the various oxides of nitrogen. Nitro-
gen and oxygen combine at high temperatures to give such gases as NoO, NO, etc. Such
statements, although based in theory, are almost exactly true in practice as illustrated by the
expanded discussion in Chapters 4 and 7.

As far as combustion limits are concerned, although Chapter 4 will delve into this area
more thoroughly, it may be helpful to point out at this stage that the rich misfire limit of
gasoline-air combustion probably occurs at an air-fuel ratio of about 9, peak power output at
an air-fuel ratio of about 13, peak thermal efficiency (or minimum specific fuel consumption)
at an air-fuel ratio of about 14, and the lean misfire limit at an air-fuel ratio of about 18. The
air-fuel ratios quoted are those in the combustion chamber at the time of combustion of a
homogeneous charge, and are referred to as the trapped air-fuel ratio, AFR;. The air-fuel
ratio derived in Eq. 1.5.17 15, more properly, the trapped air-fuel ratio, AFR;, needed for
stoichiometric combustion.

To briefly illustrate that point, in the engine shown in Fig. 1.6 it would be quite possible
to scavenge the engine thoroughly with fresh air and then supply the appropriate guantity of
fuel by direct injection into the cylinder to provide a AFR, of, say, 13, Due to a generous
oversupply of scavenge air the overall AFR,, could be in excess of, say, 20.

1.5.6 Cylinder trapping conditions

The point of the foregoing discussion is to make you aware that the net effect of the
cylinder scavenge process is to fill the cylinder with a mass of air, mg, within a total mass of
charge, my, at the trapping point. This total mass is highly dependent on the trapping pres-
sure, as the equation of state shows:
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iy DY (1.5.18)
Ry Ty
where Vie = Vi + Vo (1.5.19)

In any given case, the trapping volume, V,, is a constant. This is also true of the gas
constant, Ry, for gas at the prevailing gas composition at the trapping point. The gas constant
for exhaust gas, Rey, 15 almost identical to the value for air, R;. Because the cylinder gas
composition is usually mostly air, the treatment of Ry, as being equal to R, invokes little error.
For any one trapping process, over a wide variety of scavenging behavior, the value of trap-
ping temperature, T, would rarely change by 5%. Therefore, it is the value of trapping pres-
sure, Py, that is the significant variable, As stated earlier, the value of trapping pressure is
directly controlled by the pressure wave dynamics of the exhaust system, be it a single-cylin-
der engine with or without a tuned exhaust system, or a multi-cylinder power unit with a
branched exhaust manifold. The methods of design and analysis for such complex systems
are discussed in Chapters 2 and 5. The value of the trapped fuel guantity, my, can be deter-
mined from:

my = ——8 (1.5.20)

AFR,

1.5.7 Heat released during the burning process
The total value of the heat that will be released from the combustion of this quantity of

fuel will be Qg:

Qr = NcmyCy @A.521)
where T is the combustion efficiency and Cg is the (lower) calorific value of the fuel in
question.

A further discussion of this analysis, in terms of an actual experimental example, is given
m Sec. 4.2.

1.5.8 The thermodynamic cycle for the iwo-stroke engine

This is often referred to as a derivative of the Otto Cycle, and a full discussion can be
found in many undergraduate textbooks on internal combustion engines or thermodynamics,
e.g., Taylor [1.3]. The result of the calculation of a theoretical cycle can be observed in Figs.
1.14 and 1.15, by comparison with measured pressure-volume data from an engine of the
same compression ratios, both trapped and geometric. In the measured case, the cylinder
pressure data are taken from a 400 cm? single-cylinder two-stroke engine running at 3000
rpm at wide open throttle, In the theoretical case, and this is clearly visible on the log p-log V
plot in Fig. 1.15, the following assumptions are made: (a) compression begins at trapping, (b)
all heat release (combustion) takes place at tdc at constant volume, (c) the exhaust process is
considered as a heat rejection process at release, (d) the compression and expansion pro-
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cesses occur under ideal, or isentropic, conditions with air as the working fluid, and so those
processes are calculated as:

p‘u""’ = constant

where v is a constant. For air, the ratio of specific heats, y, has a value of 1.4, A fundamental
theoretical analysis would show [1.3] that the thermal efficiency, 1, of the cycle is given by:

1
=) [P — 1.5.22)
=1 cr!™! :
Thermal efficiency is defined as:
work produced per cycle (1.5.23)

N =
' heat available as input per cycle

As the actual 400 cm? engine has a trapped compression value of 7, and from Eg. 1.5.22
the theoretical value of thermal efficiency, 7, is readily calculated as 0.541, the considerable
disparity between fundamental theory and experimentation becomes apparent, for the mea-
sured value is about one-half of that calculated, at 27%.

Upon closer examination of Figs. 1.14 and 1.15, the theoretical and measured pressure
traces look somewhat similar and the experimental facts do approach the theoretical pre-

sumptions. However, the measured expansion and compression indices are at 1.33 and 1.17,
respectively, which is rather different from the ideal value of 1.4 for air. On the other hand,

J THEORETICAL OTTO CYCLE

&

2
5

FRESSURE, bar

20 -

10 -

CYLINDER VOLUME, cc

Fig. 1.14 Otto cycle comparison with experimenial data.
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4 - N EXPERIMENTAL DATA
Pat 1.33
PV =K
3 - /
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e " 1.4
m 2 PV =K
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Fig. 1,15 Logarithmic plot of pressure and volume.

the actual compression process clearly begins before the official trapping point at exhaust
port closure, and this in an engine with no tuned exhaust pipe. The theoretical assumption of
a constant volume process for the combustion and exhaust processes is clearly in error when
the experimental pressure trace is examined. The peak cycle pressures of 54 bar calculated
and 36 bar measured are demonstrably different. In Chapters 4 and 5 a more advanced theo-
retical analysis will be seen to approach the measurements more exactly.

The work on the piston during the cycle is ultimately and ideally the work delivered to the
crankshaft by the connecting rod. The word “ideal” in thermodynamic terms means that the
friction or other losses, like leakage past the piston, are not taken into consideration in the
statement made above. Therefore, the ideal work produced per cycle (see Eq. 1.5.24) is that
work carried out on the piston by the force, F, created from the gas pressure, p. Work is always
the product of force and distance, x, moved by that force, so, where A is the piston area:

Work produced per cycle = IFdx = prdx = j pdV (1.5.24)

Therefore, the work produced for any given engine cycle, in the case of a two-stroke
engine for one crankshaft revolution from tdc to tdc, is the cyclic integral of the pressure-
volume diagram in the cylinder above the piston. By the same logic, the pumping work re-
quired in the crankcase is the cyclic integral of the pressure-volume diagram in the crankcase.
In both cases, this work value is the enclosed area on the pressure-volume diagram, be it a
theoretical cycle or the actual cycle as illustrated in Fig. 1.14. The above statements are
illustrated in Fig. 1.16 for the actual data shown previously in Figs. 1.14 and 1.15.

33



Design and Simulation of Two-Stroke Engines

TOTAL WORK ON PISTON
IS JndV FOR TOTAL GYCLE
WHICH IS ENCLOSED AREA
ON THE pV DIAGRAM.

PRESSURE, bar
]
|
1

10
vcu ‘\l'rgu N
SN — .|
4 L]
S |
0 T T T T T T T — 1
4] 100 200 aoo 400 500

CYLINDER VOLUME, cm3
Fig. 1.16 Determination of imep from the cvlinder p-V diagram.

1.5.9 The concept of mean effective pressure

As stated above, the enclosed p-V diagram area is the work produced on the piston, in
either the real or the ideal cycle. Fig. 1.16 shows a second rectangular shaded area, equal in
area to the enclosed e¢ylinder p-V diagram. This rectangle is of height imep and of length Vs,
where imep is known as the indicated mean effective pressure and Vg, is the swept volume.
The word “indicated” stems from the historical fact that pressure transducers for engines used
to be called “indicators” and the p-V diagram, of a steam engine traditionally, was recorded
on an “indicator card.” The concept of mean effective pressure is extremely useful in relating
one engine development to another for, while the units of imep are obviously that of pressure,
the value is almost dimensionless. That remark is sufficiently illogical as to require careful
explanation. The point is, any two engines of equal development or performance status will
have identical values of mean effective pressure, even though they may be of totally dissimi-
lar swept volume. In other words, Figs. 1.14, 1.15 and 1.16 could have equally well been
plotted as pressure-compression (or volume) ratio plots and the values of imep would be
identical for two engines of differing swept volume, if the diagrammatic profiles in the pres-
sure direction were also identical.

1.5.10 Power and torque and fuel consumption

Power is defined as the rate of doing work. If the engine rotation rate is rps, revolutions
per second, and the two-stroke engine has a working cycle per crankshaft revolution, then the
power delivered to the piston crown by the gas force is called the indicated power output, W,
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where:

W, = imepx V, X (work cycles per second)

= imep X V,, x1ps - for a two- stroke engine
1 ps (1.5.25)
= imep % V,, X - ° for a four - stroke engine

For a four-stroke cycle engine, which has a working cycle lasting two crankshaft revolu-
tions, the working cycle rate is 50% of the rps value, and this should be inserted into Eq.
1.5.25 rather than rps. In other words, a four-stroke cycle engine of equal power output and
equal swept volume has an imep value which is double that of the two-stroke engine. Such is
the actual, if somewhat illogical, convention used in everyday engineering practice.

The indicated torque, Z;, is the turning moment on the crankshaft and is related to power

output by the following equation:
W, = 2nZ;mps (1.5.26)
Should the engme actually consume fuel of calorific value Cyy at the measured (or at a

theoretically calculated) mass flow rate of r, then the indicated thermal efficiency, ;, of the
engine can be predicted from an extension of Eq. 1.5.23:

power output Wi (1.527

rate of heat input - myCp

Of great interest and in common usage in engineering practice is the concept of specific
fuel consumption, the fuel consumption rate per unit power output. Hence, to continue the
discussion on indicated values, indicated specific fuel consumption, isfc, is given by:

__ fuel consumption rate _ my (1.5.28)

1sfe s
power output W,

It will be observed from a comparison of Eqgs. 1.5.27 and 1.5.28 that thermal efficiency
and specific fuel consumption are reciprocally related to each other, without the employment
of the calorific value of the fuel. As most petrolenm-based fuels have virtually identical val-
ues of calorific value, then the use of specific fuel consumption as a comparator from one
engine to another, rather than thermal efficiency, is quite logical and is more immediately
useful to the designer and the developer.

1.6 Laboratory testing of two-stroke engines
1.6.1 Laboratory testing for power, torque, mean effective pressure and specific fuel con-

sumption
Most of the testing of engines for their performance characteristics takes place under

laboratory conditions. The engine is connected to a power-absorbing device, called a dyna-
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mometer, and the performance characteristics of power, torque, fuel consumption rate, and air
consumption rate, at various engine speeds, are recorded. Many texts and papers describe this
process and the Society of Automotive Engineers provides a Test Code J1349 for this very
purpose [1.14]. There is an equivalent test code from the International Organization for Stan-
dardization in [SO 3046 [1.16]. For the measurement of exhaust emissions there 15 a SAE
Code J1088 [1.15] which deals with exhaust emission measurements for small utility en-
gines, and many two-stroke engines fall into this category. The measurement of air flow rate
into the engine is often best conducted using meters designed to British Standard BS 1042
[1.17].

Several interesting technical papers have been published in recent times questioning some
of the correction factors used within such test codes for the prevailing atmospheric condi-
tions. One of these by Sher [1.18] deserves further study.

There is little point in writing at length on the subject of engine testing and of the correc-
tion of the measured performance characteristics to standard reference pressure and tempera-
ture conditions, for these are covered in the many standards and codes already referenced.
However, some basic facts are relevant to the further discussion and, as the testing of exhaust
emissions is a relatively new subject, a simple analytical computer program on that subject,
presented in Sec. 1.6.2, should prove to be useful to quite a few readers.

A laboratory engine testing facility is diagrammatically presented in Fig, 1.17. The en-
gine power output is absorbed in the dynamometer, for which the slang word is a “dyno™ or a
“brake.” The latter word is particularly apt as the original dynamometers were, literally, fric-
tion brakes. The principle of any dynamometer operation is to allow the casing to swing
freely. The reaction torque on the casing, which is exactly equal to the engine torque, is
measured on a lever of length, L, from the centerline of the dynamometer as a force, F. This
restrains the outside casing from revolving, or the torque and power would not be absorbed.
Consequently, the reaction torque measured is the brake torque, Zy, and is calculated by:

Z, =FxL (1.6.1)

Therefore, the work output from the engine per engine revolution is the distance “trav-
eled” by the force, F, on a circle of radius, L:

Work per revolution = 2nFL = 21Z, (1.6.2)

The measured power output, the brake power, Wh, is the work rate, and at rps rotational
speed, is clearly:

Wy, = (Work per rev) x (rev/s)

= 2nZyps = ®Z,;, L

30

(1.6.3)

To some, this equation may clear up the apparent mystery of the use of the operator
T in the similar theoretical equation, Eq. 1.5.26, when considering the indicated power
output, W;.

36

S i T

. L

i — T T ————

1:5:23:

A sin

Howt
measured
lated fron

Itiso
residue ol
engine ha:
losses det:
mechanic



nd air
wt

3 very
Stan-

SAE
ly en-
W rate

1042

some
ondi-

rrec-
ipera-
nced.
haust
bject,
e en-
“ora
fric-
wing
e,

This

6.1)
trav-

6.2)

onal

6.3)

itor
wer

-

Chapter I - Introduction to the Two-Stroke Engine
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Fig. 1.17 Dynamometer test stand recording of performance parameters.

The brake thermal efficiency, My, is then given by the corresponding equation to Eq.
1.5.23:

power output W, (1.6.4)
rate of heat input  mCpy

A similar situation holds for brake specific fuel consumption, bsfc, and Eq. 1.5.28:

fuel consumption rate _ my (1.6.5)
power output Wh

bsfe =

However, it is also possible to compute a mean effective pressure corresponding to the
measured power output. This is called the brake mean effective pressure, bmep, and 15 calcu-
lated from a manipulation of Eq. 1.5.25 in terms of measured values:

bt = (1.6.6)
Vey X 1ps
It is obvious that the brake power output and the brake mean effective pressure are the
residue of the indicated power output and the indicated mean effective pressure, after the
engine has lost power to internal friction and air pumping effects. These friction and pumping
losses deteriorate the indicated performance characteristics by what is known as the engine’s
mechanical efficiency, T\m. Friction and pumping losses are related simply by:

W; = W, + friction and pumping power (1.6.7)
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Wy, . bop (1.6.8)
W,  imep

o =

This raises the concept of the friction and the pumping mean effective pressures, fmep
and pmep, respectively, which can be related together as:

imep = bmep + pmep + fmep (1.6.9)

It is often very difficult to segregate the separate contributions of friction and pumping in
measurements taken in a laboratory except by recording crankcase pressure diagrams and by
measuring friction power using a motoring methodology that eliminates all pumping action at
the same time. It is very easy to write the last lifteen words but it is much more difficult to
accomplish them in practice.

Finally, the recording of the overall air-fuel ratio, AFR,, is relatively straightforward as:

AFR, = Jas (1.6.10)
s

Continuing the discussion begun in Sec. 1.5.5, this overall air-fuel ratio, AFR,, is also the
trapped air-fuel ratio, AFR,, if the engine is charged with a homogeneous supply of air and
fuel, 1.e., as in a carburetied design for a simple two-stroke engine. If the total fuel supply to
the engine is, in any sense, stratified from the total air supply, this will not be the case.

1.6.2 Laboratory testing for exhaust emissions from two-stroke engines

There have been quite a few technical contributions in this area [1.7] [1.15] [1.19] [1.25]
as the situation for the two-stroke engine is subtly different from the four-stroke engine case.
Much of the instrumentation available has been developed for, and specifically oriented to-
ward, four-stroke cycle engine measurement and analysis. As has been pointed out in Secs.
1.1 and 1.2, a significant portion of the scavenge air ends up in the exhaust pipe without
enduring a combustion process. Whereas a change from a lean to a rich combustion process,
in relation to the stoichiometric air-fuel ratio, for a four-stroke engine might change the ex-
haust oxygen concentration from 2% to almost 0% by volume, in a two-stroke engine that
might produce an equivalent shift from 10% to 8%. Thus, in a two-stroke engine the exhaust
oxygen concentration is always high. Equally, if the engine has a simple carburetted fueling
device, then the bypassed fuel along with that short-circuited air produces a very large count
of unburned hydrocarbon emission. Often, this count is so high that instruments designed for
use with four-stroke cycle engines will not record it!

In today's legislative-conscious world, it is important that exhaust emissions are recorded
on a mass basis. Most exhaust gas analytical devices measure on a volumetric or molecular
basis. It is necessary to convert such numbers to permit comparison of engines on their effec-
tiveness in reducing exhaust emissions at equal power levels. From this logic appears the
concept of deriving measured, or brake specific, emission values for such pollutants as car-
bon monoxide, unburned hydrocarbons, and oxides of nitrogen. The first of these pollutants
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18 toxic, the second is blamed for “smog” formation, and the last i3 regarded as a major
contributor to “acid rain.” These and other facets of pollution are discussed more extensively

in Chapter 7.
As an example, consider a pollutant gas, PG, with molecular weight, My, and a volumet-

ric concentration in the exhaust gas of proportion, V. In consequence, the numerical value
in ppm, Vppmg,» would be ll'.ll"-r”'«"'t-,g and as % by volume, Vg, it wuul_d be 100V . The average
molecular weight of the exhaust gas is Mgx. The power output is Wy, and the fuel consump-
tion rate is m;. The total mass flow rate of exhaust gas is m,, :

me, = (1+AFR,)m;  kgfs

1+ AFR, )n
_ o) Kemol/s (1.6.11)
My
[ :
Pollutant gas flow rate = [Mgvcg]{ = v o) keg/s (1.6.12)

cx

Brake specific pollutant gas flow rate, bsPG, is then:

M,V AFR )i
bsPG = g Veg , {1+ AFR, )y kg/Ws (1.6.13)
Wh Mex
(MgVeg) x (1 + AFR, bsfc
bsPG = E kg/Ws (1.6.14)
MEI

By quoting an actual example, this last equation is readily transferred into the usual units
for the reference of any exhaust pollutant. If bsfe is employed in the conventional units of kg/
kWh and the pollutant measurement of, say, carbon monoxide is in % by volume, the brake
specific carbon monoxide emission rate, bsCO, in g/kWh units is given by:

bsCO = 10(1 + AFR,) bsfc Vg0 % g/kWh (1.6.15)

where the average molecular weights of exhaust gas and carbon monoxide are assumed sim-

plistically and respectively to be 29 and 28.
The actual mass flow rate of carbon monoxide in the exhaust pipe is

meg = bsCO x Wy, g/h (1.6.16)
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